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M

DPX = Dibutylphthalate Polystyrene

MCJ = midcarpal joint.

Xylene.

MM = medial-middel point.
MR = medial-radial point.

E

MRI = magnetic resonance imaging.

EDTA = ethylenediaminetetraacetic

MU = medial-ulnar point.

acid.

N
H

NL = neutral.

H = hamate.
HG = hamate groove.

P

HH = hook of hamate.

P = pisiform.
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PC = proximal concavity.

RSL = radius-scaphoid-lunate

pCH = palmar capitate-hamate
ligament.

ligament.
RSTq = radius-scaphoid-triquetrum

pCTd = palmar capitate-trapezoid

ligament/band.

ligament.
PCx = proximal convexity.

S

PD = proximal-dorsal point.

S = scaphoid.

PP = proximal-palmar point.

SL = scaphoid-lunate ligament.

pRLTq = palmar radius-lunate-

SRL = short radiolunate ligament.

triquetrum ligament.

STmTd = scaphoid-trapezium-

pSC = palmar scaphoid-capitate

trapezoid ligament.

ligament.
pSTq = palmar scaphoid-triquetrum
ligament.
pTqH = palmar triquetrum-hamate
ligament.

T
Td = trapezoid.
Tm = trapezium.
Tq = triquetrum.
TqHC = triquetrum-hamate-capitate

R

ligament.

R = radius.

TqHJ = triquetrum-hamate joint.

RCL = radial collateral ligament.
RD = radial deviation.
RL= radius-lunate ligament.
RS = radius-scaphoid ligament.
RSC = radius-scaphoid-capitate
ligament/band.
RSCTq = radius-scaphoid-capitate-

U
U = ulna.
UC = ulna-capitate ligament
UD = ulnar deviation.
UL = ulna-lunate ligament.
UTq = ulna-triquetrum ligament.

triquetrum complex.
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Abstract
The ligaments of the wrist are highly variable and poorly described, which is
more obvious on the ulnar side of the wrist. Previous studies highlighted the
potential differences within the ligaments of the wrist but no consensus has been
reached. Poor tissue description and inconsistent use of terminology hindered the
reproducibility of the results. Improved understanding of the morphological
variations between carpal bones may facilitate improved understanding of the
ligamentous structure within the wrist.

This study aims to identify the potential variations between carpal bones that
could be used to separate palmar ligamentous patterns around the triquetrumhamate joint into subgroups within the sample population. Investigations were
performed following a detailed nomenclature and a clear definition of ligamentous
structures to facilitate detailed description and reproducible results. Quantitative
analyses were conducted using 3D modelling technique. Histological sections
were then analysed to identify the structure of each ligamentous attachment.

Variable patterns of ligamentous attachments were identified. Differences
were not only obvious between samples but also between the right and left hands
of the same person. These identifications suggested that the palmar ligamentous
patterns around the triquetrum-hamate joint are best described as a spectrum with
a higher affinity of the triquetrum-hamate-capitate ligament and the lunatetriquetrum ligament to be associated with type I lunate wrists on one extreme and
type II lunate wrists with the palmar triquetrum-hamate ligament, triquetrumhamate-capitate

ligament

and

palmar

radius-lunate-triquetrum

ligament

attachments at the other extreme. Histological analyses confirmed pervious
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established work regarding the mechanical role of ligaments in wrist joint
biomechanics. Also, there were no significant differences between the quantitative
data obtained from the Genelyn-embalmed and unembalmed specimens (p>0.05).

The current study demonstrated variable ligamentous patterns that suggest
different bone restraints and two different patterns of motion.

These findings

support previous suggestions regarding separating the midcarpal joint into two
distinct functional types. Type I wrists were identified with ligamentous
attachments that are suggestive of rotating/translating hamate whilst type II wrists
identified with ligamentous attachments that are suggestive of flexing/extending
hamate motion based upon the patterns of the ligamentous attachments in relation
to the morphological features of the underlying lunate type of the wrist. This opens
the horizon for particular consideration and/or modification of surgical procedures,
which may enhance the clinical management of wrist dysfunction.
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Preface
Thesis Intent and Structure
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The wrist joint has a complex and poorly understood anatomy. However, the
radial side of the wrist is relatively more understood compared with the ulnar side,
which is still vague. Inconsistent descriptions and irreproducible results were
attributed to the complexity of macroscopic identification and variable ligamentous
patterns within the sample populations. This thesis is a series of inter-dependent
studies that aim to identify and quantitatively describe the variable palmar
ligamentous patterns around the triquetrum-hamate joint (TqHJ). The main goal is
to establish a standard quantitative description of these ligamentous structures
followed by separating the sample population into subgroups. This will be
addressed in six chapters.

The first chapter highlights the established work in the literature regarding
separation of the sample population into groups based upon the morphological
differences within the carpal bones. Differences and similarities of the triquetrum,
hamate and the lunate were compared and contrasted using specific landmark
points over the surface of each bone. Classifications were evaluated and the best
model was chosen to further analyse the variable palmar ligamentous patterns
around the TqHJ.

The second chapter provides a gross description of the various ligamentous
attachments around the TqHJ. Dissection was done following strict criteria for
ligamentous structure identification and a detailed nomenclature for ligaments was
suggested. Macroscopic variations in the palmar ligaments around the TqHJ were
correlated to the morphological differences of the underlying lunate within each
wrist. This structural variability was described as a spectrum with two distinct
features at both extremes and mixed observations at the middle.
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The third chapter adds a quantitative value to the observations obtained from
the second chapter. 3D model reconstruction of ligaments and the underlying
carpal bones were used to obtain morphometric description of the palmar
ligaments around the TqHJ in neutral position of the wrist. Further investigations
were conducted to evaluate the existence of specific ligamentous attachment sites
on carpal bones.

The morphometric differences between the ligamentous

dimensions and attachment sites between each group were further discussed.

The fourth chapter provides a detailed description of palmar ligamentous
attachments around the TqHJ as a key for microscopic identification of their
structure. Histological sections were used to quantitatively analyse specific
attachment sites as a determinant of the functional influence each ligament may
have. Mechanically significant attachments (mediated by fascicular tissue) were
distinguished from mechanically insignificant attachments (mediated by loose
connective tissue). Differences between the wrist groups were discussed and
suggestions about their functional significance were explained.

The fifth chapter addresses the potential effect of wrist movement during
radial and ulnar deviation on the morphometric data of the palmar ligaments
around the TqHJ obtained from Genelyn-embalmed and unembalmed specimens.
This chapter also aims to evaluate the reliability of measurement during radialulnar deviation movement of the wrist and the influence of Genelyn-embalming on
the mobility of ligamentous structures.

The last chapter provides specific conclusions regarding the work of this
thesis about. Interpretation of the results and the clinical value of the identifiable
variations within the sample population were reported. It is hoped that with
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profound knowledge about the ligamentous structures and their specific
attachment sites, the understanding and management of wrist joint dysfunctions
may be improved.
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Chapter 1
Morphological Analysis of the
Lunate, Triquetrum and Hamate
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1.1 Introduction
The wrist is a link between the forearm and the hand. Different suggestions
about carpal bones alignment have been described in the literature to explain the
biomechanical behaviour of the wrist joint (Johnston, 1907b; Lewis et al., 1970;
Kauer, 1974; Volz et al., 1980; Lichtman et al., 1981; Kauer, 1986; Ruby et al.,
1988; Savelberg, 1992; Feipel and Rooze, 1999b). Variable patterns of dorsal and
palmar ligaments have been identified in previous literature maintaining the unique
configuration of carpal bones articulations (Lewis et al., 1970; Mayfield et al.,
1976; Taleisnik, 1976; Kauer, 1980; Smith, 1993b; Smith, 1993a; Ritt et al., 1998;
Agur et al., 2003). Accordingly, the normal carpal mechanics rely upon complex
ligamentous attachments (Mayfield et al., 1976; Berger et al., 1984; Linscheid,
1986; Berger et al., 1999; Camus et al., 2004; Carlsen and Shin, 2008; Al Saffar,
2012). However, the wrist joint has unique mechanical properties (Berger et al.,
1982; Garcia-Elias et al., 1989c; Li et al., 1991; Savelberg, 1992; Nakamura et al.,
1997; Camus et al., 2004; Carlsen and Shin, 2008). A comprehensive knowledge
about the carpal osseous anatomy of the wrist is mandatory for better
understanding of carpal mechanics and pathomechanics (Garcia-Elias et al.,
1989b; Berger, 2001b; Garcia-Elias, 2008; McLean et al., 2009a; McLean et al.,
2009b). More than half of the global wrist motion happens through the radiuscarpus joint while the midcarpal joint (MCJ) allows for movement in all planes
(Ruby et al., 1988; Viegas et al., 1993b). Through different bone configurations,
carpal bone morphology plays a major role in determining the mechanical
behaviour of the wrist (McLean et al., 2006; McLean et al., 2009a). It has been
demonstrated that the carpal bones are not only varied in their morphological
features but a sex-related dimorphism may also exist (McLean et al., 2009a; Kivell
et al., 2013). The structural features of carpal bones that are held responsible for
33

the diverse mechanical behaviour will now be considered.

1.1.1 The Carpal Osseous Anatomy
The carpus consists of eight bones arranged in proximal and distal rows,
which reflects the anatomic and functional relationships between them (Figure1-1;
Lichtman et al., 1981). The scaphoid, lunate, triquetrum and pisiform are arranged
from the radial to ulnar aspect of the wrist joint to form the proximal carpal row
while the trapezium, trapezoid, capitate and hamate make the distal carpal row
(Berger, 1996a; Standring, 2008). Besides the classical description of the
horizontal arrangement of the carpal bones, the carpus has been also vertically
divided into three columns; the ulnar, central and radial columns (Figure1-2;
Taleisnik, 1976; Taleisnik, 1980). The ulnar column includes the triquetrum and
hamate while the lunate and capitate form the central column. The remaining
radial column is composed of the scaphoid, trapezium and trapezoid. Further
divisions and classifications of the carpal bones alignments were also reported in
the literature, which will be explained in the subsequent chapters.
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Figure 1-1: Horizontal carpal model (Lichtman et al., 1981). A palmar view of a 3D model of
the left wrist showing the carpal bones aligned into proximal and distal carpal rows. The
proximal carpal row (green) is composed of the scaphoid (S), lunate (L), triquetrum (Tq) and
pisiform (dotted oval). However, the pisiform is out of this picture for a better identification of the
underlying Tq. The trapezium (Tm), trapezoid (Td), capitate (C) and hamate (H) arranged
horizontally just distal to the proximal carpal row to form the distal carpal row (pink). R = radius
and U = ulna.
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Figure 1-2: Vertical carpal model (Taleisnik, 1976; Taleisnik, 1980). A palmar view of a 3D
model of the left wrist showing the classic concept of the vertical carpal model which includes the
triquetrum (Tq) and hamate (H) in the ulnar column, the lunate (L) and capitate (C) in the central
column and the scaphoid (S), trapezium (Tm) and trapezoid (Td) in the radial carpal column. The
pisiform bone (dotted oval) is a sesamoid bone that has a minor significance in the wrist
kinematics. R = radius and U = ulna.

Details about numerous differences in the lunate morphology have been
reported in the literature to be associated with numerous diversities in ligamentous
arrangement, carpal kinematics and pathomechanical properties (Viegas, 1990;
Viegas et al., 1990a; Viegas et al., 1990b; Viegas et al., 1993a; Sagerman et al.,
1995; Werner et al., 1997; Nakamura et al., 2001; Viegas, 2001a; Viegas, 2001c;
Pfirrmann et al., 2002). Accordingly, for the purpose of studying the osseous and
articular anatomy of the TqHJ and its ligamentous connections, the recent
knowledge about the anatomical features and morphological variability of the
lunate, triquetrum and the hamate will be reviewed below.
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1.1.1.1 The Lunate
The lunate is semilunar in shape, wedged along its dorsal and lateral
surfaces and articulated between the scaphoid and the triquetrum within the
proximal carpal row (Weber, 1984; Berger, 1996a). It is structurally divided into a
palmar pole and a much smaller dorsal pole. The discrepancy between the pole
dimensions gives the lunate a three-dimensional (3D) wedge shape (Berger,
1996a).

The bones of the proximal carpal row are devoid of any tendinous insertion
upon them apart from the tendon of the flexor carpi ulnaris on the pisiform.
However, the pisiform is a sesamoid bone and has a minor role in wrist kinematics.
Accordingly, the proximal carpal row can be described as ‘‘intercalated segment’’
where its motion is predominantly dependent upon the mechanical forces from the
vicinity of the surrounding articulations (Kuo and Wolfe, 2008; Tang, 2008; Kijima
and Viegas, 2009). Being the intercalated segment of the force-bearing column of
the carpus, the lunate movement is controlled and coordinated by an array of
ligamentous attachments as well as axial load over all the contact surfaces
(Weber, 1984; Sennwald et al., 1993b). The smooth and convex proximal surface
of the lunate was found to be palmarly narrower and its medial elongation was
demonstrated to be limited to its dorsal segment (Gupta and Al-Moosawi, 2002).
However, the lunate proximal surface articulates with the radius and the articular
disc of the distal radius-ulnar joint (Figure 1-3A; Standring, 2008). Conversely, the
distal articular surface of the lunate was found to be palmarly broader and it is
deeply concave to accommodate the medial part of the head of the capitate
(Figure 1-3B; Gupta and Al-Moosawi, 2002; Standring, 2008). Laterally, the lunate
has a flat semilunar facet for the articulation with the scaphoid (Figure 1-3C). In
addition, the medial surface of the lunate is almost square, articulated with the
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triquetrum and separated from the distal surface by a ridge (Figure 1-3D).
However, a medial hamate facet has been identified in a number of lunate variants
articulating with the edge of the hamate (Viegas et al., 1990b; Nakamura et al.,
2001; Gupta and Al-Moosawi, 2002; Dharap et al., 2006; Standring, 2008; McLean
et al., 2009b).

Figure 1-3: Articular facets on the lunate. A. The proximal surface of the lunate showing the
articulation area with the radius (purple). B. The distal articulating surface of the lunate
demonstrating a larger capitate facet (green) adjacent to the smaller medial hamate facet (red). C.
The lateral surface of the lunate showing the articulation facet of the scaphoid (brown). D. The
medial surface of the lunate showing the articulation facet of the triquetrum (blue) separated from
the distal surface by a ridge (dotted line).

Variable shapes of the lunate have been reported in the literature (Viegas et
al., 1993a; Watson et al., 1996; Gupta and Al-Moosawi, 2002). The classical
lunate description stated that the lunate has a wedge shape with an apex directed
towards the dorsum and was demonstrated to have a tendency to extend under
the capitate compressive force because of its dorsally wedged shape (Kauer,
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1986).

According to height measurements, the lunate has been classified into
three types (Watson et al., 1996). A lunate with thinner dorsal segment, thicker
dorsal segment and equal dorsal and palmar segments were referred to as type D,
V and N, respectively (Watson et al., 1996). However, a recent study
demonstrated that grouping the lunate morphological patterns into the previous
classification could be more accurately obtained based upon the radiological
identification of the variable multi-planar patterns of the lunate shape rather than
on mono-planar measurements (Gupta and Al-Moosawi, 2002). That is because
the measurements were found to be highly variable, which suggested mixed
patterns with two or three shape types for the same lunate specimen at the same
particular plane. Also, there were no gender-related differences were found
between the variable pattern of the lunate except a larger size of the lunate in
males as a result of their greater body dimensions (Gupta and Al-Moosawi, 2002).
However, there has been a consensus in classifying the lunate into two distinct
types based on the presence or absence of medial hamate facet (Viegas et al.,
1990b; Nakamura et al., 2001; Gupta and Al-Moosawi, 2002; Dharap et al., 2006;
McLean et al., 2009b). The type I lunate bears only a single distal facet articulating
with the capitate and has no articulation with the hamate (Figure 1-4A). In addition
to the distal capitate facet, type II lunate has an articulating medial facet for the
hamate (Figure 1-4B; Burgess,1990; Viegas, 1990; Viegas et al., 1990a, Viegas et
al., 1993; Sagerman et al., 1995, Nakamura et al., 2001).
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Figure 1-4: A palmar view of type I and type II lunates. A. A type I lunate is devoid of a medial
hamate facet (red circle). B. A type II lunate with a medial hamate facet (arrows).

It has been demonstrated in the literature that the incidence of type I lunate
accounted for 27-48% compared with 52-73% incidence of type II lunate (Burgess,
1990; Viegas, 1990; Viegas et al., 1990a; Viegas et al., 1993a; Nakamura et al.,
2001; McLean et al., 2009a; McLean et al., 2009b). In addition, type III was
identified with a small cartilaginous medial facet but could not fit within either group
based on bony features alone (McLean et al., 2009a). Similarly, determining the
type of the lunate based upon the shortest distance between the capitate and the
triquetrum (C-Tq distance) is no more valid. It was suggested that type I and type
II lunates were best defined as having C-Tq distance ≤ 2mm and C-Tq distance ≥
4mm, respectively (Nakamura et al., 2001; McLean et al., 2009b); but type III
lunate was found with a C-Tq distance lying in-between both types determinant
parameters (Galley et al., 2007; McLean et al., 2009a).
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The lack of clear definition of type III lunate has led to numerous
inconsistencies in the literature. As a consequence, type III lunate was reported as
type I by few authors (Nakamura et al., 1997; Malik et al., 1999; Dharap et al.,
2006), and type II lunate was considered as type III lunate by others (Viegas,
1990; Viegas et al., 1990a; Viegas et al., 1993a; Sagerman et al., 1995; Berger,
2001a; Nakamura et al., 2001; Dyankova, 2007; Haase et al., 2007). Accordingly,
lunate typing has been recently modified to be best described as a spectrum with
type I lunate on one end and type II lunate on another end and an intermediate
type in-between them (type III lunate) (McLean et al., 2009a).

1.1.1.2 The Triquetrum
The triquetrum is a small bone, irregular in shape and has substantial
ligamentous coverage. It articulates with the pisiform by an oval articular facet on
its distal and palmar surface (Standring, 2008). The concavo-convex lateral and
distal surface of the triquetrum articulate with the hamate while its proximal and
lateral surface, almost square, articulates with the lunate (Figure 1-5; Standring,
2008).

The triquetrum has been morphologically differentiated into two distinct
types, type A and type B (McLean et al., 2006). The type A triquetrum has a broad
proximal but a narrow distal width. The proximal TqHJ articulating surface of the
type A triquetrum has a central concavity with palmar-dorsal axis while its distal
articulating surface is uniformly convex with a proximal-distal axis (Figure 1-6
McLean et al., 2006).
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Figure 1-5: Articular facets on the triquetrum. A. The palmar surface of the triquetrum
demonstrating the pisiform facet (pink). B. The articulating surface of the TqHJ showing the
contact area with the hamate (red). C. The proximal lateral surface of the triquetrum showing the
articular facet for the lunate (turquoise).
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Figure 1-6: Type A triquetrum (McLean et al., 2006). A. Radial view of type A triquetrum
showing TqHJ articulating surface with a broad proximal but a narrow distal width. B. Palmar view
of the articulating surface of a type A triquetrum. Note the proximal concavity (downward arrow)
and the distal convexity (upward arrow).

On the other hand, the type B triquetrum has both broad proximal and distal
TqHJ articulating surfaces. In addition, it has relatively smoother proximal and
distal articulating surfaces compared with type A triquetrum (Figure 1-7; McLean et
al., 2006). Triquetrum specimens sharing a few features of both type A and type B
have been also identified but there were insufficient similarities between them to
warrant a separate type. Accordingly, the articulating surface of the triquetrum has
been described as a spectrum with type A at one end and type B at the other
(McLean et al., 2006).
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Figure 1-7: Type B triquetrum (McLean et al., 2006). A. Radial view of type B triquetrum
represented with broad proximal and distal widths of the TqHJ articulating surface. B. Palmar
view of the articulating surface of type B triquetrum showing a smooth articulating surface.

1.1.1.3 The Hamate
The hamate is cuneiform in shape and has a pole, body and hook
(hamulus). The unciform (hook-shaped) process projects from the distal aspect of
the hamate palmar surface and is entirely covered in ligaments (Berger, 1996a;
Standring, 2008). It is curved and has a lateral concavity that contributes to form
the medial wall of the carpal tunnel as the tip of the hook inclines laterally
(Standring, 2008). The proximal pole resembles the head of the capitate as it is
entirely covered with articular cartilage. The body bears two flat distal facets for
the bases of fourth and fifth metacarpal bones (Berger, 1996a). In addition, the
body has a lateral “pan-handle” articular surface matching that of the capitate
(Berger, 1996a).
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The proximal surface of the hamate is represented by the thin margin of the
wedge and has a narrow facet for the lunate. However, this lunate facet may
contact the lunate only while the wrist is in ulnar deviation as the lunate was
demonstrated not to consistently bear a medial hamate facet (Viegas et al., 1990b;
Standring, 2008). The medial surface of the hamate forms a broad strip with a
proximal convexity and a distal concavity that articulates with the triquetrum
(Figure 1-8A). The lateral surface has a capitate facet that covers the entire
surface except the very distal palmar angle (Figure 1-8B; Standring, 2008). The
distal surface of the hamate is divided by a ridge into a lateral facet for articulation
with the base of the fourth metacarpal base, and a larger medial facet for the
articulation with the base of the fifth metacarpal (Figure 1-8C; Standring, 2008).

Figure 1-8: Articular facets on the hamate. A. The articulating surface of the TqHJ
demonstrating the articulation area with the triquetrum (blue). B. The lateral surface of the
hamate showing the articular facet for the capitate (green). C. The distal surface of the hamate
showing the articular facets for the base of the fifth metacarpal bone (orange) and the base of
the fourth metacarpal bone (yellow) separated by a ridge (dotted line).
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There is little in the current literature regarding the potential association of
hamate morphology and the presence of variable ligamentous attachments with
kinematics or certain pathologies. However, the hamate has been classified into
two distinct types, type I and type II hamates based upon different morphological
features at the TqHJ articulating surface (Figure 1-9; McLean et al., 2006).
Proximally, the type I hamate bears a palmar ellipsoid convexity compared with a
central ellipsoid convexity in type II hamate. Distally, the type I hamate bears a
prominent palmar concavity compared with a flatter distal articulating surface of
type II hamate. Unlike a type II hamate, a type I hamate has a distal palmar
concavity which extends radio-dorsally in a proximal orientation to form the
hamate groove (Figure 1-9A). In addition, the surface of type I hamate curves up
just distal to the hamate groove forming a ridge, which is absent in type II hamate
(McLean et al., 2006; McLean et al., 2009a).

Figure 1-9: A palmar view of type I and type II hamate and the TqHJ articulating surface
(McLean et al., 2006). A. A type I hamate showing the hamate groove (HG; dotted line) and the
distal hamate ridge (HR). Note the prominent palmarly placed distal concavity (DC) and the
palmar ellipsoid proximal convexity (PCx) at the articulating joint surface. B. A type II hamate
showing slight DC and centrally placed ellipsoid PCx. HH = hook of hamate.
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There was no specific association identified between the articulation of
lunate types and type I or type II hamate in the reviewed literature. However, wrists
with type II lunate have been recognised with a prominent ridge running parallel to
the capitate-hamate joint in a dorsal-palmar direction on the proximal convex
surface of the hamate within the TqHJ (McLean et al., 2006). This implies that
other factors than the articular bony features may be responsible for the variable
carpal bone articulations. Sex-related variability and/or different joint biomechanics
may be also considered before drawing any firm conclusion (Burgess, 1990;
Kobayashi et al., 1997a; Nakamura et al., 2000; Fogg, 2004; Kivell et al., 2013).

1.1.2 Sex-related Shape Dimorphism of Carpal Bones
A sex-related shape diversity of carpal osseous anatomy and related
functional properties has been suggested (Brumfield et al., 1966; Moritomo et al.,
2003; Morse et al., 2006). Despite sex-related variability in size of the carpal
bones (Scheuer and Elkington, 1993; Lazenby, 1994; Falsetti, 1995; Sulzmann et
al., 2008), few shape differences have been demonstrated (Ateshian et al., 1992;
Nakamura et al., 2001; Wang et al., 2010; Marzke et al., 2012; Kivell et al., 2013).
Unlike the size, most of the morphological aspects that determine the carpal bone
shapes are relatively sexually identical except for specific aspects that contribute
to the shape diversity (Kivell et al., 2013). However, this diversity in carpal shape
between males and females was not reported as statistically significant variations
(Kivell et al., 2013).

In regard to the sex-related dimorphism of lunate shape, it has been
demonstrated that males have a taller radial facet in comparison with females
(Hallbeck, 1994; Morse et al., 2006; Kivell et al., 2013). In addition, the lunate’s
triquetral facet in females was found to have a greater length and height compared
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with that in males (Kivell et al., 2013).

The triquetrum shape was also found to be dimorphic between males and
females. In addition to expressing a larger triquetral facet on the lunate, females
were found to have a shorter triquetum compared with males. This may suggest
that females have a significantly greater range of motion at the lunate-triquetrum
joint (Kivell et al., 2013).

Compared with males, females tend to have a relatively longer hamate
body (Kivell et al., 2013). This explains the presence of an elongated carpal tunnel
in females as an increase in the relative length of the hamate may lengthen the
overall length of the carpus (Wang et al., 2010).

Sex-related shape dimorphism of the carpal bones has been attributed to a
number of potential factors. These factors include developmental, functional and
evolutionary variables that might be considered as the principal causes of carpal
bone sex-related shape diversity (Kivell et al., 2013). It has been demonstrated
that the variation in androgen level during foetal life plays a major role in
development of a sex-related difference in second and fourth digit lengths
(Manning et al., 1998; Brown et al., 2002; Buck et al., 2003). Accordingly, it has
been suggested that a similar mechanism may be responsible for other sexrelated variation of all carpal bones. Moreover, variable expression of endocrine
secretions may influence the difference in shape during the prolonged period of
ossification and bone remodelling (Scheuer and Black, 2000).
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1.1.3 The Triquetrum-Hamate Joint
The anatomical configuration of individual human carpal bones is variable.
As a result, diverse articulations with different geometry and various contact sites
are inevitable. Early investigators described the TqHJ as a saddle joint in which
both the triquetrum and the hamate have convex and concave parts that
congruently fit each other (Johnston, 1907a). However, the convex part of the
hamate was predominantly demonstrated to fit the concave part of the triquetrum
whilst the convex part of the triquetrum only fits the concave part of the hamate
whenever the triquetrum has an extreme ulnar position (Moritomo et al., 2003).
Subsequently, a new TqHJ description was introduced into the literature based
upon the presence of a dorsal-palmar groove onto the articulation surface of the
hamate. The hamate articulation surface was described as helicoid or screwshaped that fits the opposing surface of the triquetrum (Weber, 1984; Kauer,
1986).

The MCJ, however, was apparently identified with two different alignments
of TqHJ, type I and type II, according to two different bases. On one hand, the
TqHJ was separated into two variants determined by lunate typing. Type I wrists
have a TqHJ which is smooth and obliquely oriented with the capitate-lunate joint
(CLJ) whereas the TqHJ and CLJ in type II wrists are held apart by a concave
transition facet on the lunate and the hamate (Figure 1-10; Burgess, 1990; Fogg,
2004). This facet has a unique structure as it span from the ulnar side of the lunate
proximally and the proximal pole of the hamate distally. In addition, it has a ridge
on the hamate and another on the lunate, which separate them from the TqHJ and
the CLJ, respectively (Burgess, 1990). The TqHJ with type II lunate wrists has a
more vertical alignment and is articulated with a deeper and remarkably helicoid
hamate surface than that within type I lunate wrists (Burgess, 1990).
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Variable configuration of morphologically different carpal bones possibly
accounts

for

different

motion,

soft-tissue

constraints,

joint

loading

and

pathomechanical patterns (Bellinghausen et al., 1983; Blair et al., 1989; Alexander
et al., 1990; Werner et al., 1997; Camus et al., 2004; Trail et al., 2007; Bain et al.,
2009; Benjamin et al., 2009). This diversity implies different functional properties.
The configuration of the midcarpal articulation of a type I wrist suggests that the
hamate may exhibit rotation and translation motions due to the absence of
hamate-lunate articulation. This is restricted in type II wrists as the medial hamate
facet on the lunate limits the rotational movement of the hamate; therefore, type II
wrists have midcarpal articulations that allow the hamate to move in a flexionextension plane (Galley et al., 2007; McLean et al., 2009b). Moreover, the lunatehamate transition facet type II wrist is more prone to degenerative joint disease on
the hamate and the lunate (Burgess, 1990; Fogg, 2004). Lunate-hamate arthritis
and chondromalacia have been reported in recent literature to be evident in type II
wrists at the proximal pole of the hamate followed by the medial facet of the
lunate, which are often found on the central and dorsal aspects of the lunatehamate joint (Burgess, 1990; Viegas, 1990; Viegas et al., 1990a; Viegas et al.,
1993a; Sagerman et al., 1995; Nakamura et al., 2001; McLean et al., 2009a). The
aetiology of such condition remains unclear. However, this may be attributed to the
contact of the proximal pole of the hamate and the medial facet of the lunate,
which occurs with the central and dorsal aspects of the joint. In addition, the
incidence of arthritis was found increasing with the width of the medial facet at 3
mm and above (Nakamura et al., 2001; McLean et al., 2009a).
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Figure 1-10: Longitudinal sections of type I and type II lunate wrists (Burgess, 1990; Fogg,
2004; McLean et al., 2009b). A. A left-sided type I lunate wrist showing that TqHJ on a smooth and
oblique plane with the CLJ. B. A left-sided type II lunate wrist demonstrating the TqHJ and CLJ
separated by a concave transition facet (arrow) on both lunate (L) and hamate (H). R = radius, U =
ulna, S= scaphoid, Tq = triquetrum, Tm = trapezium and C = capitate.
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On the other hand, the TqHJ was suggested to represent a spectrum of
articulation patterns regardless the type of the lunate (McLean et al., 2006). Whilst
a type I hamate articulates with a type A triquetrum in a type I TqHJ at one
extreme, a type II hamate articulates with a type B triquetrum forming a type II
TqHJ at the other extreme (McLean et al., 2006). Neither of each description
matched the classical anatomy described in the rest of the reviewed literature
(Johnston, 1907b; Johnston, 1907a; Moritomo et al., 2003). The commonest type
I TqHJ shows a biconcave articulation in a helicoidal configuration. This doublefaceted joint has complementary concave and convex parts on both the triquetrum
and the hamate (McLean et al., 2006). Conversely, the type II TqHJ is an oval
convex joint in which the triquetral concavity fits the proximal convexity of the
groove-less hamate (McLean et al., 2006). It has been demonstrated that the
hamate groove plays a role in limiting the ulnar inclination (Moritomo et al., 2003).
As a result, the ulnar motion in type II TqHJ may be limited by other factors
(McLean et al., 2006).

Several suggestions regarding potential diversity of the TqHJ motion in
relation to the type of carpal bone articulation have been suggested. The concept
of dividing the carpus into two rows raises conflicts against the longitudinal
columns models (Berger et al., 1982; Werner et al., 1997; Patterson et al., 1998;
Crisco et al., 2005). However, a debate about the exact nature of carpal bone
kinematic still exists and no single model has been determined.
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1.2 Aim
The aim of the current study is to analyse the morphological variations of the
lunate, triquetrum and hamate in order to identify the most reliable method for
separating the sample population into subgroups. Accordingly, the subsequent
parts of the project will be based upon the results of this identification. This will
result in better identification and detailed description of the variable ligamentous
patterns around the TqHJ and their mechanical properties based upon the
selected wrist models.
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1.3 Materials and Methods
Forty pre-dried bone wrist specimens (n=40) were investigated at the
Articulations Research Laboratory, University of Glasgow. There were 15 leftsided and 25 right-sided specimens including 22 male and 18 female specimens.
The age of the wrist specimens ranged from 57 to 95 years (mean age = 78.72 ±
10.39 years). There was no history of trauma or any disease reported within the
entire studied sample.

1.3.1 Carpal Bone Classification
The lunate, triquetrum and hamate were classified based upon the most
recent and consistent classification published in the literature. Also, detailed
descriptions of the anatomic features and consistent terminology were used and/or
clarified for a better identification of each bone type. However, figures and
illustrations were made on left-sided images throughout the entire chapter and
whenever a right-sided specimen was used, the image was flipped horizontally to
imitate left-sided specimen orientation and facilitate comparison without confusion.

1.3.1.1 Types of Lunate
The lunate was classified into two types following the criterion of the
presence or absence of the medial hamate facet (Viegas et al., 1990b; Nakamura
et al., 2001; Viegas, 2001a; McLean et al., 2006; McLean et al., 2009a; McLean et
al., 2009b). A lunate without a hamate articulating facet represents a type I lunate
whilst the presence of a medial hamate facet is a characteristic of a type II lunate
(Figure 1-4). However, when a lunate did not have a distinct hamate facet, but
some evidence of articulation was present (e.g. a partial facet), it was placed in the
type III lunate group.
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1.3.1.2 Types of Triquetrum
The triquetrum was classified into two distinct types according to specific
morphological features on the TqHJ articulating surface (McLean et al., 2006).
Accordingly, a type A triquetrum was identified with broad proximal but narrow
distal width, central concavity on the proximal articulating surface and convex
distal articulating surface (Figure 1-6). A type B triquetrum was reported when it
had broad proximal and distal widths, and relatively smooth proximal and distal
articulating surfaces (Figure 1-7). In addition, triquetrum specimens with variable
shapes and morphologic features that could not be clearly classified into either
type A or type B were also reported.

1.3.1.3 Types of Hamate
The TqHJ articulating surface of the hamate was demonstrated with two
distinct variants that were used to divide the hamate into two identifiable types
(McLean et al., 2006). A type I hamate was identified by reporting the presence of
the hamate groove, distal hamate ridge, a proximal palmar ellipsoid convexity and
a prominent distal palmar concavity on the articulating surface (Figure 1-9A). A
type II hamate was identified with the absence of a hamate groove and distal ridge
and the presence of a proximal central ellipsoid convexity and a slight distal
palmar concavity on the TqHJ articulating surface (Figure 1-9B).

1.3.2 Morphological Identity of the Carpal Bones
In order to verify that the current classification in the literature is unique and
clearly divides the sample population into subgroups according to numeric
anatomical variations in shape and articulations, 3D models were reconstructed for
eight left-sided specimens of each type of the lunate, triquetrum and hamate.
Morphological analyses were conducted and statistically tested as follows.
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1.3.2.1 3D Model Reconstruction of Bony Surfaces
Each

specimen

was

fixed

on

a

wooden

block

using

Blu-Tack.

Subsequently, a digital microscribe (Immersion Corp., USA) and 3D surface
reconstruction software (Rhinoceros 4.0, Robert McNeil & Associates, USA) were
used to manually digitise the palmar surface of the lunate and the TqHJ
articulating surfaces of both the triquetrum and the hamate.

The microscribe digitiser (Figure 1-11) is an articulating arm with a stylus
capable of registering a single point in 3D space. Using software such as
Rhinoceros, individual coordinate points can be recorded in 3D virtual space.
Using Rhinoceros and the microscribe digitiser together, a series of registered
points can be combined to make a single line. A series of lines can then be used to
describe a particular shape. A digital surface can be lofted across these lines to
create a 3D model (Figure 1-12). This process was followed to create 3D models
for each specimen. Eventually, each 3D model was exported and processed using
Landmark software (Landmark V3, Institute of Data Analysis and Visualization) to
register multiple single coordination points in order to study particular bony
landmarks and/or features that are characteristic for each bone type.
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Figure 1-11: The microscribe digitiser. The stylus at the terminal part of this articulating arm
can be used to register certain points in 3D space to create virtual 3D models when used with
particular software such as Rhinoceros (www.3D-microscribe.com).
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Figure 1-12: Steps of 3D model reconstruction of the articulating surface of the hamate.
A. A gross appearance of the dry hamate bone specimen before reconstruction. B. Parallel lines
each created from a series of 3D points registered with the microscribe digitiser. A
representative of the total multi-planar curves for each bone were mapped. C. The framework of
the articulating surface of the hamate only was lofted in 3D environment. D. Rendering of the
framework result in a solid model represents the whole digitized surface.
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1.3.2.2 Single Coordination Point Registration
Each 3D model was processed with Landmark software. The Landmark
software enables single coordination (landmark) point registration on the surface
of any model in 3D virtual environment. The landmark points are specific points
that are manually allocated on the surface of the model, which can be traced and
monitored with 3D coordinates. Placing landmark points on one surface can be
matched with analogous points on another surface to potentially merge both
surfaces together; this creates a new 3D model that is in-between the two original
models in shape and 3D coordination (Figure 1-13). The general concept of this
procedure is that by converting the two shapes into a new one, points essential to
the determination of the unique shape are conserved while neglecting other points
that are not essential for determining the unique shape. Accordingly, a precise
selection for the identifiable bony features on the model surface is mandatory for
reproducible results. In addition, shared anatomical features that are distinctive
and responsible for the classification of each bone are highly important. Therefore,
specific points of concern were particularly chosen according to the morphological
features of each bone type, which are detailed below.
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Figure 1-13: The process of single coordination point registration and matching. A. The first
model with its own coordination points registered on the surface that are matching the position and
order of the points registered on the surface of the second model (B). B. The second model with
coordination points that matched the first model (A). C. A 50:50 summation of models (A) and (B)
with a different shape.

1.3.2.2.1 Lunate Single Coordination Points Selection
The medial surface of the lunate is the core principle of lunate classification
into two types. Therefore, this would be the target of the coordination point
registration. However, the medial hamate facet is only represented on the surface
of the type II lunate which may hinder the comparison between the two lunate
types. Conversely, the palmar view of the medial margins of type I and type II
lunates are distinctive from each other and reflect the presence or absence of the
medial hamate facet (Figure 1-14). As a result, the medial hamate margin of the
lunate was chosen to investigate the variability between type I and type II lunates.
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Figure 1-14: Longitudinal sections of type I and type II wrists. A. A type I wrist showing a
lunate (L) that is not articulating with the hamate (H) and the medial margin (red circle) is angled
while facing the H. B. Type II wrist demonstrating a lunate with a distinctive medial hamate facet
(red circle) that is flattened the lunate medial margin towards the H articulation. R = radius, U =
ulna, S = scaphoid, Tq = triquetrum, Tm = trapezium and C = capitate.
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The palmar surface of the lunate was chosen for single coordination point
registration. The focus of the registration is the palmar medial margin of the lunate
as it is the core principle of classifying the lunate into type I and type II.
Accordingly, three coordination points were selected on the medial palmar margin
of both type I and type II lunates (Figure 1-15 and 1-16):

a. Medial-Ulnar Point (MU): this point was placed at the palmar intersection
of the medial-ulnar axis of the lunate with the proximal edge of the lunate
medial margin.

b. Medial Middle Point (MM): this point is the farthest point of the palmar
medial margin of the lunate that lies halfway between the medial-ulnar and
medial-radial points.

c. Medial-Radial Point (MR): this point was placed at the palmar intersection
of the medial radial axis of the lunate with the distal edge of the lunate
medial margin.
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Figure 1-15: Single coordination point registration on a type I lunate (palmar view). A. A
gross picture of type I lunate showing the medial-ulnar point (MU) at the intersection of the
medial-ulnar axis (red dotted line) and proximal edge of lunate medial margin, the medialradial point (MR) at the intersection of the medial-radial axis (blue dotted line) and distal edge
of lunate medial margin and the medial middle point (MM) just in between them. B. 3D model
of the same specimen in (A) reconstructed with a microscribe digitiser. C. The 3D model in (B)
after registering all the three chosen coordination points using landmark software.
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Figure 1-16: Single coordination point registration on a type II lunate (palmar view). A. A
gross picture of type II lunate showing the medial-ulnar point (MU) at the intersection of the
medial-ulnar axis (red dotted line) and proximal edge of lunate medial margin, the medial-radial
point (MR) at the intersection of the medial-radial axis (blue dotted line) and distal edge of lunate
medial margin and the medial middle point (MM) just in between them. B. 3D model of the same
specimen in (A) reconstructed with a microscribe digitiser. C. The 3D model in (B) after
registering all the three chosen coordination points using landmark software.
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1.3.2.2.2 Triquetrum Single Coordination Points Selection
The dimensional variations between the articulating surfaces of type A and
type B triquetrum are obviously remarkable (Figure 1-17). Therefore, the variability
between the two variants was better evaluated according to the proximal and distal
widths of the TqHJ articulating surface.

Figure 1-17: A radial view of the TqHJ articulating surface of type A and type B triquetrum
specimens. A. A type A triquetrum has a broad proximal joint surface and a narrow distal joint
surface. B. A flatter articulating surface of type B triquetrum that remains broad distally.

Multiple single coordination points were registered on the TqHJ articulating
surface of the triquetrum at the articulating (radial) view. Four coordination points
were registered on the radial view of both types of the triquetrum (Figure 1-18 and
1-19):

a. Proximal-Palmar Point (PP): this point represents the most proximal and
palmar point situated at the margin of the articulating facet of the Tq to the
H within the TqHJ.
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b. Proximal-Dorsal Point (PD): this point is the most proximal and dorsal
point situated at the margin of the articulating facet of the Tq to the H within
the TqHJ.

c. Distal-Palmar Point (DP): this point is the most distal and palmar point
situated at the margin of the articulating facet of the Tq to the H within the
TqHJ.

d. Distal-Dorsal Point (DD): this point is the most distal and dorsal point
situated at the margin of the articulating facet of the Tq to the H within the
TqHJ.
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Figure 1-18: Single coordination point registration on the TqHJ articulating surface of a
type A triquetrum (radial view). A. A gross picture of type A triquetrum showing proximal
palmar point (PP), proximal dorsal point (PD), distal palmar point (DP) and distal dorsal point
(DD) that were chosen at the edges of the proximal and distal widths of the articulating surface.
B. A reconstructed 3D model of the same specimen in (A). C. The 3D model in (B) after
coordination points registration with landmark software.
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Figure 1-19: Single coordination point registration on the TqHJ articulating surface of a
type B triquetrum (radial view). A. A gross picture of type B triquetrum showing proximal palmar
point (PP), proximal dorsal point (PD), distal palmar point (DP) and distal dorsal point (DD) that
were chosen at the edges of the proximal and distal widths of the articulating surface. B. A
reconstructed 3D model of the same specimen in (A). C. The 3D model in (B) after coordination
points registration with landmark software.
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In addition, the proximal and distal articulating surfaces of a type A
triquetrum is distinguishable from that of a type B triquetrum. This discrimination in
the articulating surfaces between both types is better visualized at the palmar view
of the articulating surface (Figure 1-20).

Figure 1-20: A palmar view of the TqHJ articulating surface of type A and type B
triquetrums. A. The articulating surface of the type A triquetrum has a proximal central concavity
and a distal convexity. B. A flatter articulating surface of type B triquetrum has a slight proximal
concavity and a slight distal convexity.

Two coordination points were registered on the TqHJ articulating surface of
both types of the triquetrum at the palmar view (Figure 1-21 and 1-22):

a. Proximal-Concavity Point (PC): this represents the shallowest point at the
proximal articulating surface.

b. Distal-Convexity Point (DCx): this represents the most prominent point at
the distal articulating surface.
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Figure 1-21: Single coordination point registration on the TqHJ articulating surface of a
type A triquetrum (palmar view). A. A gross picture of type A triquetrum showing the point of
proximal concavity (PC) and distal convexity (DCx) at the articulating TqHJ surface. Dotted line
represents the limit of 3D model reconstruction. B. A reconstructed 3D model of the same
specimen in (A). C. The 3D model in (B) after coordination points registration with landmark
software.
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Figure 1-22: Single coordination point registration on the TqHJ articulating surface of a
type B triquetrum (palmar view). A. A gross picture of type A triquetrum showing the point of
proximal concavity (PC) and distal convexity (DCx) at the articulating TqHJ surface. Note that
the articulating surface is smoother than that of type A triquetrum but still reflecting the same
curvatures. Dotted line represents the limit of 3D model reconstruction. B. A reconstructed 3D
model of the same specimen in (A). C. The 3D model in (B) after coordination points registration
with landmark software.
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1.3.2.2.3 Hamate Single Coordination Points Selection
The presence of the hamate groove and the accompanying distal ridge is
only distinctive for type I hamate (Figure 1-23). Therefore, two coordination points
were registered on the ulnar view of the TqHJ articulating surface of the type I
hamate only in order to investigate whether this variant can persist as an
identifiable variant or not. The description of registered coordination points is as
follows (Figure 1-24):

a. Hamate Ridge Point (HR): this point is at the eminence of the distal
hamate ridge.
b. Hamate Groove Point (HG): this represents the most central point at the
hamate groove.

Figure 1-23: The TqHJ articulating surface of type I and type II hamates (ulnar view). A.
The articulating surface of the type I hamate showing the hamate groove (HG) marked by
arrows and the hamate ridge (HR) just distal to it. B. A smoother articulating surface of type II
hamate that devoid from HG and HR.
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Figure 1-24: Single coordination point registration on the TqHJ articulating surface of a type I
hamate (palmar view). A. A gross picture of type I hamate showing the point of hamate groove (HG
at the middle of the structure, the hamate ridge point (HR) at the eminence, palmarly located
proximal convexity point (PCx) and distal concavity point (DC) at the articulating TqHJ surface. B. A
reconstructed 3D model of the same specimen in (A). C. The 3D model in (B) after coordination
points registration with landmark software.
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The proximal and distal articulating surfaces of type I hamate are
distinguishable from that of a type II hamate. Therefore, two coordination points
were registered on the TqHJ articulating surface of both hamate types at the
palmar view demonstrating the difference between the proximal convexity and the
distal concavity at the articulating surface of each type (Figure 1-24 and 1-25):

a. Proximal-Convexity Point (PCx): this represents the most prominent point
at the proximal articulating surface of the H within the TqHJ. It is palmarly
placed in type I hamate while it is more central in type II variant.

b. Distal-Concavity Point (DC): this represents the shallowest point at the
distal articulating surface of the H within the TqHJ. Type I hamate has a
more prominent distal concavity than that of type II hamate.

74

Figure 1-25: Single coordination point registration on the TqHJ articulating surface of a
type II hamate (palmar view). A. A gross picture of type II hamate showing the centrally located
proximal convexity point (PCx) and distal concavity point (DC) at the articulating TqHJ surface.
B. A reconstructed 3D model of the same specimen in (A). C. The 3D model in (B) after
coordination points registration with landmark software.
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These coordination points were chosen based upon the most important
features that were better demonstrated to be responsible for separating the
sample population into subgroups. In addition to the particular points that were
selected to represent the variability of bone morphology, this process of single
coordination point registration was repeated on the whole surface of each model in
order (Figure 1-26). This is because the Landmark software processes each
coordination point individually to preserve the geometry of the final model.
Accordingly, every single coordination point on one model should be matched with
another single coordination point on the other one to render a perfect new 3D
shape.

Eventually, eight specimens of each type of the lunate, triquetrum and the
hamate and the subsequent shapes resulting from the first single coordination
point registration underwent further single coordination point registration in a
combined modelling manner (Alharbi, 2015). This brings each bone variant into a
total of 15 observations of single point registration for each combined modelling
representation (Figure 1-27).
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Figure 1-26: An example of the final process of a single coordination point registration. A
virtual 3D model of the TqHJ articulating surface of a type II hamate demonstrating multiple
coordination points registered on the entire surface. Each coordination point has its unique
coordinates reflecting its position in a 3D environment.
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Figure 1-27: An example of a combined single coordination point registration. A. A
reconstructed 3D model of a type II lunate with the chosen points to be registered (palmar view).
B. A schematic representation of the process of evaluating the registered points and the
changes in shape and coordination throughout the processing of eight specimens. Four models
were processed at each end, which are obtained from the original specimens. Each two models
from either end were merged together to form a new shape. Further single coordination point
registration were carried out on the newly resulted models and merged with its fellow from the
same end using the same method. The resulted model was further compared against the
opposite counterpart to conclude with the fifteenth model that had the final shape and
coordination points. MU = medial ulnar point, MM = medial middle and MR = medial radial point.
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1.3.3 Data Analyses
In order to evaluate the potential accuracy of the classification of the carpal
bones demonstrated in the literature, a linear regression analysis test was carried
out to evaluate the coordinates that numerically represent each single coordination
point. However, the coordinates of the horizontal (X) and vertical (Y) axes of each
single coordination point were only included in the study. Z-axis coordinates were
not included because the study is only investigating surface points and features,
not volumetric data.

This analysis allows for determinations of the changes that occur on the
single coordination points throughout the process of combined modelling. This
would suggests whether each point coordinates were preserved or changed while
transferred from one model to another (Rudemo, 2000). The result will be
presented as R-squared (R2); which is explained by this equation:

R2 = Explained Variation / Total Variation = 0 -100%

R2 value of 100% indicates that the model shows the variation of all points
around its mean and vice versa. Accordingly, the closer the R2 value to the 100 %
limit, the higher the likelihood of the registered point to preserve its anatomical
position throughout the sample population. As a result, this point has a fixed
position as it exhibits a relationship with the other registered points within the
remaining models; hence it is a reliable point for the classification parameters.
Conversely, the closer the R2 value to the 0.00 % limit, the lower the affinity of the
registered point to preserve its anatomical position throughout the sample
population. Therefore, this point has a changeable position, as it did not exhibit a
relationship with the other registered points within the remaining models; hence it
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is not a reliable point for the classification parameters.
R2 is not the only determinant of the relationship between these points; the
F-statistic value gives an indication of how statistically significant this relationship
is. For the current analysis, F-statistic < 0.05 was considered to be statistically
significant. Accordingly, the lower the F value than 0.05, the more statistically
significant the relationships between analysed points are and vice versa.
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1.4 Results
1.4.1 Incidence of Carpal Bone Variants
Two distinctly different lunate types were identified. There were 27 (67%)
type I lunates devoid of a medial hamate articulation facet and 10 (25%) type II
lunates with a distinctive hamate articulation facet. In addition, there were 3 (8%)
lunate specimens that could not be clearly classified either to type I or type II;
hence these were considered as type III lunate.

The triquetrum and the hamate specimens were clearly separated into two
types. There were 26 (65%) type A and 14 (35%) type B triquetrum specimens
while there were 21 (53%) type I and 19 (47%) type II hamates within the studied
sample. There were no variants exhibiting mixed features either between the two
types of the triquetrum or hamate specimens. However, the articulation between
the triquetrum and the hamate showed a trend with a higher affinity of type I
hamate to articulate with type B triquetrum and type II hamate tend to more
frequently articulate with type A triquetrum (Table 1-1).

Hamate Type I

Hamate Type II

Total

Triquetrum Type A

12

8

22

Triquetrum Type B

14

6

18

Total

26

14

40

Table 1-1: The incidences of hamate and triquetrum anatomic types.

There was no association determined between the lunate type of the wrist
and the hamate particular types (Table 1-2) or triquetrum variants (Table 1-3).
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Hamate Type I

Hamate Type II

Total

Lunate Type I

13

14

27

Lunate Type II

5

5

10

Total

18

19

37

Table 1-2: The incidences of hamate and lunate anatomic types.

Triquetrum Type A

Triquetrum Type B

Total

Lunate Type I

18

8

26

Lunate Type II

7

4

11

Total

25

12

37

Table 1-3: The incidences of triquetrum and lunate anatomic types.

1.4.2 Combined Modelling Evaluation
1.4.2.1 Single Coordination Points of the Lunate
Combined modelling of the palmar surface of the type I and type II lunates
(Figure 1-27 and 1-28) provided strong evidence supporting the morphological
differences between these two variants based upon the dimensional variations of
the chosen single coordination points along the palmar aspect of the medial
margin of each type.
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Figure 1-28: A combined modelling of the type I lunates. A schematic representation of the
process of evaluating the registered single coordination points on the palmar aspect of medial
margin of the type I lunate. MU = medial-ulnar point, MM = medial-middle point and MR = medialradial point.

1.4.2.1.1 Medial-Ulnar Point (MU)
The regression analysis showed that there was a statistically significant
relationship between the MU registered within each lunate type I model of the
sample population (Figure1-29A; R2 = 99%, F < 0.05). Similarly, there was a
statistically significant relationship between the MU registered within each type II
lunate model (Figure1-29B; R2 = 98%, F < 0.05). Accordingly, the anatomical
position of the MU of type I and type II lunates has been maintained throughout
the series of the combined modelling of the sample population (Figure 1-27 and 128).
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Figure 1-29: Linear regression charts of the medial-ulnar point (MU) of type I and type II
2
lunates. A. A positive trend of a linear regression model of MU of type I lunate with R = 99% and
F = 2.33E-19. This represents that this point has significant relationship with similar points on the
other samples and has a unique anatomical position that was maintained throughout the
combined modelling. Also, MU coordinates are separated into two different groups, which may
suggest the existence of two type I lunate subpopulations. B. A positive trend of a linear
2
regression model of MU of type II lunate with R = 98% and F = 4.37E-11. This observation
indicates that this point has significant relationship with similar points on the other samples and
has a unique anatomical position that was maintained throughout the combined modelling.
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1.4.2.1.2 Medial-Middle Point (MM)
The regression analysis of the MM coordinates showed that there was a
statistically significant relationship between the MM registered within each lunate
type I model of the sample population (Figure 1-30A; R2 = 99%, F < 0.05). Also,
there was a statistically significant relationship between the MU registered within
each lunate type II models (Figure 1-30B; R2 = 95%, F < 0.05). As a result, the MM
point has its own unique anatomical position within each lunate variant that is
preserved through the sample population (Figure 1-27 and 1-28).

1.4.2.1.3 Medial-Radial Point (MR)
The regression analysis showed that there was a statistically significant
relationship between the MR registered within each lunate type I model of the
sample population (Figure1-31A; R2 = 98%, F < 0.05). Similarly, there was a
statistically significant relationship between the MR registered within each lunate
type II models (Figure1-31B; R2 = 97%, F < 0.05). Therefore, the MU for type I and
type II lunates are distinguishable from each other and have an anatomical
position that is maintained through the sample population (Figure 1-27 and 1-28).
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Figure 1-30: Linear regression charts of the medial-middle point (MM) of type I and type II
2
lunates. A. A positive trend of a linear regression model of MM of type I lunate with R = 99% and
F = 1.2E-09. This represents that this point has significant relationship with similar points on the
other samples and has a unique anatomical position that was maintained throughout the combined
modelling. Also, MM coordinates are separated into two different groups, which may suggest the
existence of two type I lunate subpopulations. B. A positive trend of a linear regression model of
2
MM of type II lunate with R = 95% and F = 3E-05. This observation indicates that this point has
significant relationship with similar points on the other samples and has a unique anatomical
position that was maintained throughout the combined modelling.
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Figure 1-31: Linear regression charts of the medial-radial point (MR) of type I and type II
2
lunates. A. A positive trend of a linear regression model of MR of type I lunate with R = 98% and
F = 1.21E-12. This represents that this point has significant relationship with similar points on the
other samples and has a unique anatomical position that was maintained throughout the
combined modelling. Also, MR coordinates are separated into two different groups, which may
suggest the existence of two type I lunate subpopulations. B. A positive trend of a linear
2
regression model of MR of type II lunate with R = 97% and F = 2.66E-11. This observation
indicates that this point has significant relationship with similar points on the other samples and
has a unique anatomical position that was maintained throughout the combined modelling.

87

The registered X and Y coordinates and the linear regression trends of MU,
MM and MR of type I lunate group show two widely separated data unlike type II
lunate group (Figure 1-29 to 1-31,Table 1-4 and 1-5). This suggests that there is a
possibly of two different subpopulation of type I lunates to be considered.

MU Coordinates (mm)

MM Coordinates (mm)

MR Coordinates (mm)

Observation

X

Y

X

Y

X

Y

1

3.21

3.47

3.09

3.51

3.00

3.52

2

3.46

3.43

3.38

3.47

3.27

3.51

3

3.25

3.55

3.13

3.58

3.01

3.59

4

36.51

59.22

35.09

59.38

34.04

59.21

5

3.44

3.3

3.28

3.43

3.1

3.45

6

37.27

59.13

35.38

59.76

33.73

59.76

7

37.59

59.13

36

59.77

34.5

59.85

8

3.01

3.13

3.29

3.71

2.69

3.23

9

3.17

3.12

3.49

3.57

3.46

3.71

10

3.05

3.25

3.43

3.88

3.31

3.89

11

31.51

53.23

37.09

59.38

37.05

50.9

12

3.74

3.50

3.58

3.73

3.7

3.21

13

32.28

54.41

33.38

57.76

36.73

57.77

14

31.59

32.13

56.77

3.51

3.97

32.5
30.50
30.5

57.85

15

34
30.50
3.19

3.61

55.85

Table 1-4: X and Y-axes coordinates of the medial ulnar (MU), medial middle (MM) and medial
radial (MR) points registered on the surface of type I lunate throughout the process of combined
modelling.
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MU Coordinates (mm)

MM Coordinates (mm)

MR Coordinates (mm)

Observation

X

Y

X

Y

X

Y

1

3.23

3.44

3.1

3.49

2.95

3.5

2

3.19

3.38

2.99

3.46

2.78

3.52

3

3.22

3.6

3.04

3.63

2.86

3.62

4

4.07

4.35

3.87

4.37

3.67

4.32

5

3.05

3.5

2.85

3.55

2.7

3.52

6

4.18

4.35

3.98

4.37

3.79

4.4

7

4.06

4.3

3.94

4.37

3.75

4.47

8

3.73

3.84

3.4

3.79

2.65

3.2

9

3.7

3.98

2.77

3.26

2.28

3.02

10

3.82

3.99

3.34

3.93

2.46

3.22

11

4.86

4.95

3.57

4.07

3.36

4.02

12

3.65

4.0

2.55

3.25

2.5

3.2

13

4.98

5.35

3.68

4.07

3.49

4.1

14

4.66

4.9

3.54

4.08

3.35

4.07

15

3.53

3.94

3.3

3.69

3.35

4.17

Table 1-5: X and Y-axes coordinates of the medial ulnar (MU), medial middle (MM) and medial radial
(MR) points registered on the surface of type II lunate throughout the process of combined modelling.

1.4.2.2 Single Coordination Points of the Triquetrum
1.4.2.2.1 Proximal-Palmar Point (PP)
The regression analysis of the PP over the TqHJ articulating surface of the
type A and type B triquetrums showed two extreme trends. The PP of each type A
triquetrum had a statistically significant relationship with the other registered PP
within sample population (Figure1-32A; R2 = 70%, F < 0.05). Conversely, the PP of
each type B triquetrum had no significant relationship with other registered PP
within sample population (Figure1-32B; R2 = 12%, F > 0.05). This indicates that
the anatomical position of the PP of type A triquetrum was maintained while the
anatomical position of the PP of type B triquetrum was changed through the
transition between the original models to the final model stage (Figure 1-33 and 134).
89

Figure 1-32: Linear regression charts of the proximal-palmar point (PP) of type A and type
B triquetrums. A. A positive trend of a linear regression model of PP of type A triquetrum with
2
R = 70% and F = 0.0001. This represents that this point has significant relationship with similar
points on the other samples and has a unique anatomical position that was maintained
throughout the combined modelling. B. A positive trend of a linear regression model of PP of
2
type B triquetrum with R = 12% and F = 0.21. This observation indicates that this point has no
significant relationship with similar points on the other samples and its anatomical position was
changed throughout the combined modelling.

90

Figure 1-33: A combined modelling of the type A triquetrum (radial view). A schematic
representation of the process of evaluating the registered single coordination points on the facet
view of the TqHJ articulating surface of the type A triquetrum. PP = proximal-palmar point, PD =
proximal-dorsal, DP = distal-palmar point and DD = distal-dorsal point.
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Figure 1-34: A combined modelling of the type B triquetrum (radial view). A schematic
representation of the process of evaluating the registered single coordination points on the facet
view of the TqHJ articulating surface of the type B triquetrum. PP = proximal-palmar point, PD =
proximal-dorsal, DP = distal-palmar point and DD = distal-dorsal point.

1.4.2.2.2 Proximal-Dorsal Point (PD)
The regression analysis of the PD over the TqHJ articulating surface of
each type A triquetrum showed that there was no statistically significant
relationship between this single coordination point and the other registered PD
within the sample population (Figure1-35A; R2 = 9%, F > 0.05). Similarly, the PD of
type B triquetrum had no significant relationship with other registered PD within the
sample population (Figure1-35B; R2 = 1%, F > 0.05). As a result, the anatomical
position of the PD of both type A and B triquetrums was not preserved through the
transition between the original models to the final model stage (Figure 1-33 and 134).
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Figure 1-35: Linear regression charts of the proximal-dorsal point (PD) of type A and type
B triquetrums. A. A positive trend of a linear regression model of PD of type A triquetrum with
2
R = 9% and F = 0.25. This represents that this point has no significant relationship with similar
points on the other samples and its anatomical position was changed throughout the combined
2
modelling. B. A linear regression model of PD of type B triquetrum with R = 1% and F = 0.99.
This observation indicates that this point has no significant relationship with similar points on the
other samples and its anatomical position was changed throughout the combined modelling.
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1.4.2.2.3 Distal-Palmar Point (DP)
The regression analysis of the DP over the TqHJ articulating surface of the
triquetrum type A and B showed two extreme trends. The DP of type A triquetrum
had a statistically significant relationship with the other registered DP within the
sample population (Figure1-36A; R2 = 52%, F < 0.05). Conversely, the DP of type
B triquetrum had no significant relationship with other registered DP within sample
population (Figure1-36B; R2 = 0.01%, F > 0.05). This indicates that the anatomical
position of the DP of type A triquetrum was maintained while the anatomical
position of the DP of type B triquetrum was changed through the transition
between the original models to the final model stage (Figure 1-33 and 1-34).

1.4.2.2.4 Distal-Dorsal Point (DD)
The regression analysis of the DD over the TqHJ articulating surface of the
triquetrum type A showed that there was a statistically significant relationship
between this single coordination point and the other registered DD within the
sample population (Figure1-37A; R2 = 74%, F < 0.05). Similarly, the DD of type B
triquetrum had a significant relationship with other registered DD within the sample
population (Figure1-37B; R2 = 28%, F < 0.05). As a result, the anatomical position
of the DD of type A was more preserved than that of the DD of the type B
triquetrum through the transition between the original models to the final model
stage (Figure 1-33 and 1-34).
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Figure 1-36: Linear regression charts of the distal-palmar point (DP) of type A and type B
2
triquetrums. A. A positive trend of a linear regression model of DP of type A triquetrum with R
= 52% and F = 0.002. This represents that this point has significant relationship with similar
points on the other samples and its anatomical position was not changed throughout the
combined modelling. B. A positive trend of a linear regression model of DP of type B triquetrum
2
with R = 0.01% and F = 0.97. This observation indicates that this point has no significant
relationship with similar points on the other samples and its anatomical position was changed
throughout the combined modelling.
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Figure 1-37: Linear regression charts of the distal-dorsal point (DD) of type A and type B
2
triquetrums. A. A positive trend of a linear regression model of DD of type A triquetrum with R
= 74% and F = 3.48E-05. This represents that this point has a significant relationship with similar
points on the other samples and has a unique anatomical position that was not changed
throughout the combined modelling. B. A positive trend of a linear regression model of DD of
2
type B triquetrum with R = 28% and F = 0.04. This observation indicates that this point has a
significant relationship with similar points on the other samples and its anatomical position was
not changed throughout the combined modelling.

96

1.4.2.2.5 Proximal-Concavity Point (PC)
The regression analysis of the PC over the TqHJ articulating surface of the
triquetrum type A showed there was no statistically significant relationship between
any given PC and other similar points within the sample population (Figure1-38A;
R2 = 3%, F > 0.05). Similarly, the PC of type B triquetrum had no significant
relationship with other registered PC within the sample population (Figure1-38B;
R2 = 11%, F > 0.05). As a result, the anatomical position of the PC of both type A
and B triquetrum was not preserved through the transition between the original
models to the final model stage (Figure 1-39 and 1-40).
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Figure 1-38: Linear regression charts of the proximal concavity point (PC) of type A and
type B triquetrums. A. A positive trend of a linear regression model of PC of type A triquetrum
2
with R = 3% and F = 0.57. This represents that this point has no significant relationship with
similar points on the other samples and its anatomical position was changed throughout the
combined modelling. B. A positive trend of a linear regression model of PC of type B triquetrum
2
with R = 11% and F = 0.22. This observation indicates that this point has no significant
relationship with similar points on the other samples and its anatomical position was changed
throughout the combined modelling.
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Figure 1-39: A combined modelling of the type A triquetrum (palmar view). A schematic
representation of the process of evaluating the registered single coordination points on the palmar
view of the TqHJ articulating surface of the type A triquetrum. PC = proximal concavity point and
DCx = distal convexity point.
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Figure 1-40: A combined modelling of the type B triquetrum (palmar view). A schematic
representation of the process of evaluating the registered single coordination points on the
palmar view of the TqHJ articulating surface of the type B triquetrum. PC = proximal concavity
point and DCx = distal convexity point.

1.4.2.2.6 Distal-Convexity Point (DCx)
The regression analysis of the DCx over the TqHJ articulating surface of the
triquetrum type A and B showed two extreme trends. The DCx of type A triquetrum
had a statistically significant relationship with the other registered DCx within the
sample population (Figure1-41A; R2 = 69%, F < 0.05). Conversely, the DCx of type
B triquetrum had no significant relationship with other registered DCx within
sample population (Figure1-41B; R2 = 13%, F > 0.05). This indicates that the
anatomical position of the DCx of type A triquetrum was maintained while the
anatomical position of the DCx of type B triquetrum was changed through the
transition between the original models to the final model stage (Figure 1-39 and 140).
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Figure 1-41: Linear regression charts of the distal convexity point (DCx) of type A and
type B triquetrums. A. A positive trend of a linear regression model of DCx of type A triquetrum
2
with R = 69% and F = 0.0001. This represents that this point has a significant relationship with
similar points on the other samples and its anatomical position was not changed throughout the
combined modelling. B. A positive trend of a linear regression model of DCx of type B triquetrum
2
with R = 13% and F = 0.19. This observation indicates that this point has no significant
relationship with similar points on the other samples and its anatomical position was changed
throughout the combined modelling.
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1.4.2.3 Single Coordination Points of the Hamate
1.4.2.3.1 Hamate Ridge Point (HR)
The regression analysis of the HR over the TqHJ articulating surface of the
hamate type I showed that there was a statistically significant relationship between
this single coordination point and the other registered HR within the sample
population (Figure1-42; R2 = 37%, F < 0.05). Accordingly, the anatomical position
of the HR was preserved through the transition between the original models to the
final model stage; hence it is a reliable distinctive feature over the articulation
surface of the type I hamate (Figure 1-43).

Figure 1-42: Linear regression charts of the hamate ridge point (HR) of type I hamate. A
2
linear regression model with R = 37% and F = 0.02 represents that this point has a significant
relationship with similar points on the other samples and its anatomical position was not changed
throughout the combined modelling.
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Figure 1-43: A combined modelling of the type I hamate (ulnar view). A schematic
representation of the process of evaluating the registered single coordination points on the facet
view of the TqHJ articulating surface of the type I hamate. HR = hamate ridge point and HG =
hamate groove point.

1.4.2.3.2 Hamate Groove Point (HG)
The regression analysis of the HG over the TqHJ articulating surface of the
hamate type I showed that there was a statistically significant relationship between
this single coordination point and the other registered HG within the sample
population (Figure1-44; R2 = 35%, F < 0.05). Accordingly, the anatomical position
of the HG was preserved through the transition between the original models to the
final model stage; hence it is a reliable distinctive feature over the articulation
surface of the type I hamate (Figure 1-43).
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Figure 1-44: Linear regression charts of the hamate ridge point (HG) of type I hamate. A
2
linear regression model with R = 35% and F = 0.02 represents that this point has a significant
relationship with similar points on the other samples and its anatomical position was not changed
throughout the combined modelling.

1.4.2.3.3 Proximal-Convexity Point (PCx)
The regression analysis of the PCx over the TqHJ articulating surface of the
type I hamate showed that there was no statistically significant relationship
between any given PCx point and the other registered PCx within sample
population (Figure1-45A; R2 = 4%, F > 0.05). Similarly, the PCx of type II hamate
had no significant relationship with other registered PCx within sample population
(Figure1-45B; R2 = 3%, F > 0.05). As a result, the anatomical position of the PCx
of both hamate types was not preserved through the transition between the
original models to the final model stage (Figure 1-46 and 1-47).
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Figure 1-45: Linear regression charts of the proximal-convexity point (PCx) of type I and
2
type II hamates. A. A positive trend of a linear regression model of PCx of type I hamate with R
= 4% and F = 0.5. This represents that this point has no significant relationship with similar points
on the other samples and its anatomical position was changed throughout the combined
2
modelling. B. A positive trend of a linear regression model of PCx of type II hamate with R = 3%
and F = 0.6. This observation indicates that this point has no significant relationship with similar
points on the other samples and its anatomical position was changed throughout the combined
modelling.
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Figure 1-46: A combined modelling of the type I hamate (palmar view). A schematic
representation of the process of evaluating the registered single coordination points on the
palmar view of the TqHJ articulating surface of the type I hamate. PCx = proximal convexity
point and DC = distal concavity point.
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Figure 1-47: A combined modelling of the type II hamate (palmar view). A schematic
representation of the process of evaluating the registered single coordination points on the
palmar view of the TqHJ articulating surface of the type II hamate. PCx = proximal convexity
point and DC = distal concavity point.

1.4.2.3.4 Distal-Concavity Point (DC)
The regression analysis of the DC over the TqHJ articulating surface of the
type I and type II hamate showed two extreme trends. The DC of type I hamate
had a statistically significant relationship with the other registered DC within the
sample population (Figure1-48A; R2 = 36%, F < 0.05). Conversely, the DC of type
II hamate had no significant relationship with other registered DC within the
sample population (Figure1-48B; R2 = 16%, F > 0.05). This indicates that the
anatomical position of the DC of type I hamate was maintained while the
anatomical position of the DC of type II hamate was changed through the
transition between the original models to the final model stage (Figure 1-46 and 147).
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Figure 1-48: Linear regression charts of the distal concavity point (DC) of type I and type
2
II hamates. A. A positive trend of a linear regression model of DC of type I hamate with R =
36% and F = 0.02. This represents that this point has a significant relationship with similar points
on the other samples and its anatomical position was not changed throughout the combined
2
modelling. B. A positive trend of a linear regression model of DC of type II hamate with R =
16% and F = 0.15. This observation indicates that this point has no significant relationship with
similar points on the other samples and its anatomical position was changed throughout the
combined modelling.
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1.5 Discussion
The incidence of type I lunate reported in the current study (67%) is higher
than what was reported in previous studies (27-48%) (Burgess, 1990; Viegas et
al., 1993a; Nakamura et al., 2001; McLean et al., 2006; McLean et al., 2009a).
Similarly, the incidence of type II lunate reported in the current study (25%) is
lower than what was reported in previous studies (52-73%) (Burgess, 1990;
Viegas et al., 1993a; Nakamura et al., 2001; McLean et al., 2006; McLean et al.,
2009a). In addition, a discrepancy was found between the incidences of type A
triquetrum (65%) reported in the current study and that of a pervious report (39%)
(McLean et al., 2009a). Conversely, the current study reported a comparable
incidence for type B triquetrum (35%) with the results from a previous study (33%)
(McLean et al., 2009a). Moreover, the incidences of type I (53%) and type II (47%)
hamate reported in the current study are within the incidence range of type I (5367%) and type II (33-47%) hamate identified in previous studies (McLean et al.,
2006; McLean et al., 2009a).

It has been demonstrated that there was no association between the
articulations of lunate types and type I or type II hamate (McLean et al., 2006).
Also, a spectrum of TqHJ articulation has been suggested. This includes a type A
triquetrum articulated with type I hamate at one end, and a type B triquetrum
articulated with type II at another end, with a mixture of articulation between the
two variants at the middle. Moreover, a higher affinity of type I hamate articulation
with the in-between triquetrum variants has been also reported (McLean et al.,
2006).

The current study confirmed that there is no association between the

lunate type of the wrist and the existence of particular hamate or triquetrum
variants. Unlike a previous and similar study, however, the current study reported a
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higher tendency of type I hamates to articulate with type B triquetrum and type II
hamates tend to more frequently articulate with type A triquetrum. In addition, there
were no in-between triquetrum variants identified. A discrepancy between the
results of the current study and the previous literature may be attributed to the
small sample size. What is more, this variability may have an association with the
ethnic group, genetic determinants and other morphological factors that could be
held responsible for the carpal bone morphological segregation (Hogikyan and
Louis, 1992; Falsetti, 1995; Benjamin and McGonagle, 2001; Benjamin et al.,
2009; Kivell et al., 2013).

Accordingly, a larger study considering further

associations between the osseous development and the existence of particular
features should be conducted before drawing a firm conclusion regarding the
incidence of the different carpal bone morphology and articulations.

Early investigators successfully separated the lunate into two types using
gross and radiological observation of the medial hamate facets (Viegas et al.,
1990b; Viegas et al., 1993a; Nakamura et al., 2001; Viegas, 2001c). Subsequently,
similar results were quantitatively reproduced (Gupta and Al-Moosawi, 2002).
However, a debate was raised regarding the identification of lunate variants inbetween the two distinct types (Galley et al., 2007; McLean et al., 2009a).
Therefore, lunate classification was suggested to represent a spectrum with type I
and type II lunate variants at each end and intermediate types are in the middle
(McLean et al., 2009a). The current study succeeded to evaluate and statistically
describe the lunate variants based upon tracing the changes on specific points
over the lunate medial margin. Each point within each model was distinct to the
studied lunate type category. The anatomical position of all selected points was
not changed throughout the process of combined modelling. Although this
observation confirms the previous established work regarding separating the
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lunate into two types correlated with the variability of the morphological features on
the lunate’s medial margin, the current study data were suggestive of the
existence of two subpopulations of type I lunates. However, further investigations
and/or classifications are needed to validate this suggestion.

Dividing the triquetrum sample population was recently introduced and
reinvestigated by the same group of researchers (McLean et al., 2006; McLean et
al., 2009a). However, classification was based upon gross identification of the
morphological differences of the TqHJ articulating surface of the triquetrum but
there were no statistical analyses supporting the suggested models. The current
study statistically demonstrates the morphological features that were identified to
distinguish between the anatomical types of the triquetrum. The specific
coordination points representing the major morphological features of type A
triquetrum maintained their anatomical positions except for the PP and PC.
Conversely, the result of type B triquetrum was almost negative as only the DD
was identified as a reserved point representing the morphological identity of this
variant. With all these discrepancies, the current study could not correlate the
variable morphological features that were held responsible for the separation of
the triquetrum into two distinguishable types as demonstrated in the literature.
Further investigations are needed before a firm conclusion is drawn. New
descriptions or further classification of the triquetrum into subgroups might be also
considered.

The TqHJ articulating surface of the hamate shows variable morphological
features that were used to separate the hamate into two identifiable variants
(McLean et al., 2006; McLean et al., 2009a). The existence of hamate groove and
distal hamate ridge together with the proximal convexity and the distal concavity of
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the TqHJ articulating surface were the key for the classification in the literature
(McLean et al., 2006; McLean et al., 2009a; McLean et al., 2009b). However, the
current study provided a statistical value for the identification of the specific
morphological features on the TqHJ. Hamate groove and distal ridge were found
as distinguishable features that are significantly responsible for establishing the
morphological separation of the hamate variants. Conversely, the PCx and DC
were not found to be unique, as they are changeable points. Therefore, these two
points are representing specific anatomical features that were not found reliably
enough to be considered as parameters for the classification of the hamate.
Accordingly, the current study confirmed that the HG and HR are reliable features
that could be consistently used as a base for the classification of the hamate into
two types.

Lunate type was demonstrated to be the most accurately identified with
non-invasive procedures compared with other carpal bone variants (McLean et al.,
2009a). Despite a lunate with a large facet readily being identified with plain
radiographs or coronal CT, differentiation between the type III lunate and the other
types required combining the MRI results with the direct gross or arthroscopic
visualisation (McLean et al., 2009a). Unlike differentiating between lunate types,
direct visualisation is required to distinguish specific variants of other carpal bones
as not all morphological features can be identified radiologically (McLean et al.,
2009a). Also, direct visualisation of certain carpal bone types is not successful for
distinguishing between the morphological identities of these bones. For example,
the hamate groove and distal ridge of type I hamate are not easily visualised with
dissection. Moreover, there is a variable amount of soft tissue coverage on the
hamate ridge hindering the accurate identification of the underlying features. MRI
and the 3D CT was found to be the best modality for the differentiation between
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lunate and hamate types respectively (McLean et al., 2009a). As a result,
separating the sample population into subgroups based upon the lunate type was
found more reliable and consistent.

The great variability among the morphological identity of the carpal bones
within the sample population suggests that it is unlikely to provide a stereotypical
design for a particular carpal bone according to a specific pattern of shape and
size. Accordingly, prior to any arthroplasty procedure, a detailed preoperative
assessment of the various osseous parameters is highly recommended (Gupta
and Al-Moosawi, 2002). Advances in variable adjustment in both designing of the
implants and surgical procedure open the horizon for a better evaluation and
assessment of a particular condition; hence, reducing the post-surgical
complications such as the contact loading and palmar or dorsal subluxation
(Alexander et al., 1990).

The current study had a number of limitations. First, the sample size was
comparable to that of other studies, but too small to give a clear indication of
subtype frequency. A larger study following the procedures described here is
recommended. Second, despite the demonstrated accuracy and reliability of the
microscribe digitiser (Al Saffar, 2012), this method may be subject to observer
error. To overcome this limitation, multiple observers and increased round of
reconstruction may increase confidence in the results of future studies. In addition,
virtual 3D models of the carpal bones could be obtained using a microscribe
scanner

rather

than

manually

digitising

the

required

surface.

Using

photogrammetric modelling software (such as Photomodeller, Eos Systems) can
produce a copy of any shape by stitching serial photographs combining the whole
surface from different angles in 3D environment. Either a scanned or
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photographically reconstructed model could possibly be more accurate as we are
dealing with a copy of an object rather than drawing the dimensional limits of the
shape. Limitations on the resolving power and accuracy of such photogrammetric
techniques at the level of detail required have yet to be tested and would require
further study. Third, registering multiple single coordination points could be a
source of an error as well. This method has a subjectivity that can be overcome by
doing serial rounds of registration that conclude with an average, or allowing for
multiple observers to record their registration. What is superior to that is using
automated landmarking. Recent versions of landmark software allow for an
automated selection of single coordination points. This process showed more
reliable results in comparison with the conventional landmarking (Aneja et al.,
2015), and may be applied in future studies.

Future investigation should be focused upon the kinematic behaviour of
different carpal bone alignments in relation to the variable patterns of ligamentous
attachment supporting the articulations. A correlation between the in-joint loading,
pathology and patterns of injury should be considered.
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1.6 Conclusions
The morphological difference between the lunate variants is the most
reliable and consistent method of separating the sample population into
subgroups. Accordingly, the subsequent investigations in this thesis will correlate
the lunate type of the wrist to the variable patterns of the palmar intercarpal
ligaments around the TqHJ.
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Chapter 2
Palmar Ligamentous Support of the
Triquetrum-Hamate Joint
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2.1 Prologue
The complex overall organisation of the ligaments of the wrist and the
existence of different and variable ligamentous variants have complicated both
isolation and clear description of these structures (Taleisnik, 1976; Drewniany et
al., 1985; Mizuseki and Ikuta, 1989; Berger and Landsmeer, 1990; Smith, 1993a;
Berger, 1997b; Al Saffar, 2012). In addition, obtaining reproducible results has
been a major source of disagreement for years (Feipel and Rooze, 1999b; Fogg,
2004; Al Saffar, 2012). This is also true regarding the nomenclature of the
ligaments of the wrist. Unfortunately, variable terms have been frequently assigned
to each ligamentous structure, which widened the gap between the accurate
description and the proper understanding of the morphologic anatomy of these
structures (Mayfield et al., 1976; Berger, 1996a; Berger, 1997b; Bettinger et al.,
1999; Berger, 2001a; Nagao et al., 2005; Nanno et al., 2006; Kijima and Viegas,
2009). Certain specific rules of terminology have been suggested but there was no
strict application of those guidelines (Berger, 1997b). Therefore, it becomes
mandatory to have standard outlines to accurately name and describe the
ligaments within the wrist.

Considering the general features of the ligamentous orientation and
attachment sites, consistent descriptive terms will be used throughout this thesis to
name each ligament based upon the guidelines of the Federative Committee on
Anatomical Terminology (Vollrath, 2011) and modified by the lab group in which
the current study is undertaken. Following the conditions of this series of studies,
this approach to terminology will be proposed to the academic community via
publication.
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The general orientation of the ligaments of the wrist is from the periphery
towards the midline of the limb following an oblique course in a proximal to distal
direction (Taleisnik, 1976; Berger, 1997b). Accordingly, a consistent direction from
peripheral to central and from proximal to distal will be followed to name each
ligament. Also, every ligament will be named by listing the carpal bones to which it
is attached, hence maintaining the accurate relationships that have been defined.
As such, whenever a ligament originates from the triquetrum, extends over the
hamate and attaches to the capitate, it would be best termed as triquetrumhamate-capitate ligament. Although the ligament seems definitely attached to the
triquetrum and the capitate, an attachment over the hamate might be possible and
should be verified.

In addition, amalgamated terms will be avoided to standardise a consistent
pattern of description without confusion. For example, the triquetrohamate
ligament becomes the triquetrum-hamate ligament. Despite the entire thesis being
focused upon investigating the palmar ligamentous structures around the TqHJ, a
prefix “p” will be used for each palmar ligament that has a counterpart on the
dorsal side described in the literature. As a result, some analogous terms in the
cited references may inevitably be replaced (Table 2-1). These modified terms will
be used in the descriptive part of the current study. However, additional terms
maybe needed to more precisely describe specific attachments.
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Common Terms used elsewhere in this thesis

Synonym in the Literature

Palmar triquetrum-hamate ligament (pTqH).

Palmar triquetrohamate ligament.

Palmar capitate-hamate ligament (pCH).

Palmar capitohamate ligament.

Triquetrum-hamate-capitate ligament (TqHC).

Triquetrocapitate ligament.

Palmar scaphoid-triquetrum ligament (pSTq).

Palmar scaphotriquetral ligament.

Luanate-triquetrum ligament (LTq).

Lunotriquetral ligament.

Palmar radius-lunate-triquetrum ligament

Palmar radiotriquetral ligament, palmar

(pRLTq).

radiolunotriquetral ligament.

Radius-scaphoid-capitate-triquetrum complex

Radioscaphocapitotriquetral

(RSCTq).

complex.

Radius-scaphoid-capitate ligament (RSC).

Radioscaphocapitate ligament.

Ulna-lunate ligament (UL).

Ulnolunate ligament.

Lunate-triquetrum interosseous ligament (LTqI)

Lunotriquetral interosseous ligament.

Table 2-1: Common terms that have been replaced throughout this thesis.

A detailed description of the ligamentous attachment sites will be also
maintained. As a result, the use of generic names will be accompanied by precise
descriptive terms for the course and orientation to define each area. For instance,
“the ligament is attached to the head of the capitate’’ is a limited and vague
description, while “the ligament is attached to the ulnar margin of the palmar
aspect of the head of the capitate’’ is a particularly specific and focused
description.
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2.2 Introduction
The variable articulations between carpal bones have been attributed to the
diversity of the morphological features expressed on these structures (Nakamura
et al., 2001; Fogg, 2004; McLean et al., 2006). Differences were not confined
between osseous landmarks and also a sex-related dimorphism has been
demonstrated. Apart from the size difference (Scheuer and Elkington, 1993;
Lazenby, 1994; Falsetti, 1995; Sulzmann et al., 2008), the carpal bone shapes
also varied between males and females (Ateshian et al., 1992; Nakamura et al.,
2001; Wang et al., 2010; Marzke et al., 2012; Kivell et al., 2013). Diversity of the
osseous morphology of the wrist suggests different ligamentous support, which
may result in different behaviour in wrist kinematics (Viegas et al., 1993b; McLean
et al., 2006; McLean et al., 2009a). A comprehensive understanding of the
morphology of carpal bones should be complemented with a profound knowledge
of the ligamentous attachments maintaining these articulations.

The ligaments of the wrist have a complex anatomy. A number of reports
have demonstrated variable ligamentous morphology and classification within the
wrist. It has been concluded that the ligamentous anatomy of the wrist shows both
morphologic and morphometric variations (Burgess, 1990; Feipel and Rooze,
1999a; Viegas, 2001b; Fogg, 2004; Nagao et al., 2005; Al Saffar, 2012). However,
the results in these papers varied between ambiguous, limited and inconsistent
descriptions; when present, detailed quantitative data were not readily compared
between studies due to different procedures being utilised. Disagreements were
not restricted to describing the actual ligamentous attachment sites but also
extended to include debates about the existence of particular ligamentous
structures.
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2.2.1 Inconsistency of Recent Literature
A comprehensive understanding of the anatomical variations of the
ligamentous arrangement of the wrist is mandatory for further exploration of the
wrist’s kinematic behaviour (Sennwald et al., 1993a; Feipel and Rooze, 1999b;
Short et al., 2002; Trail et al., 2007). Although several studies have been
conducted to investigate the patterns of the ligamentous attachments within the
wrist, no consensus has been reached (Berger, 1996a; Berger, 1996b; Kijima and
Viegas, 2009; Al Saffar, 2012; Marzke et al., 2012). Lack of a well-defined
approach for tissue description, limited observations and improper use of
terminology were the most common limitations attributed to the inconsistency of
the results (Fogg, 2004).

Poor tissue description is one of the major obstacles of obtaining consistent
results. Reproducible data are scarce because of missing comprehensive
guidelines for tissue description and method of investigation. A lack of clear
definition of the structural anatomy of a ligament has contributed to the vague
picture of the anatomy of the ligaments of the wrist. Also, uncertain differentiation
between ligaments and capsular tissue has been an issue for years (Smith, 1993b;
Fogg, 2004). Obtaining consistent descriptions and reproducible results were
hindered by the complexity of macroscopic identification of such interdigitated
ligaments and the variable patterns of ligamentous attachment sites identified
within the sample population (Buijze et al., 2011). What is more, most of the
reports in the literature have been based upon qualitative gross dissection
observations, which further increases the subjective variability between observers
(Lewis et al., 1970; Burgess, 1990; Berger et al., 1991; Kijima and Viegas, 2009).
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In addition, inconsistent terminology has resulted in confusion and
misunderstanding of the carpal ligament anatomy and functional properties (Buijze
et al., 2011). Controversies in the literature were not only associated with the
nomenclature of an individual ligament but also involve the terminology of the
general ligamentous patterns (Viegas, 2001c; Theumann et al., 2003). A
consistent pattern of description and proper use of terminology is essential for
better understanding of different ligamentous patterns.

2.2.2 Ligamentous Diversity
The ligaments of the radial side of the wrist are relatively well understood,
unlike the ulnar side ligamentous connections, which are still more obscure. The
radial side ligamentous attachments are variable and this variability is reasonably
well documented (Berger and Landsmeer, 1990; Fogg, 2004; Al Saffar, 2012). On
the ulnar side, there are several reports for bony variability (Nakamura et al., 2001;
Dharap et al., 2006; McLean et al., 2006; McLean et al., 2009a). However, there is
a dearth of information on the ulnar sided ligaments. Therefore, a detailed study of
both bone and potential ligamentous variations of the ulnar side is essential. In
addition, the palmar ligaments of the wrist were demonstrated to be the major
stabilisers during the global wrist motion (Mayfield, 1980; Smith, 1993b).
Therefore, injury to these ligaments results in a serious impact ranging from
chronic wrist pain to disability (Mayfield, 1980; Mayfield, 1984a). Basically, the
palmar ligamentous attachments around the TqHJ are the least understood in
comparison with its mirrored part on the radial side, the scaphoid-trapeziumtrapezoid ligaments (STmTd) (Berger, 2001b; Ishiko et al., 2003; McLean et al.,
2006; Nanno et al., 2006). In spite of the variability in ligamentous patterns that
have been described in the literature, the ligamentous attachments around the
TqHJ should be thoroughly reinvestigated from different perspectives. Bone
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morphology and related kinematic behaviour may be considered as a potential
source of this variability but the core principle is still vague (Viegas et al., 1993b;
McLean et al., 2006; McLean et al., 2009a). The more detailed understanding of
the radial side has allowed specific surgical techniques to be developed (Watson
and Ballet, 1984; Minami and Kaneda, 1993; Brunelli and Brunelli, 1995;
Kawamura and Chung, 2007; Carlsen and Shin, 2008; Bain et al., 2009). The
current study will provide data that will allow for similar advances for the ulnar side.
This may provide better treatment options for range of ulnar instability syndrome
and for triangular fibrocartilage complex pathologies.

2.2.3 Palmar Ligamentous Support around the TqHJ
The palmar intercarpal ligaments supporting the TqHJ are highly variable.
Various attachments have been described and further classified but no clear
explanation of this variability has been suggested (Figure 2-1) (Taleisnik, 1976;
Berger and Landsmeer, 1990; Smith, 1993b; Berger, 1996a; Bettinger et al., 1999;
Berger, 2001a; Nanno et al., 2006; Forward et al., 2007; Nanno et al., 2007).
Different observations and descriptions have been introduced but the complete
picture of this ligamentous diversity has numerous discrepancies and ambiguities.
The major ligaments supporting the palmar aspect of the TqHJ are highlighted
below.
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Figure 2-1: Schematic representations of the variable patterns of the palmar intercarpal
ligaments* from different authors. A. Taleisnik (1976) reported the triquetrum-hamate capitate
ligament (TqHC) making a sling over the hamate (H) and the lunate-triquetrum ligament (LTq)
fanning out upon attaching to the triquetrum (Tq). B. Berger and Landsmeer (1990) demonstrated
the TqHC overlaps a segmental ligamentous attachment of the palmar triquetrum-hamate
ligament (pTqH) and the palmar capitate-hamate ligament (pCH). C. Berger (1996) isolated the
pTqH and the pCH as segmental attachments away from the course of the TqHC in addition to a
broad LTq. D. Smith (1993) reported two additional ligaments spanning the midcarpal joints and
attach to the triquetrum, the palmar radius-lunate-triquetrum ligament (pRLTq) and the palmar
scaphoid triquetrum ligament (pSTq).
UTq = ulna-triquetrum ligament, UL = ulna-lunate ligament, pSC = palmar scaphoid-capitate
ligament, RSC = radius-scaphoid-capitate ligament, RCL= radial collateral ligament, RL= radiuslunate ligament, RSL= radius-scaphoid-lunate ligament, pCTd = palmar capitate-trapezoid
ligament, STmTd = scaphoid-trapezium-trapezoid ligament, R = radius, U = ulna, S = scaphoid, L=
lunate, Tm = trapezium, C = capitate, UC = ulna-capitate ligament, LRL= long radiolunate
ligament, SRL= short radiolunate ligament, SL= scaphoid-lunate ligament, and RS = radiusscaphoid ligament.*Coloured ligaments are the main focus of the current study.

2.2.3.1 Palmar Triquetrum-Hamate Ligament
The ligamentous identity of the pTqH is controversial. Early investigation
revealed that the ligamentous fibres of the pTqH often intermingle with that of the
TqHC (Trumble et al., 1990). Therefore, few authors have considered the pTqH as
being the same as TqHC (Mayfield et al., 1976; Mayfield, 1984a). In contrast, a
number of researchers have isolated the pTqH as a ligamentous structure distinct
from the TqHC (North and Thomas, 1988; Trumble et al., 1990; Smith, 1993b;
Berger, 1997b).
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The pTqH was identified with a proximal attachment on the distal and radial
edge of the palmar aspect of the triquetrum. It spans distally ulnar to the TqHC
and is separated from it by a sulcus. Accordingly, it is the most ulnar ligament of
the intercarpal ligaments. It then attaches into the palmar surface of the body of
the hamate radial to the base of the hamulus (Figure 2-1 B and C) (Taleisnik,
1976; Berger and Landsmeer, 1990; Smith, 1993b; Berger, 1996a; Ritt et al., 1996;
Ritt et al., 1998; Kijima and Viegas, 2009). The function of pTqH wrist kinematics
is still unclear but it might have a limiting property of MCJ supination, hence it has
an effect in MCJ instability prevention (Berger, 1997a).

2.2.3.2 Palmar Capitate-Hamate Ligament
The pCH is a horizontally oriented structure that originates from the palmar
aspect of the ulnar side of the body of the capitate and courses ulnarly and
attaches to the radial margin of the palmar aspect of the hamate (Kijima and
Viegas, 2009). The distal margin of the TqHC was often identified to partially
overlap the proximal margin of the pCH origin (Figure 2-1B) (Berger and
Landsmeer, 1990). The pCH acts together with the adjacent ligaments to bind the
four bones of the distal carpal row into a single functional unit (Taleisnik, 1976).

2.2.3.3 Triquetrum-Hamate-Capitate Ligament
Several investigators reported the TqHC as a part of the arcuate ligament
(union of radius-scaphoid-capitate ligament (RSC) and ulna-capitate ligament
(UC)) (Lichtman et al., 1981; Stuchin, 1992; Berger, 1997b). In contrast, the TqHC
has been isolated as a discrete ligament apart from or overlapped by the pTqH
(Nakamura et al., 2001). However, the TqHC was found originating from the most
radial and palmar aspect of the distal margin of the triquetrum. It then courses
obliquely, radially and distally to be attached to the proximal and ulnar half of the
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palmar surface of the body of the capitate (Figure 2-1) (Mayfield et al., 1976;
Taleisnik, 1976; Berger and Landsmeer, 1990; Berger, 1996a; Berger, 1997b;
Nagao et al., 2005). Similar to the pTqH, the mechanical properties of the TqHC
are not fully understood yet. However, the TqHC disruption was identified to result
in MCJ instability commonly due its detachment from the triquetrum or profound
attenuation. Also, it limits MCJ supination (Berger, 1997a).

2.2.3.4 Lunate-Triquetrum Ligament
The morphological existence of the LTq is debatable. It has been often
argued whether the LTq exists as a distinct separated ligament or is considered as
a part of the palmar region of the lunate-triquetrum interosseous ligament (LTqI) or
as a part of the palmar radius-lunate-triquetrum ligament (pRLTq) (Smith, 1993b;
Berger, 1997b; Nagao et al., 2005). However, the LTq has been described as a
separate entity from the LTqI (Taleisnik, 1976; Berger and Landsmeer, 1990;
Nagao et al., 2005). It is found to extend from the distal and ulnar side of the
lunate to just distal to the ulna-lunate ligament, radial to the palmar region of the
LTqI attachment. In addition, it was shown to partially overlap the palmar region of
the LTqI (Mayfield et al., 1976; Nagao et al., 2005). While the LTq was referred to
in the literature by different terms, the anatomical description of this ligament was
consistently similar, specifically, the distal attachment (Figure 2-1). However, the
LTq is one of the major palmar stabilisers of the wrist. It permits a considerable
motion of the scaphoid on the lunate (Taleisnik, 1976).
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2.2.3.5 Palmar Radius-Lunate-Triquetrum Ligament
The pRLTq has been demonstrated to have a proximal attachment over the
styloid process of the radius together but ulnar to the RSC. It then extends
obliquely and distally and attaches to the palmar surface of the lunate and is
attached into the radial side of the palmar aspect of the triquetrum (Pfirrmann et
al., 2002; Theumann et al., 2003). Being one of the largest ligaments within the
wrist, the pRLTq is clinically important as it has a significant role in load
transference (Nowalk and Logan, 1991; Theumann et al., 2003). However, a
debate was raised regarding whether the pRLTq is composed of one single long
band (Smith, 1993b) or two interdigitated bands, one between the radius and the
lunate and another between the lunate and the triquetrum (Mayfield et al., 1976; Al
Saffar, 2012). To date, this argument has not been resolved.

2.2.3.6 Radius-Scaphoid-Capitate-Triquetrum Complex
The RSCTq is a unique ligamentous structure sharing an attachment over
multiple non-linear bony attachments. It is attached to the radial styloid process
and fans out while extending obliquely and distally. It represents a link between the
palmar aspects of the radial styloid process, scaphoid fossa and the body of the
capitate. It is often attached to the triquetrum and to a lesser extent to the radial
margin of the palmar aspect of the hamate (Figure 2-2) (Al Saffar, 2012). The
RSCTq functions mainly to retain the scaphoid in position (Nowalk and Logan,
1991; Theumann et al., 2003).
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Figure 2-2: The radius-scaphoid-capitate-triquetrum complex (RSCTq) according to Al
Saffar (2012). The RSCTq was demonstrated as a group of interdigitated fascicles without any
banded arrangement although it was apparent that the ligamentous fascicles could be separated
into two distinct bands. R = radius, U = ulna, S = scaphoid, L= lunate, Tq = triquetrum, Tm =
trapezium, C = capitate and H = hamate.

2.2.3.7 Palmar Scaphoid-Triquetrum Ligament
The presence of the pSTq was a source of argument in the literature
(Smith, 1993b; Sennwald et al., 1994a; Berger, 1997b; Theumann et al., 2003). A
discrete pSTq was isolated and identified with an attachment on the palmar aspect
of the head of the capitate along with the scaphoid and triquetrum attachments
(Figure 2-3) (Smith, 1993a; Smith, 1993b; Sennwald et al., 1994a). It was found
that it extends transversely between the most distal radial aspect of the triquetrum
and the distal pole of the scaphoid just dorsal to the RSC. In addition, ligamentous
interdigitations with the RSC were identified (Sennwald et al., 1994a).
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Figure 2-3: Schematic representations of the palmar scaphoid-triquetrum ligament (pSTq)
according to different authors. A. Smith (1993) reported the pSTq as a distal band spanning
over the hamate (H) and the capitate (C). B. Sennwald et al. (1994) identified the pSTq extending
over the most proximal palmar edges of the hamate and capitate. C. Theumann et al. (2003)
isolated a double-banded pSTq. While the distal band resembled what was Sennwald et al. (1994)
described in the literature, the proximal band was found horizontally bridging the lunate (L) across
the midcarpal joint. R = radius, U = ulna, S = scaphoid, Tq = triquetrum and Tm = trapezium.

The pSTq was identified with a larger triquetrum attachment compared with
the scaphoid attachment, which is thin and fan-like. However, the pSTq
attachment to the capitate is also controversial. It was demonstrated that the pSTq
may attach to the waist of the scaphoid, abutting the capitate, and might attach or
be entirely separated from it (Smith, 1993b). Another pSTq variant was described
as a double-banded ligament. In addition to what was suggested about the pSTq
in the literature, an extra distal band with a common proximal and distal
attachments has been reported (Figure 2-3C) (Theumann et al., 2003). While the
proximal band extends between the scaphoid and the triquetrum, the distal band
forms an arch attached to the palmar surface of the hamate and the body of the
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capitate (Theumann et al., 2003). Conversely, the pSTq was not found to be a
separate entity, but rather an accessory band of the midcarpal arcuate ligament
(Berger, 1997b).

Although the exact function of the pSTq is to be determined, it has been
suggested that it may support the head of the capitate during dorsiflexion. The
pSTq is tightened during dorsiflexion whereas it is lax during palmar flexion.
Conversely, radio-ulnar deviation was not found to have any effect on pSTq
tension (Sennwald et al., 1994b). In addition, it was suggested that the pSTq
supports the scaphoid and triquetrum to be together in a similar way to that of the
transverse intercarpal ligament in stabilising the carpal arch (Garcia-Elias et al.,
1989a).

2.2.4 Source of Variability
An extensive knowledge of the variable patterns of the ligamentous arrays
around the wrist is not sufficient to determine the functional significance of this
variability (Viegas et al., 1993a; Nakamura et al., 2001; McLean et al., 2009a).
Hence, it is mandatory to find out the potential determinants of these differences.
Amongst all these different attachment sites, variants and patterns, there are a
number of similarities and differences. Most of the suggested diversity was usually
attributed to intra-observer errors, inter-observer errors or the use of subjective
methods (Fogg, 2004; Al Saffar, 2012). However, several developmental,
functional and evolutionary factors have been recently considered as potential
causes of this variability (Kivell et al., 2013).
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In recent literature, investigators have targeted their concerns towards
studying the correlation between the type of the wrist articulations and the patterns
of ligaments supporting each joint. According to numeric morphological
differences, it has been demonstrated that amongst various carpal bones, only the
lunate morphology has been associated with variable ligamentous attachment and
distribution as well as different kinematic and pathomechanical behaviours (Viegas
et al., 1993b; Sagerman et al., 1995; Nakamura et al., 2001; Viegas, 2001a;
Viegas, 2001c; Pfirrmann et al., 2002). To date, few studies have successfully
demonstrated the presence of such a correlation, though a lot remain to be further
investigated (Nakamura et al., 2001).

A descriptive anatomical correlation between the TqHC and pTqH has been
suggested. It has been demonstrated that the TqHC and the pTqH relationship
falls into three categories based on the morphological type of the lunate (Figure 24) (Nakamura et al., 2001). Type A relationship has been described when the
TqHC exists as a separate entity from the pTqH. The pTqH overlaps the TqHC in
a Type B relationship. In a type C relationship, the TqHC has an extra ligamentous
band extends from the triquetrum to the proximal pole of the hamate adjacent to
the capitate. (Figure 2-4) (Nakamura et al., 2001). The type A relationship has
been observed among 82% of type I wrists whereas the type C relationship has
been confirmed in 96% of type II wrists.
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Figure 2-4: Variable relationships between the palmar triquetrum-hamate ligament (pTqH)
(green) and the triquetrum-hamate-capitate ligament (TqHC) (yellow) (Nakamura et al., 2001).
A. Both ligaments are separated entities in type A relationship. B. The proximal radial margin of the
pTqH is overlapping the ulnar proximal margin of the TqHC in type B relationship. C. Type C
relationship is characterised by a branched TqHC to give attachment over the palmar edge of the
proximal pole of the hamate. Tq = triquetrum, H = hamate and C = capitate.

In spite of the significant findings about the gender variations of the carpal
bone morphology (Ateshian et al., 1992; Nakamura et al., 2001; Wang et al., 2010;
Marzke et al., 2012; Kivell et al., 2013), no particular ligamentous composition or
distribution was reported to be associated with this variability in the literature.
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2.3 Aim
The aim of this component of the current study is establishing a standard
description for the various palmar intercarpal ligamentous connections around the
TqHJ. Variable patterns of ligamentous attachments may be classified into
subtypes within distinct groups according to certain morphological differences of
the underlying carpal bones determined by the lunate type. Research will be
focused upon finding out whether this variability is genuinely due to the anatomical
variations within the sample population or just as a result of different subjective
observations. It is hoped that this study will broaden our knowledge regarding the
ligamentous support along the ulnar side of the wrist and clarify the ambiguity in
previous descriptions.
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2.4 Materials and Methods
Fifty-five Genelyn-embalmed (appendix 1) and ten unembalmed cadaveric
wrist specimens were dissected at the Articulations Research Laboratory,
University of Glasgow. There was no history of disease or trauma in the examined
wrist specimens except for two specimens identified with a cyst in the middle of
the wrist, which were excluded from the study (N=63). There were 32 right and 31
left wrist specimens including 23 pairs (34 males and 29 females). Their ages
ranged at death from 52 to 93 years (mean age was 76.41 ± 12.85 years). The
anatomical arrangement of the ligaments attached to the TqHJ was studied using
gross, micro-dissection and light microscopy.

2.4.1 Dissection
The palmar aspect of the wrist joints was dissected at the distal radius-ulnar
joint up to the carpal-metacarpal joints. Specimens were dissected using standard
surgical equipment and high intensity lighting was maintained to ensure optimal
visualisation at all time. The skin, muscles and flexor retinaculum were excised to
reveal the joint capsule. Under 6X magnification (Wild Photomakroskop, M400,
Wild Heerbrugg, Switzerland), individual ligamentous fascicles were traced along
their entire length from one attachment to another and any irregular (nonfascicular) tissue was excised. Determination of the tissue irregularity was
confirmed with the supervisor of the project (Dr. Q. Fogg). Also, the periosteum
was separated from the carpal bones for clear identification of the actual
ligamentous attachment sites. All dissection was performed blind to the lunate type
of the wrist. A tripod-mounted digital camera (Canon 40D, Japan) was used to
photograph all specimens. For easier comparison and descriptive referral, leftsided specimen images were flipped horizontally so all the images included in this
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study and the subsequent series of studies throughout this thesis are viewed as
right-sided.

2.4.2 Nomenclature
Consistent descriptive terms were used to name each ligamentous
structure according to the gross appearance of the ligamentous fascicles while
crossing over the carpal bones. Each name therefore reflects the potential
attachment of a ligament to a bony landmark included in its name.

2.4.3 Classification
Various differences and similarities regarding the course, attachment and
the general pattern of the ligamentous connections in each wrist have been
reported. Samples were divided into three distinct groups based upon the lunate
type. Type I and type II groups matching the lunate type of the wrist. Whenever
insufficient similarities could be assigned in any specimen with that in the two
basic groups, it is classified as type III group (Burgess, 1990; Viegas et al., 1990b;
Viegas et al., 1993a; Nakamura et al., 2001; Gupta and Al-Moosawi, 2002; Dharap
et al., 2006; McLean et al., 2009a).
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2.5 Results
2.5.1 Ligamentous Diversity
Within the MCJ, variable ligamentous attachments were identified around
the palmar aspect of the TqHJ. Five intercarpal ligaments were observed; the
palmar triquetrum-hamate ligament (pTqH); the palmar capitate-hamate ligament
(pCH), the triquetrum-hamate-capitate ligament (TqHC), the lunate-triquetrum
ligament (LTq) and the palmar scaphoid-triquetrum ligament (pSTq). In addition,
two radius-carpal ligament variants were isolated; the radius-scaphoid-capitatetriquetrum complex (RSCTq) and the palmar radius-lunate-triquetrum ligament
(pRLTq). Although the main purpose of the current study is to describe the
intercarpal ligaments around the TqHJ, RSCTq and pRLTq were included to
explore the intercarpal ligamentous attachments within the TqHJ.

2.5.1.1 Palmar Triquetrum-Hamate Ligament
The pTqH was isolated from 44 specimens (69.8%). All of the identified
ligaments have a proximal attachment on the distal and radial margin of the
palmar aspect of the triquetrum. However, the distal attachment is quite variable.
Most of the isolated bands (n=37; 58.7 %) extend ulnar to the TqHC and attach
into the palmar aspect of the ulnar edge of the body of the hamate. Conversely,
few specimens (n=9; 14.3%) were identified with a similar course but with a more
palmar direction towards the proximal half of the ulnar surface of the hamulus
(Figure 2-5). Interestingly, coexistence of both of these variants has been identified
(n=2; 3.2%) within the same specimen (Figure 2-5 C).
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Figure 2-5: Ligamentous variants of the palmar triquetrum-hamate ligament (pTqH)
and the palmar capitate-hamate ligament (*). A. A singular pTqH attached to the palmar
aspect of the ulnar margin of the hamate (H) and the palmar capitate-hamate ligament is
widely separated from the triquetrum-hamate-capitate ligament (TqHC). B. An extreme
hamate attachment of the pTqH together with palmar capitate-hamate ligament running
closely adjacent to the TqHC. C. A double banded pTqH with a distally oriented palmar
capitate-hamate ligament. R = radius, U = ulna, S = scaphoid, L = lunate, Tq = Triquetrum,
P = pisiform and C = capitate.
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2.5.1.2 Palmar Capitate-Hamate Ligament
The palmar capitate-hamate ligament (pCH) was consistently identified
within the entire sample (n=63, 100%). The proximal attachment on the palmar
aspect of the ulnar margin of the body of the capitate, extends obliquely towards
the radial aspect of the palmar margin of the hamate (Figure 2-5).

2.5.1.3 Triquetrum-Hamate-Capitate Ligament
Fifty-four out of a total of 63 wrist specimens (85.7%) were identified with a
discrete TqHC. It represents a sling-like structure originating proximally from the
radial and palmar aspect of the distal margin of the triquetrum, bridging the palmar
surface of proximal pole of the hamate to be distally attached to the ulnar side of
the palmar surface of the body of the capitate (Figure 2-6A). In addition, a doublebanded TqHC has been identified (n=2; 3.2%), where each band extends parallel
to or overlaps with each other (Figure 2-6B).
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Figure 2-6: Singular and double banded triquetrum-hamate-capitate ligament (TqHC). It is
obvious that the TqHC variants share similar orientation and potential attachments over the
triquetrum (Tq) and the hamate (H). A. The TqHC is making a sling over the palmar margin of the
proximal pole of the hamate. Also, a segmental attachment between the distal margin of the lunate
(L) and the proximal radial aspect of the Tq is maintained by the lunate–triquetrum ligament (LTq)
B. A double banded TqHC (dotted lines) separated by a sulcus (arrows) and running closely
adjacent to the palmar triquetrum-hamate ligament (pTqH) and the palmar capitate-hamate
ligament (*). The palmar radius-lunate-triquetrum ligament (pRLTq) (solid lines) represents a chain
of attachments to the radius (R), L and the Tq. U = ulna, S = scaphoid, P = pisiform Tm =
trapezium C = capitate, RSCTq = radius-scaphoid-capitate-triquetrum complex.
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2.5.1.4 Lunate-Triquetrum Ligament
The LTq (n=33; 52.4%) represents a ligamentous structure extending
between the palmar aspect of the ulnar margin of the lunate and the radial
proximal edge of the triquetrum (Figures 2-6A, 2-7A and D). It often (84%) partially
overlaps the radial proximal attachment of the TqHC and the distal attachment of
the RSCTq over the triquetrum (Figures 2-7 A and D).

Figure 2-7: Different ligamentous connections between the lunate (L) and the triquetrum
(Tq). A. The lunate–triquetrum ligament (LTq) represents a single ligamentous attachment
bridging the lunate-triquetrum joint as a separate entity from the radius-lunate ligament (RL). B. An
elongated band of the palmar radius-lunate-triquetrum ligament (pRLTq) continuously attached to
the radius (R), lunate (L) and the triquetrum (Tq). C. A double-banded pRLTq variants tapered
upon attachment into the triquetrum. D. A coexistence of both LTq and pRLTq variants was
observed in few specimens. U = ulna, S = scaphoid, P = pisiform, C = capitate and H = hamate.
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2.5.1.5 Palmar Radius-Lunate-Triquetrum Ligament
The pRLTq (n=31; 49.2%) is another ligamentous connection between the
lunate and the triquetrum. It extends proximally from the palmar surface of the
radial styloid process, passes over the body of the lunate and is attached into the
palmar aspect of the radial margin of the triquetrum in a similar fashion to that of
the LTq (Figures 2-6B and 2-7). A double-banded variant of pRLTq has been also
observed (n=1; 1.6%). Both bands have the same direction and attachment site
running adjacent to each other (Figure 2-7C). In addition, coexistence of both LTq
and pRLTq has been identified (n=4; 6.3%) (Figure 2-7D).

2.5.1.6 Radius-Scaphoid-Capitate-Triquetrum Complex
The RSCTq represents a ligamentous structure with common attachments
over the radius, scaphoid, capitate, triquetrum and the hamate. With further
dissection of the soft tissue covering the fascicular pattern of this complex, it was
revealed that each complex is composed of one or more distinct bands. The
radius-scaphoid-capitate band (RSC), radius-scaphoid-triquetrum band (RSTq)
and triquetrum-hamate-capitate band (TqHC) are the three basic bands making up
the RSCTq (Figure 2-8).
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Figure 2-8: Components of the radius-scaphoid-capitate-triquetrum complex (RSCTq). A. The
RSCTq is ensheathed within non-fascicular tissue. B. After excision of the sheath, the RSCTq bands
arrangement was revealed. The radius-scaphoid-capitate band (RSC) is situated radial to a more
remarkable radius-scaphoid-triquetrum band (RSTq) and separated by a groove (arrows). The third
band extends over the triquetrum (Tq), hamate (H) and capitate (C) ligament (TqHC) is the
triquetrum-hamate-capitate band of the RSCTq. R = radius, U = ulna, S = scaphoid and L = lunate.
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The configuration of the RSCTq is diverse. Although the RSCTq was
isolated across the spectrum of the samples (n=63; 100%), four different patterns
of the ligamentous bands composing the RSCTq were identified. Singular (n=6,
9.5%), double (n=22; 34.9%), triple (n=33; 52.4%) and quadruple (n=2; 3.2%)
bands of RSCTq have been observed (Figure 2-9).

Figure 2-9: Radius-scaphoid-capitate-triquetrum complex (RSCTq) variants. A. A singular
RSCTq. B. A double-banded RSCTq. The radial radius-scaphoid-capitate band (RSC) is separated
from the ulnar radius-scaphoid-triquetrum band (RSTq) by a groove (arrows). C. In addition to the
ligamentous arrangement in (B), a third band attached to the triquetrum (Tq), hamate (H) and
capitate (C) was observed. A triple arrangement of the ligamentous bands of the RSCTq was the
most common presentation. D. A quadruple RSCTq was the least observed structure of the RSCTq
variants. The RSTq (dotted lines) diverged into two separate bands upon attaching to the triquetrum.
R = radius, U = ulna, S = scaphoid, L = lunate and P = pisiform.
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2.5.1.7 Palmar Scaphoid-Triquetrum Ligament
The pSTq was isolated as a discrete structure (n=3; 4.8%), running
transversely between the palmar aspect of the ulnar edge of the distal pole of the
scaphoid and the radial margin of the distal palmar aspect of the triquetrum
(Figure 2-10).

Figure 2-10: The palmar scaphoid-triquetrum ligament (pSTq). It transversely extends
between the palmar aspect of the ulnar margin of the distal pole of the scaphoid (S) and the radial
margin of the distal half of the triquetrum (Tq). R = radius, U = ulna, L = lunate, P = pisiform, C =
capitate and H = hamate.
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2.5.2 Variable Pattern
The pattern of the palmar ligamentous attachments around the TqHJ was
highly variable. Diverse ligamentous patterns were observed between different
samples but also different patterns and arrangements were identified between the
right and left counterparts of the same cadaver. Amongst the 23 pairs included in
the study, only 9 (39.1%) pairs showed symmetrical ligamentous patterns (Figure
2-11). Although both hands were bilaterally identical in term of the lunate type, the
remaining 14 (60.9%) pairs were observed with asymmetrical ligamentous
attachments between the right and left counterparts (Figure 2-12). In addition,
there were no obvious differences between the pattern of ligamentous
attachments of Genelyn-embalmed and unembalmed specimens.

145

Figure 2-11: Symmetrical arrangements of the ligamentous structures around the
triquetrum-hamate joint between the right and left sides. Left side of the specimen (A)
showing similar ligamentous pattern to that on the right side (B). pTqH = palmar triquetrumhamate ligament, pCH = palmar capitate-hamate ligament, RSCTq = radius- scaphoid-triquetrum
complex, pRLTq = palmar radius-lunate-triquetrum ligament, R = radius, U = ulna, S = scaphoid, L
= lunate, Tq = Triquetrum, C = capitate and H = hamate.
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Figure 2-12:
Asymmetrical patterns of left and right triquetrum-hamate ligamentous
connections. A. A left side of the specimen showing a triple-banded radius-scaphoid-capitate
complex (RSCTq) and a coexistence of lunate triquetrum ligament (LTq) and palmar radius-lunate
triquetrum ligament (pRLTq) and the absence of palmar triquetrum-hamate ligament (pTqH) is
obvious. B. In contrast to the left side, the right side shows pTqH, double-banded RSCTq and a
singular pRSTq. C. Another left sided specimen showing a double-banded RSCTq and a singular
pRSTq in comparison with a different band arrangement of a double-banded RSCTq in addition to a
double-banded pRLTq on the right side (D). R = radius, U = ulna, S = scaphoid, L= lunate, Tq =
triquetrum, Tm = trapezium, C = capitate, H = hamate and * = pCH.

2.5.3 Lunate Type versus Ligament Patterns
Thirty-eight per cent of the specimens were identified with type I lunate
whilst 47.6 % were type II lunate wrists. Only 14.3 % of the entire sample could not
be classified either as type I or type II lunate wrists; hence they were included in
type III group. However, variable patterns of ligamentous attachments were
associated with the lunate typing of the wrist (Table 2.2).
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Type I

Type II

Type III

(24; 38%)

(30; 47.6%)

(9; 14.3%)

Total Ligaments (n; %)

Ligament Variants n (%)

pTqH (44; 69.8%)

5 (20.8)

30 (100)

9 (100)

pCH (63; 100%)

24 (24)

30 (30)

9 (9)

TqHC (54; 85.7%)

19 (79.2)

26 (86.7)

9 (100)

LTq (33; 52.4%)

14 (58.3)

14 (46.7)

5 (55.6)

pRLTq (31; 49.2%)

9 (37.5)

17(56.7)

5 (55.6)

RSCTq (63, 100%)

24 (24)

30 (30)

9 (9)

pSTq (3; 4.8%)

1 (4.2)

1 (3.3)

1 (11.1%)

Table 2-2: Various ligamentous attachments determined by the lunate type of the wrist. pTqH
=palmar triquetrum-hamate ligament, pCH = palmar capitate-hamate ligament, TqHC =
triquetrum-hamate-capitate ligament, LTq = lunate-triquetrum ligament, pRLTq = palmar radiuslunate-triquetrum ligament, RSCTq = radius-scaphoid-capitate-triquetrum complex and and pSTq
= palmar scaphoid-triquetrum ligament.

The trend of ligamentous attachments was noticeably different between the
types of the wrists. About 80% per cent of type I wrists were predominantly
identified with TqHC, whereas pTqH was not found. In addition, 58.3 % of type I
wrists showed a segmental attachment between the radius, lunate and triquetrum
in form of RL and LTq (Figure 2-13).

Conversely, the predominant identification of TqHC (86.7%) among type II
wrists was accompanied by an extra ligamentous attachment of the pTqH. Also,
56.7% of type II wrist specimens were observed with pRLTq instead of segmental
connections (Figure 2-11). There were no sufficient similarities between other
ligamentous patterns that could establish an association between the lunate type
and the ligamentous attachment sites. In addition, there were no obvious
associations between the variability of ligamentous attachments and the gender of
specimens were identified.
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Figure 2-13: Variable triquetrum-hamate ligamentous patterns determined by the lunate
type. A. Type I wrist were predominantly identified with triquetrum-hamate-capitate ligament
(TqHC) and lunate-triquetrum ligament (LTq) separated from the radius-lunate ligament (RL). The
palmar triquetrum hamate ligament (pTqH) was not isolated in most specimens. B. Type II lunate
wrists were characterised by the existence of pRLTq instead of LTq in addition to an extra
segmental attachment between the triquetrum and hamate i.e. pTqH. RSCTq = radius-scaphoidcapitate complex, R = radius, U = ulna, S = scaphoid, L = lunate, Tq = triquetrum, P = pisiform, C
= capitate, H = hamate and * = pCH.
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2.6 Discussion
Among the diverse palmar ligamentous attachments around the TqHJ, most
debates have been around the precise terms that were used to describe these
structures (Berger, 1996a; Feipel and Rooze, 1999b; Berger, 2001a; Kijima and
Viegas, 2009). There were no clear data provided by these studies regarding the
anatomical description of a ligament and the technique followed to identify the
studied structures. Although similar ligaments might be isolated in a number of
studies, the terminology and anatomical descriptions were highly variable. Hence,
inconsistency became inevitable. However, whenever the same criteria were
followed, reproducible results were maintained. Unlike several studies in the
recent literature (Mayfield et al., 1976; Berger and Blair, 1984; Berger et al., 1991;
Berger, 1996a), the current study is based on strict criteria for ligamentous tissue
macroscopic identification. Excising the capsular (irregular) tissue complemented
tracing the ligamentous fascicles (regular tissue) from one attachment to another
at the bone-ligament interface. Accordingly, it is apparent that this method
facilitated the isolation of each ligamentous structure and also allowed for a better
identification of adjacent tissue.

Most of the palmar ligamentous anatomy around the TqHJ identified in the
current study shares a similar description of ligamentous attachment sites to that
demonstrated in the literature. However, few variants were named differently or
were not separately isolated. Therefore, most of these differences will be
highlighted below.

The main disagreement about the pTqH has been raised because it was
identified as intermingled fibres with the TqHC and even named as TqHC
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whenever it could not be separated (Mayfield et al., 1976; Mayfield et al., 1980). In
the current study, the pTqH was predominantly identified as a discrete ligament
apart from the TqHC. Moreover, an additional variant of pTqH was identified
(Figure 2-5). Although it was not previously described in the literature, this variant
matches what was demonstrated in the literature about the proximal attachment of
pTqH. The only difference is that it distally attaches to a more palmar point on the
palmar aspect of the hamate over the proximal half of the hamulus. However, it is
still unknown whether this ligament is structurally composed of organised
fascicular tissue or just a reflection of thickened capsule. Histological investigation
is needed to identify the structural identity of this particular ligament.

Both the TqC and the TqHC have been described as separated entities or
as synonymous (Mayfield et al., 1976; Mayfield, 1984a; North and Thomas, 1988;
Trumble et al., 1990; Smith, 1993b). According to the criteria followed in the
current study for terminology and identification of ligamentous structures, no single
isolated ligamentous connection between the triquetrum and the capitate was
identified unless it had a potential attachment over the palmar surface of the
hamate i.e. TqHC (Figure 2-6). The given name reflects that this ligament may
attach to the hamate, which should be histologically confirmed. Accordingly,
evidence of hamate attachment will suggest that the assigned term for this
particular ligament is precisely descriptive and specific, otherwise the name might
be changed to TqC.

The attachment between the lunate and the triquetrum is highly variable.
What was suggested regarding the LTq being a part of the pRLTq still exists
(Mayfield et al., 1976; Al Saffar, 2012). The current study revealed that both
ligamentous variants are possible. Interestingly, a discrete LTq was identified;
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pRLTq was also isolated and both structures could coexist (Figure 2-7). Identifying
a discrete LTq is confirming definite attachments between the lunate and the
triquetrum whilst the pRLTq suggests variable connections. The pRLTq is
undoubtedly attached to the radius and the triquetrum but it may pass over the
lunate without any mechanically distinct (true enthesial) attachment. Another
possibility is that while bypassing the lunate, the pRLTq may have another band
between the radius and the lunate or between the lunate and the triquetrum or
both.

The RSCTq was demonstrated as a bulk of intermingled ligamentous
structures wrapped in a common sheath but there were no specific details about
the band composition were reported (Al Saffar, 2012). The current study confirmed
that each RSCTq is uniquely composed of single or multi-banded ligamentous
structures. Separation of these bands was possible but classification was hindered
by the arbitrary arrangements of these bands (Figures 2-8 and 2-9). However, this
variability suggests different biomechanical loadings on different parts of this
complex that result in this variable composition. Histological investigation is
needed to provide more details about the fascicular arrangement and the tissue
separated these bands. Whenever, they are found to be of a similar ligamentous
origin, a more sophisticated biomechanical analysis is required. The results of the
current study could inform the technique of biomechanical studies and affects
results, but such biomechanical investigations are beyond the scope of the current
study.

The arguments behind the existence of the pSTq have yet to come to a
conclusion. Difficulty in isolation of the pSTq is attributed to the hindrance of
identifying its scaphoid attachment, as it is thin and interdigitated with the RSC.
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Moreover, the joint capsule may further complicate the identification of the pSTq
as a discrete ligament, which should be dissected with care (Sennwald et al.,
1994a). Accordingly, the pSTq was also described as a part of RSC or an
accessory band of the midcarpal arcuate ligament (Sennwald et al., 1994a;
Berger, 1997b). However, only 3.17 % of the studied sample was identified with a
separate entity of pSTq. Whether the STq is a rare variant or an obscure structure
that is rarely isolated is still uncertain.

Unlike the previous reports (Smith, 1993b; Fogg, 2004; Nagao et al., 2005;
Al Saffar, 2012), the current study demonstrated that ligamentous attachment site
patterns might vary between right and left hands of the same person (Figure 2-11).
Whenever the carpal bone geometry shows a bilateral higher degree of symmetry,
asymmetrical ligamentous arrangements may suggest that different movements
may be considered as a probable cause of the underlying variability. Dominant
handedness, occupation or certain sports are among the potential factors that
should be investigated before drawing a firm conclusion about this diversity.

Separation of the sample population of wrist specimens according to the
lunate type solved an ambiguous part of the mystery of the ligamentous variability
within the wrist. The ligamentous patterns were successfully segregated and
assigned to specific groups (Figure 2.13). The difference in the pattern of
ligamentous attachments is best described as a spectrum with type I and type II
wrists on both extremes while type III wrist is just in the middle. Similarly, the
ligamentous pattern represents a spectrum with the higher affinity of the TqHC and
the LTq to be associated with type I lunate wrists on one end and the other end
represents type II lunate wrists with pTqH, TqHC and pRLTq attachments.
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Whilst a previous association between the type of the lunate and the
patterns of pTqH and TqHC was established (Figure 2-3)(Nakamura et al., 2001),
there were no similar observations confirmed by the current study. All isolated
pTqH were obviously distinguishable from the TqHC without overlapping or
branching. These observations open the horizon for further associations to be
discovered over the entire wrist joints determined by the lunate type.

Whilst various differences in size and shape of the carpal bone articulation
were demonstrated in the literature between samples of both sexes (Burgess,
1990; Scheuer and Elkington, 1993; Smith, 1993b; Falsetti, 1995; Brown et al.,
2002; Pfirrmann et al., 2002; Dyankova, 2007; Kivell et al., 2013), no association
between this diversity and the patterns of ligamentous attachment were identified
by the current study. However, quantification of the ligamentous structures may
yield significant data that may facilitate separation of the pattern of ligamentous
attachments according to gender based upon different quantitative measures.

The current study was designed to provide a detailed and descriptive
approach for ligamentous identification, based upon a mechanical/functional
based definition of a ligament. Also, all dissection was performed blind to the
lunate type to avoid any discrepancies between the rounds of observation. Microdissection was extremely helpful in distinguishing between different tissue types to
avoid misleading gross dissection. In addition, separation of the wrist specimens
into subgroups determined by the lunate typing was made on a gross basis of
identification. This modality is more reliable than the radiological investigation that
was evident to be limited in recent literature (Nakamura et al., 2001; McLean et al.,
2009a).
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A number of limitations should be considered before further investigations
are carried out. First, regardless of how cautious the dissection was, there is still a
chance of cutting through ligamentous structures. Therefore, any doubted
specimens were excluded from the current study and may be included in
subsequent analyses. Second, separation of ligamentous bands is subject to
individual variations between observers. Whenever a band is considered as a
basic component of such a complex e.g. RSCTq, all bands should be separately
wrapped within a sheath (Taleisnik, 1976; Berger, 1997b). In order to investigate
this particular problem, a histological analysis will be performed while obtaining
cross-sections through the ligamentous complex. Third, thorough histological
analyses will subsequently be conducted in order to overcome any doubt about
the association between the anatomical approach of the observer and the
existence of a particular variability. Certain investigations will test the potential
observer’s error in accordance to the reliability of tissue dissection and structural
classification.
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2.7 Conclusions
The current study provides comprehensive details about the variability of
the palmar ligamentous attachments around the TqHJ determined by the lunate
type. Separation of the sample population into subgroups according to the variable
ligamentous pattern can result in a better assessment of ligamentous surgical
approach and evaluation. Further investigation should be targeted towards the
quantitative definition and the histological identity of each ligament.
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Chapter 3
Morphometric Quantification of the Palmar
Ligaments around the Triquetrum-Hamate
Joint in Neutral Position
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3.1 Introduction
Detailed quantitative description of the shape, course and orientation of
ligamentous structures is not sufficient to fully understand the kinematic and the
pathomechanical properties of the underlying joint (Feipel and Rooze, 1999a;
Fogg, 2004; Nagao et al., 2005; Nanno et al., 2006; Nanno et al., 2007; Al Saffar,
2012). Moreover, the majority of the reviewed literature only used subjective
description without quantification or clear criteria for defining the studied ligaments.
Therefore, these studies resulted in highly variable data subject to the method of
exposure, point of view and the experience of the observer (Lewis et al., 1970;
Mayfield et al., 1976; Kauer, 1980; Palmer and Werner, 1981; Palmer and Werner,
1984; Linscheid et al., 2002). Quantification of the ligamentous structures is the
key for a detailed objective description that it is hoped to minimise these
inconsistencies and facilitates comparison between studies. Although a number of
anatomic studies have been performed to describe the ligaments of the wrist
(Lewis et al., 1970; Mayfield et al., 1976; Taleisnik, 1976; Berger, 1997b; Berger,
2001a), only few quantitative analyses have been conducted (Smith, 1993b;
Smith, 1993a; Feipel and Rooze, 1999a; Nagao et al., 2005; Al Saffar, 2012). In
order to assess and treat various carpal injuries and instabilities, details about the
localisation and area of attachment of these structures over individual bones are
critically needed (Johnson, 1980; Mayfield, 1980; Lichtman et al., 1984; GarciaElias et al., 1989c; Bettinger et al., 1999). This will aid better management of
various wrist dysfunction that requires restoration of the ligamentous integrity,
which is highly dependent on the biomechanical characteristics of the osseous and
ligamentous structure within the wrist joint (Viegas et al., 1987b; Alexander et al.,
1990; Benjamin et al., 1991; Canoso, 1998; Trail et al., 2007; Benjamin et al.,
2008; Carlsen and Shin, 2008; Benjamin et al., 2009).
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3.1.1 Methods of Quantification
In recent years, quantitative analyses have become more popular. Different
modalities have been introduced in the literature but varied in accuracy and
reliability. Manual measurement by callipers was highly adopted although it was
not the most reliable method (Feipel and Rooze, 1999a; Nakamura et al., 2001;
McLean et al., 2009b). In reality, this method is capable of measuring in twodimensional (2D) planes. This sort of 2D measurement may create inaccuracy to
the positioning of the callipers, accessibility of the callipers to specific points and
inability to conform to the 3D course of the ligament between those points.
Therefore, using callipers might be the perfect method to measure particular
structures but this is not the case in measurement of wrist ligaments (Al Saffar,
2012); it was demonstrated that manual measurements were associated with
statistically significant differences between the rounds of measurement by the
same observer (Al Saffar, 2012). Accordingly, this manual method was criticised
because of its subjective limitations, it was applied to measure both planar and
multi-planar structures while the ligaments of the wrist mostly span the entire wrist
with multi-planar curves. Therefore, variable and inconsistent results are not
uncommon with manual measurement.

Another mean of quantification is the digital measurement of digital images
of the specimens using particular software such as ImageJ (Rasband, National
Institute of Health, USA) (Fogg, 2004; McLean et al., 2009b; Al Saffar, 2012). This
method was shown to be more reliable than the manual method overall; but not to
quantify the ligamentous structures within the wrist joint (Al Saffar, 2012). ImageJ
allows for in-plane angulation and camera position can account for a typical plane
of passage (ensuring the light-receiving apparatus of the camera is in plane with
the ligament) but it cannot account for the 3D passage of the course of the
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ligament. However, the measurement of small planar changes has been proven to
be statistically insignificant when using this digital approach (Fogg, 2004). Though,
limitations were raised regarding the inability to get access to the underlying tissue
that is beyond the scope of the digital image. For example, carpal tunnel
projections into the palmar aspect of the wrist may obscure the proximal and distal
attachment of the underlying ligaments (Al Saffar, 2012). Cutting these projections
might improve the reliability of the measurement, though maintaining the integrity
of the underlying ligamentous structures could not be guaranteed (Nanno et al.,
2006; Al Saffar, 2012).

Recently, a novel tool based on obtaining measurement from 3D virtual
models has been introduced. 3D model reconstruction made quantification of the
anatomical structures easier, more reliable and more accurate (Agur et al., 2003;
Nagao et al., 2005; Nanno et al., 2006; Nanno et al., 2007; Nanno and Viegas,
2009; Al Saffar, 2012; Fattah et al., 2013; Lee et al., 2015). Unlike the digital
image method, 3D modelling allowed for better access and visualisation of the
ligamentous structures. In addition, it was demonstrated that there were no
statistically significant differences between the rounds of measurements. However,
there is still a room for inter-observer variations, hence comparative analyses
between the measurements obtained by different observers were highly
recommended (Al Saffar, 2012).

A radiological approach of measurement has been also performed to
quantify the ligaments of the wrist. This includes the measurement of ligament
dimensions, joint distance and bony landmarks either from ordinary Computed
Topography

(CT)/Magnetic

Resonance

Imaging

(MRI)

images

or

from

reconstructed models. On one hand, measurements obtained from CT/MRI were
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subjected to greater variability because of the involvement of various protocols
preceding the actual measurement, which may be influenced by diverse sources
of error (Nakamura et al., 2001; Gupta and Al-Moosawi, 2002; Theumann et al.,
2003; Nagao et al., 2005). On the other hand, a multi-planar reconstruction that
was created using a 3D Fourier transform MRI technique revealed a consistent
quantification of the ligament of the wrists (Smith, 1993b; Smith, 1993a). The
measurements were highly reliable as it was a quantification of a copy of a
specimen without any manipulation or hand tracing of any structure. Although both
palmar and dorsal wrist ligaments could be less variably quantified, this method
does not consistently allow for a complete visualisation of the entire palmar
ligamentous structures. However, this non-invasive procedure is becoming
essential for assessing the ligamentous integrity within the wrist for diagnosis and
treatment of traumatic carpal injury and instability (Mayfield et al., 1976; Linscheid
et al., 2002).

3.1.2 Quantitative Analyses in Recent Literature
3.1.2.1 Ligamentous Dimensions
Early investigations reported cross-sectional measurements for selective
ligaments of the wrist to evaluate their biomechanical role in stabilising the wrist
joint (Kooloos and Savelberg, 1992; Savelberg et al., 1992). Subsequent
investigations revealed more details about the variability of the ligamentous length,
width, surface area and thickness (Smith, 1993b; Smith, 1993a; Feipel and Rooze,
1999a; Nagao et al., 2005; Nanno et al., 2006; Al Saffar, 2012).

The ligamentous structures have been demonstrated with non-mirrored
configurations (Feipel and Rooze, 1999a; Al Saffar, 2012). Accordingly, the
ligamentous dimensions are not uniformly comparable so the ligamentous
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geometry cannot be expressed by a single measurement obtained at one level
(Nagao et al., 2005; Nanno et al., 2006). As a result, obtaining the measurements
at three different levels has been confirmed to produce a more accurate
quantitative value of the measured structure (Feipel and Rooze, 1999a; Al Saffar,
2012).

3.1.2.2 Ligamentous Attachment Sites
The ligaments of the entire wrist are complex, spanning over multiple bones
and have interdigitated fascicles with each other. Accordingly, isolation and
quantification of the ligamentous attachment sites is a challenge. It is apparent that
ligamentous attachments sites are variable and cannot be evaluated by gross
observation alone (Nanno et al., 2006; Nanno and Viegas, 2009). Although the
nomenclature of the ligaments was made in reference to the underlying bones, it is
not necessary that all of these particular bones receive attachment from a
particular ligament (Fogg, 2004; Al Saffar, 2012). Therefore, the ligament
attachment sites should be thoroughly studied and described in order to get a full
picture of each ligament and their attachment to specific bones. This will allow for
a better understanding of overall architecture of each ligament that will facilitate
the surgical restoration, reconstruction and augmentation of carpal ligaments for
the treatment of carpal instability or more appropriate sites for tissue transfers
(Benjamin et al., 1986; Nanno et al., 2006; Kawamura and Chung, 2007; Nanno et
al., 2007; Benjamin and McGonagle, 2009).
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3.1.2.3 Recent Debates
Morphometric variability of the ligaments of the wrist has been
demonstrated in the literature and attributed to the variation in skeletal dimensions,
intercarpal associations and the ligament attachment sites (Lewis et al., 1970;
Hogikyan and Louis, 1992; Feipel and Rooze, 1997; Feipel and Rooze, 1999b). In
addition, poor tissue identification and the technique of isolation of ligamentous
structure led to further variability and inconsistency (Fogg, 2004; Al Saffar, 2012).

Disagreements about the accuracy and reliability of the various quantitative
analyses of the ligaments of the wrist still exist. Considering the variability of the
hand dimensions within the sample population, it has been argued whether the
absolute mean ligament dimensions are standards and could be generalised over
any sample populations (Feipel and Rooze, 1999a; Al Saffar, 2012). Diversity in
hand size and shape suggest different ligamentous geometry, which could result in
a wide and significant quantification error. Therefore, indexing of the absolute
measurements in relation to a fixed standard structure was suggested to
overcome

this

limitation.

Accordingly,

different

indexing

methods

were

demonstrated in recent literature. For instance, the length of various wrist bones
was used to obtain an indexed figure of the stature (Musgrave and Harneja, 1978;
Kimura, 1992; Karaman et al., 2007; Zviagin and Zamiatina, 2008). Within the
wrist, indexing of the ligaments was obtained in relation to the length of a particular
ligament that was found to be the least quantitatively variable (Feipel and Rooze,
1999a). However, normalisation of the absolute values resulted in more variations,
hence the relative dimensions of the ligaments of the wrist are more variable than
that of the absolute dimensions. Regardless the trend of the normalisation,
indexing of the measurement was demonstrated to be effectively correlating the
variable differences in size to the dimensions of a particular structure in a
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fractional representation.

It has been demonstrated that the ligaments of the wrist are morphologically
different from each other (Feipel and Rooze, 1997; Feipel and Rooze, 1999a;
Benjamin and Ralphs, 2001; Berger, 2001a; Fogg, 2004; Al Saffar, 2012).
However, details about the morphometric variations of the ligament of the wrist
within sample populations are scarce. A number of morphologic and morphometric
differences between individuals could be used as a basis to identify several
populations. This may explain the functional role of the ligaments of the wrist
based upon different geometric differences alongside the morphologic variability.
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3.2 Aim
The current study aims to describe quantitatively the palmar ligamentous
attachments around the TqHJ. In addition, the current study will be performed with
standards that would more reliably quantify the key palmar ligaments around the
TqHJ and facilitate the reproducibility of the results. It is hoped that this study will
enrich the literature about the potential values of the variable mechanical
properties associated with the diverse ligamentous support.
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3.3 Materials and Methods
Fifty-three Genelyn-embalmed and 10 unembalmed cadaveric wrist
specimens (N=63; 34 males and 29 females) without any history of disease or
trauma were dissected at the Articulations Research Laboratory, University of
Glasgow. The sample includes 23 pairs within a sample of 32 right and 31 left wrist
specimens. Their mean age is 76.41 ± 12.85 years ranging from 52 to 93 years. A
quantitative analysis was performed to study the variable morphometric
parameters of the palmar ligamentous attachment patterns around the TqHJ using
3D virtual models.

3.3.1 Ligamentous 3D Model Reconstruction and Quantification
Each wrist specimen was firmly fixed in neutral position by Kirschner wires
(K-wires) running through the distal aspects of the radius and ulna and the third
terminal phalanx on a wooden block.

Subsequently, a digital microscribe

(Immersion Corp., USA) and 3D surface reconstruction software (Rhinoceros 4.0,
Robert McNeil & Associates, USA) were used to digitise each ligament. The
process of 3D model reconstruction of bony surfaces was followed as illustrated in
“chapter 1”. In addition, tracing the individual fascicles to create a pathway for
registered points created 3D model reconstruction of individual ligaments.
Ligamentous fascicular arrangements were traced point by point under the
microscope (Wild Photomakroskop, M400, Wild Heerbrugg, Switzerland) with an
interval of 1mm apart (Figure 3-1).
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Figure 3-1: Steps of 3D model reconstruction. A. A gross appearance of the wrist specimen
before reconstruction. B. Parallel lines each created from a series of 3D points registered with the
microscribe digitiser. Each line represents a single fascicle. A representative of the total fascicles
for each ligament were mapped. 3D model of the underlying bone was also created using a similar
method. C. The framework of the lunate-triquetrum ligament (LTq) and the entire bones of the
wrist joint were rendered in 3D environment. D. The same process was repeated for each
individual ligament around the palmar aspect of the triquetrum-hamate joint. R = radius, U = ulna,
S = scaphoid, L = lunate, Tq = triquetrum, Tm = trapezium, Td = trapezoid; C = capitate, and H =
hamate.

The most radial, the most ulnar and one of the middle ligamentous fascicles
were traced to determine three superficial levels of length (radial length [Lr],
middle length [Lm]) and ulnar length [Lu]). Similarly, three superficial levels of
width were chosen (proximal width [Wp], middle width [Wm] and distal width [Wd])
within a flat plane (Figure 3-2).

These distances were calculated by the

Rhinoceros software. Also, the surface area of each ligament was obtained from
the virtual 3D model by the Rhinoceros software. All measurements were
documented on 3 different occasions for each ligament by the same observer (R.
Al Saffar). Inter-observer measurements error was obtained from twenty-five
specimens once for each ligament by a second observer (Y. Alharbi).
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Figure 3-2: Levels of measurement demonstrated on the triquetrum-hamate-capitate
ligament. A. Three superficial levels of length measurement following the curvature of the long
axis of the most radial (Lr), middle (Lm) and most ulnar (Lu) ligamentous fascicles. B. The
proximal (Wp), middle (Wm) and distal (Wd) horizontal levels of measurement run in straight
planes across the ligaments. Tq = triquetrum, C = capitate and H = hamate.

3.3.2 3D Model Reconstruction and Quantification of the Ligamentous
Attachment Sites
For the purpose of studying the ligamentous attachment sites, 30 Genelynembalmed wrist specimens (N=30; mean age, 69.41 ± 10.43 years; range, 56 - 78
years) were arbitrarily selected from the total sample population. The sample
included 22 male and 8 female specimens. Each ligament was bisected and a
careful dissection of the periosteum on each bone was performed to reveal the
footprints of each individual ligament. Then, each ligamentous stump was marked
with an oil-based marker and reconstructed digitally in a similar fashion of that
used for the ligamentous 3D reconstruction (Figure 3-3). Colour-coded
ligamentous attachments were created in order to distinguish each ligament while
measuring the surface area (Figure 3-4). Similarly, the area of attachment of each
ligament was obtained from the virtual 3D model (using Rhinoceros 4.0, Robert
McNeil & Associates, USA) at three different occasions and repeated once by
another observer (Y. Alharbi) as verification. All palmar ligaments around the TqHJ
were investigated for any potential attachment except the pSTq. There were
insufficient specimens (n=3) with this variant over the entire sample so it was
spared for histological analysis.
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Figure 3-3: Tracing the ligamentous footprints. A. Gross appearance of the specimen before
excision of the ligaments and marking the ligamentous attachment sites. B. Each ligament was
bisected and the attachment area was marked with an oil-based marker. Then each half was
excised together with the surrounding periosteum leaving a stump of each attachment area on
each individual bone. The stumps were removed from this specimen to aid visualisation of all
attachments at once. pCH = palmar capitate-hamate ligament, TqHC = triquetrum-hamatecapitate ligament, LTq = lunate-triquetrum ligament, RSCTq = radius-scaphoid-capitate complex,
R = radius, U = ulna, S = scaphoid, L = lunate, Tq = triquetrum, P = pisiform, Tm =trapezium, Td =
trapezoid; C = capitate, and H = hamate.

Figure 3-4: 3D model reconstruction: ligamentous footprints. A. Gross appearance of the
specimen before excision of the ligaments and marking the ligamentous attachment sites. B.
The ligamentous footprint were mapped out and reconstructed with the underlying bones in a 3D
environment leaving a colour-coded stump for each ligament. pCH = palmar capitate-hamate
ligament, TqHC = triquetrum-hamate-capitate ligament, LTq = lunate-triquetrum ligament,
RSCTq = radius-scaphoid-capitate complex, R = radius, U = ulna, S = scaphoid, L = lunate, Tq =
triquetrum, Tm = trapezium, Td = trapezoid; C = capitate, and H = hamate.
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3.3.3 Data Analysis
For the purpose of minimising the variability between different hand
geometry, indexed measurement values were calculated in relation to the length of
the middle metacarpal bone. Therefore, each metacarpal bone was excised and a
measurement of the length along the long axis of the bone (distance between the
most protuberant point of the third metacarpal and the midpoint of the line in the
carpo-metacarpal space) was obtained using a digital calliper with 0.01 mm
resolution (Figure 3-5) (Karaman et al., 2007).

Figure 3-5: The length of the third metacarpal bone as indexing standard for the
measurements. A. Measurement of the third metacarpal length in situ. B. The distance
between the most protuberant point of the third metacarpal bone and the midpoint of the line in
the carpo-metacarpal space was measured after bone excision. Unlike the excised bone
measurements, there were statistically significant differences between the rounds of
measurement in situ (p < 0.05). As a result, the metacarpal bone must be removed in order to
get reliable measurements. Accordingly, all absolute measurements were indexed in relation to
the excised third metacarpal bone length throughout the current study. R = radius, U = ulna, S =
scaphoid, L = lunate, Tq = triquetrum, C = capitate, and H = hamate.
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The indexed attachments and morphometric descriptions were determined
for each ligament. A t-test assuming two unequal variants was applied whenever a
relevant comparison was crucial with computer software (Microsoft Excel 2007;
Microsoft, Redmond, WA, USA). P<0.05 was considered to be statistically
significant.
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3.4 Results
3.4.1 Reliability of the Measurements
The absolute mean ligament dimensions were variable. However,
significant differences between the rounds of measurement of a single observer (p
> 0.05; Figure 3-6) or between two different observers were not identified (Figure
3-7). In addition, the difference between the morphometric data of Genelynembalmed and unembalmed specimens was statistically insignificant (p>0.05;
Figure 3-8). Accordingly, the mean of first measurements only was used as a
reference for this quantitative analysis throughout this thesis (Table 3-1, 3-2, 3-3).

Figure 3-6: Mean absolute ligament dimensions throughout three separate occasions
performed by one observer. There was a higher variability between the measurements of the
width compared to the length measurements of the triquetrum-hamate-capitate ligament
(TqHC). This may be attributed to the approach of measurement followed while conducting the
current study. The length measurements were objectively obtained by measuring the most
radial, the middle and the most ulnar fascicles of each ligament while the width measurements
were subjectively obtained by measuring the horizontal distance at the proximal, middle and
distal aspects of the ligament. However, there were no statistically significant differences
between the three rounds of measurement of both the length and width dimensions (p>0.05).
Standard deviation (bars) was also consistent between each round. Lr = radial length, Lm =
middle length, Lu = ulnar length, Wp = proximal width, Wm = middle width and Wd = distal
width.
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Figure 3-7: Mean absolute ligament dimensions of both observers. There were no statistically
significant inter-observer differences observed (p>0.05). Standard deviation (bars) was also
consistent between each round. Lr = radial length, Lm = middle length, Lu = ulnar length, Wp =
proximal width, Wm = middle width, Wd = distal width and pTqH = palmar triquetrum-hamate
ligament.

Figure 3-8: Mean absolute ligament dimensions obtained from Genelyn-embalmed and
unembalmed specimens. There were no statistically significant differences observed (p>0.05).
Standard deviation (bars) was also consistent between each round. Lr = radial length, Lm = middle
length, Lu = ulnar length, Wp = proximal width, Wm = middle width, Wd = distal width and pTqH =
palmar triquetrum-hamate ligament.
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Mean Length (mm)
Ligament
pTqH
pCH
TqHC
LTq
pRLTq
RSCTq:
RSC
RSTq
TqHC

Mean Width (mm)

Lr

Lm

Lu

Wp

Wm

Wd

9.25 ± 0.72

9.49 ± 1.01

9.37 ± 1.90

5.09 ± 2.16

4.08 ± 2.08

4.25 ± 1.62

6.89 ± 1.64

5.70 ± 0.91

5.40 ± 1.18

5.15± 2.09

5.06 ± 1.70

4.69 ± 1.35

15.71 ± 1.77

15.59 ± 1.46

16.81 ± 1.90

4.81 ± 4.07

4.79 ± 2.98

4.98 ± 2.26

11.21 ± 2.33

10.33 ± 0.88

10.02 ± 0.94

4.96 ± 1.21

4.05 ± 1.23

4.32 ± 2.18

35.27 ± 2.04

34.51 ± 0.92

34.61 ± 1.81

3.14 ± 1.88

4.88 ± 1.67

3.19 ± 1.79

31.97 ± 2.77
38.73 ± 4.48
12.38 ± 1.99

32.34 ± 3.76
37.87 ± 3.05
12.83 ± 1.76

32.40 ± 3.43
37.14 ± 0.09
12.97 ± 1.72

4.46 ± 0.84
3.72 ± 1.62
3.43 ± 0.63

3.09 ± 0.76
3.38 ± 0.98
3.68 ± 0.49

4.23 ± 0.90
3.44 ± 1.90
3.57 ± 0.63

Table 3-1: Mean ligament dimensions (± standard deviation) of the palmar ligaments around the
triquetrum-hamate joint obtained using unembalmed specimens.
pTqH = palmar triquetrum-hamate ligament, pCH = palmar capitate-hamate ligament, TqHC =
triquetrum-hamate-capitate ligament, pRLTq = palmar radius-lunate-triquetrum ligament, LTq
=lunate-triquetrum ligament, RSCTq = radius-scaphoid-capitate complex, RSC = radius-scaphoidcapitate ligament, RSTq = radius-scaphoid-triquetrum ligament, Lr = radial length, Lm = middle
length, Lu = ulnar length, Wp = proximal width, Wm = middle width and Wd = distal width.

Mean Length (mm)
Ligament
pTqH
pCH
TqHC
LTq
pRLTq
RSCTq:
RSC
RSTq
TqHC
pSTq

Mean Width (mm)

Lr

Lm

Lu

Wp

Wm

Wd

10.03 ± 1.12

10.02 ± 0.53

10.30 ± 0.94

4.17 ± 0.85

3.06 ± 0.81

3.59 ± 1.37

6.50 ± 2.18

6.19 ± 1.46

5.31 ± 1.91

4.96 ± 1.48

4.29 ± 1.34

4.17 ± 1.27

16.33 ± 1.16

16.62 ± 2.34

17.49 ± 2.36

5.59 ± 2.36

5.57 ± 2.98

5.32 ± 2.83

10.75 ± 1.43

9.35 ± 1.18

9.29 ± 1.19

5.89 ± 1.65

4.60 ± 0.97

4.62 ± 1.18

34.49 ± 1.12

34.82 ± 1.13

35.32 ± 2.40

2.75 ± 1.17

4.17 ± 1.54

2.77 ± 0.92

32.11 ± 3.79
39.00 ± 3.98
13.16 ± 1.71

32.98 ± 3.33
38.55 ± 2.85
13.55 ± 1.09

32.42 ± 4.08
37.93 ± 2.36
13.85 ± 1.87

3.83 ± 2.13
3.40 ± 1.49
3.57 ± 1.10

2.60 ± 1.16
3.39 ± 1.40
3.56 ± 1.17

3.89 ± 1.12
3.48 ± 1.46
3.72 ± 0.83

27.55 ± 0.65

27.48 ± 1.10

27.07 ± 0.91

3.38 ± 3.4

4.09 ± 083

5.79 ± 1.12

Table 3-2: Mean absolute ligament dimensions (± standard deviation) of the palmar ligaments around
the triquetrum-hamate joint obtained using Genelyn-embalmed specimens.
pTqH = palmar triquetrum-hamate ligament, pCH = palmar capitate-hamate ligament, TqHC =
triquetrum-hamate-capitate ligament, pRLTq = palmar radius-lunate-triquetrum ligament, LTq =lunatetriquetrum ligament, RSCTq = radius-scaphoid-capitate complex, RSC = radius-scaphoid-capitate
ligament, RSTq = radius-scaphoid-triquetrum ligament, Lr = radial length, Lm = middle length, Lu =
ulnar length, Wp = proximal width, Wm = middle width and Wd = distal width.
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3.4.2 Ligamentous Dimensions
Indexing of the measurements in relation to the length of the middle
metacarpal bone showed a trend similar to that of the absolute values (Table, 3-3,
Figure 3-9).

Mean Indexed Length (mm/mm)

Mean Indexed Width (mm/mm)

Lr

Lm

Lu

Wp

Wm

Wd

pTqH

0.16 ± 0.08

0.16 ± 0.07

0.17 ± 0.07

0.07 ± 0.03

0.05 ± 0.03

0.06 ± 0.02

pCH

0.11 ± 0.03

0.10 ± 0.03

0.10 ± 0.04

0.08 ± 0.02

0.07 ± 0.02

0.07 ± 0.02

TqHC

0.24 ± 0.03

0.24 ± 0.03

0.26 ± 0.03

0.09 ± 0.04

0.08 ± 0.03

0.08 ± 0.03

LTq

0.16 ± 0.03

0.16 ± 0.03

0.16 ± 0.04

0.10 ± 0.03

0.08 ± 0.02

0.08 ± 0.02

pRLTq

0.56 ± 0.10

0.56 ± 0.09

0.53 ± 0.09

0.10 ± 0.04

0.10 ± 0.03

0.07 ± 0.03

RSCTq
RSC
RSCTq
TqHC
pSTq

0.49 ± 0.05
0.60 ± 0.06
0.21 ± 0.02

0.50 ± 0.05
0.60 ± 0.05
0.21 ± 0.02

0.51 ± 0.06
0.59 ± 0.05
0.21 ± 0.03

0.06 ± 0.03
0.06 ± 0.02
0.05 ± 0.02

0.04 ± 0.01
0.06 ± 0.02
0.05 ± 0.01

0.06.0.02
0.05 ± 0.02
0.06 ± 0.02

0.39 ± 0.01

0.40 ± 0.03

0.39 ± 0.03

0.09 ± 0.01

0.06 ± 0.01

0.08 ± 0.02

Ligament

Table 3-3: Mean indexed ligament dimensions (± standard deviation) of the palmar ligaments
around the triquetrum-hamate joint combining both Genelyn-embalmed and unembalmed
specimens (n=63).
pTqH = palmar triquetrum-hamate ligament, pCH = palmar capitate-hamate ligament, TqHC =
triquetrum-hamate-capitate ligament, pRLTq = palmar radius-lunate-triquetrum ligament, LTq
=lunate-triquetrum ligament, RSCTq = radius-scaphoid-capitate complex, RSC = radiusscaphoid-capitate ligament, RSTq = radius-scaphoid-triquetrum ligament, Lr = radial length, Lm =
middle length, Lu = ulnar length, Wp = proximal width, Wm = middle width and Wd = distal width.
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Figure 3-9: Indexing of the measurement as a tool of variability normalisation. A. Mean
absolute triquetrum-hamate-capitate ligament (TqHC) dimensions. B. Mean indexed TqHC
dimensions. Indexing of the measurements did not successfully help in normalising the
ligamentous morphometric variability. Lr = radial length, Lm = middle length, Lu = ulnar length, Wp
= proximal width, Wm = middle width, Wd = distal width and scale bar = standard deviation.
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Amongst the variable ligamentous variants that were observed, few
statistically significant differences were identified between the ligamentous
variants within type I and type II wrists (Table 3-4, 3-5). There were no statistically
significant differences between the mean indexed length measurement of type I
and type II wrists (p > 0.05) except that the RSC band of RSCTq in type II wrists
has a significantly greater mean indexed Lr (0.47 ± 0.06 mm/mm) compared with
that of the type I wrists (0.51 ± 0.02 mm/mm, p < 0.05) (Figure 3-10A).

Ligament
pTqH
pCH
TqHC
LTq
pRLTq
RSCTq
RSC
RSCTq
TqHC
pSTq

Mean Indexed Length (mm/mm)
(Type I wrists)
Lr
Lm
Lu

Mean Indexed Length (mm/mm)
(Type II wrists)
Lr
Lm
Lu

0.15 ± 0.07

0.15 ± 0.06

0.15 ± 0.04

0.14 ± 0.06

0.14 ± 0.07

0.13 ± 0.06

0.09 ± 0.03

0.09 ± 0.03

0.09 ± 0.04

0.11 ± 0.02

0.10 ± 0.02

0.10 ± 0.03

0.24 ± 0.03

0.24 ± 0.03

0.26 ± 0.03

0.24 ± 0.03

0.24 ± 0.03

0.26 ± 0.04

0.16 ± 0.03

0.16 ± 0.03

0.16 ± 0.04

0.16 ± 0.03

0.16 ± 0.03

0.16 ± 0.05

0.56 ± 0.10

0.56 ± 0.09

0.53 ± 0.04

0.54 ± 0.05

0.55 ± 0.04

0.51 ± 0.07

0.47 ± 0.06*
0.59 ± 0.06
0.21 ± 0.02

0.49 ± 0.05
0.50 ± 0.05
0.21 ± 0.03

0.50 ± 0.06
0.57 ± 0.04
0.21 ± 0.03

0.51 ± 0.02*
0.61 ± 0.06
0.22 ± 0.03

0.52 ± 0.04
0.60 ± 0.06
0.21 ± 0.02

0.54.0.05
0.59 ± 0.06
0.21 ± 0.02

0.40

0.43

0.43

0.39

0.38

0.37

Table 3-4: Mean ligament indexed length (± standard deviation) of the palmar ligaments around the
triquetrum-hamate joint determined by lunate type.
pTqH= palmar triquetrum-hamate ligament, pCH= palmar capitate-hamate ligament, TqHC=
triquetrum-hamate-capitate ligament, pRLTq= palmar radius-lunate-triquetrum ligament,
LTq=lunate-triquetrum ligament, RSCTq = radius-scaphoid-capitate complex, RSC= radiusscaphoid-capitate ligament, RSTq= radius-scaphoid-triquetrum ligament, pSTq= palmar scaphoidtriquetrum ligament, Lr= radial length, Lm= middle length, Lu= ulnar length and * = significant
difference.
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Figure 3-10: An example of the morphometric ligamentous variability determined by lunate
type. A. Mean indexed radius-scaphoid-capitate ligament (RSC) in both type I and type II lunate
wrists. The RSC of type I wrist had a statistically significant smaller radial length (Lr) than that of
type II wrist (p = 0.03). B. A comparison between the mean indexed dimensions of palmar radiuslunate-triquetrum ligament (pRLTq) within both wrists’ types. Lm = middle length, Lu = ulnar length,
Wp = proximal width, Wm = middle width, Wd = distal width, scale bar = standard deviation and * =
significant difference.
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Among the entire ligamentous width data (Table 3-5), there were no
significant differences between the ligamentous dimension of type I and type II
wrists over the entire sample (p> 0.05) (Figure 3-10B). Similarly, the ligamentous
surface areas were not statistically different between type I and type II wrist
specimens (p> 0.05) (Table 5-6).

Ligament
pTqH
pCH
TqHC
LTq
pRLTq
RSCTq
RSC
RSCTq
TqHC
pSTq

Mean Indexed Width (mm/mm)
(Type I wrists)
Wp
Wm
Wd

Mean Indexed Width (mm/mm)
(Type II wrists)
Wp
Wm
Wd

0.06 ± 0.01

0.05 ± 0.01

0.06 ± 0.02

0.07 ± 0.04

0.06 ± 0.04

0.07 ± 0.03

0.08 ± 0.02

0.07 ± 0.02

0.07 ± 0.02

0.08 ± 0.02

0.07 ± 0.02

0.07 ± 0.01

0.10 ± 0.05

0.08 ± 0.04

0.08 ± 0.03

0.09 ± 0.03

0.08 ± 0.03

0.09 ± 0.02

0.09 ± 0.02

0.08 ± 0.02

0.08 ± 0.02

0.10 ± 0.03

0.08 ± 0.02

0.08 ± 0.03

0.11 ± 0.05

0.11 ± 0.03

0.09 ± 0.03

0.09 ± 0.03

0.09 ± 0.03

0.06 ± 0.03

0.07 ± 0.03
0.06 ± 0.02
0.05 ± 0.01

0.04 ± 0.01
0.06 ± 0.02
0.05 ± 0.01

0.07 ± 0.02
0.05 ± 0.02
0.05 ± 0.02

0.07 ± 0.03
0.06 ± 0.03
0.05 ± 0.02

0.04 ± 0.01
0.06 ± 0.03
0.05 ± 0.01

0.06.0.02
0.06 ± 0.03
0.06 ± 0.01

0.04

0.05

0.11

0.05

0.06

0.07

Table 3-5: Mean ligament indexed width (± standard deviation) of the palmar ligaments around the
triquetrum-hamate joint determined by lunate type.
pTqH = palmar triquetrum-hamate ligament, pCH = palmar capitate-hamate ligament, TqHC =
triquetrum-hamate-capitate ligament, pRLTq = palmar radius-lunate-triquetrum ligament, LTq
=lunate-triquetrum ligament, RSCTq = radius-scaphoid-capitate complex, RSC = radius-scaphoidcapitate ligament, RSTq = radius-scaphoid-triquetrum ligament, pSTq = palmar scaphoid-triquetrum
ligament, Wp = proximal width, Wm = middle width and Wd = distal width.
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Ligament

Mean Absolute Area
2
(mm )

2

Mean Indexed Area (mm /mm)
Entire Sample
Type I
Type II
0.56 ± 0.26
0.50 ± 0.21
0.51 ± 0.28

pTqH

34.05 ± 11.14

pCH

23.84 ± 10.42

0.39 ± 0.17

0.38 ± 0.19

0.41 ± 0.14

TqHC

86.38 ± 37.64

1.24 ± 0.52

1.36 ± 0.61

1.17 ± 0.36

LTq

45.13 ± 9.85

0.82 ± 0.27

0.84 ± 0.23

0.83 ± 0.36

pRLTq

120.16 ± 41.12

3.24 ± 1.26

3.54 ± 0.96

2.71 ± 0.90

RSCTq:
RSC
RSTq
TqHC

99.18 ± 51.52
120.62 ± 52.17
44.81 ± 13.89

1.54 ± 0.59
0.05 ± 0.02
0.67 ± 0.17

1.63 ± 0.70
0.05 ± 0.02
0.68 ± 0.19

1.41 ± 0.43
0.05 ± 0.02
0.63 ± 0.15

114.7 ± 2.6

1.66 ± 0.02

1.68

1.64

pSTq

Table 3-6: The mean absolute and indexed surface area of the palmar ligaments around the
triquetrum-hamate joint.
pTqH = palmar triquetrum-hamate ligament, pCH = palmar capitate-hamate ligament, TqHC =
triquetrum-hamate-capitate ligament, pRLTq = palmar radius-lunate-triquetrum ligament, LTq =
lunate-triquetrum ligament, RSCTq = radius-scaphoid-capitate complex, RSC = radius-scaphoidcapitate ligament, RSTq = radius-scaphoid-triquetrum ligament and pSTq = palmar scaphoidtriquetrum ligament.

3.4.3 Ligamentous Attachment Sites
Variable common attachment areas were observed between ligaments of
type I and type II wrist specimens. Most of the ligamentous structures were found
attached with a similar manner that matched their gross description (Figure 3-11).
However, minor attachments were observed by the pRLTq on the scaphoid and by
the RSTq on the lunate, capitate and hamate. In addition, the TqHC band of the
RSCTq was not consistently identified with a hamate attachment.

Among all different ligamentous attachment sites, only a few statistically
significant differences were found between the ligamentous attachment sites of the
type I and type II wrists (Table 5-7). The mean indexed triquetral attachment area
of the pRLTq of type I wrists (0.49 ± 0.06 mm2/mm) was significantly greater than
that of the type II wrists (0.27 ± 0.15 mm2/mm, p = 0.03). Also, the mean indexed
radial attachment of RSC band of the RSCTq was significantly greater in type II
wrists (0.26 ± 0.07 mm2/mm) compared with type I wrist (0.08 ± 0.02 mm2/mm, p =
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0.01).

Figure 3-11: Variable ligamentous attachment sites around the triquetrum-hamate joint. A.
A typical type I wrists ligamentous attachments showing the attachments of the triquetrumhamate-capitate ligament (yellow) and lunate–triquetrum ligament (pink). Note the triquetrumhamate capitate band (blue) of the radius-scaphoid-capitate-triquetrum complex devoid from any
hamate attachment. B. Double banded triquetrum-hamate-capitate ligament (yellow) with the
palmar radius-lunate-triquetrum ligament (orange) occupying the most of the palmar surface of
the lunate. This pattern is in between the observed typical type I and type II patterns. C. An
atypical pattern with minor attachment of the palmar radius-lunate-triquetrum ligament on the
lunate. D. A typical type II wrist attachment with palmar radius-lunate-triquetrum ligament
(orange) and the triquetrum-hamate-capitate ligament (yellow) in addition to the palmar
triquetrum-hamate ligament (green). Brown = palmar capitate-hamate ligament, violet = radiusscaphoid-capitate ligament, red = radius-scaphoid-triquetrum ligament, R = radius, S =
scaphoid, L = lunate, Tq = triquetrum, Tm = trapezium, Td = trapezoid, C = capitate and H =
hamate.
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2

Mean Indexed Area of Attachment (mm )
Ligament
pTqH

Entire Sample (N = 30)
Tq = 0.21 ± 0.14 (22)
H = 0.21 ± 0.15 (22)

Type I Wrists (n = 12)
Tq = 0.15 ± 0.13 (4)
H = 0.16 ± 0.13 (4)

Type II Wrists (n = 18)
Tq = 0.28 ± 0.13 (18)
H = 0.27 ± 0.16 (18)

pCH

C = 0.17 ± 0.06 (30)
H = 0.16 ± 0.05 (30)

C = 0.13 ± 0.05 (12)
H = 0.16 ± 0.09 (12)

C = 0.19 ± 0.06 (18)
H = 0.15 ± 0.04 (18)

TqHC

Tq = 0.19 ± 0.13 (30)
H = 0.62 ± 0.44 (30)
C = 0.35 ± 0.20 (30)

Tq = 0.30 ± 0.14 (12)
H = 0.87 ± 0.63 (12)
C = 0.51 ± 0.17 (12)

Tq = 0.14 ± 0.08 (18)
H = 0.52 ± 0.25 (18)
C = 0.21 ± 0.13 (18)

LTq

L = 0.51 ± 0.07 (10)
Tq = 0.25 ± 0.06 (10)

L = 0.59 ± 0.08 (7)
Tq = 0.31 ± 0.06 (7)

L = 0.47 ± 0.05 (3)
Tq = 0.18 ± 0.07 (3)

pRLTq

R = 0.53 ± 0.12 (24)
S = 0.13 (1)
L = 1.23 ± 0.58 (24)
Tq = 0.36 ± 0.16 (24)

R = 0.50 ± 0.07 (9)
S = 0.13 (1)
L = 1.39 ± 0.34 (9)
Tq = 0.49 ± 0.06 (9)*

R = 0.55 ± 0.14 (15)
---------------L = 1.14 ± 0.71 (15)
Tq = 0.27 ± 0.15 (15)*

R = 0.19 ± 0.11 (24)
S = 0.18 ± 0.12 (22)
C = 0.22 ± 0.15 (24)

R = 0.08 ± 0.04 (8)*
S = 0.17 ± 0.09 (8)
C = 0.15 ± 0.14 (8)

R = 0.26 ± 0.07 (16)*
S = 0.17 ± 0.15 (14)
C = 0.26 ± 0.15 (16)

RSTq

R = 0.15 ± 0.10 (22)
S = 0.12 ± 0.05 (16)
L = 0.27 ± 0.16 (12)
Tq = 0.10 ± 0.06 (16)
C = 0.14 ± 0.10 (4)
H=0.07 (1)

R = 0.08 ± 0.02 (11)
S = 0.08 ± 0.03 (7)
L = 0.19 ± 0.17 (4)
Tq = 0.10 ± 0.05 (8)
C = 0.14 ± 0.10 (4)
------------------

R = 0.22 ± 0.11 (11)
S = 0.16 ± 0.06 (9)
L = 0.32 ± 0.14 (8)
Tq = 0.11 ± 0.07 (8)
----------------H = 0.07 (1)

TqHC

Tq = 0.10 ± 0.04 (12)
H = 0.21 ± 0.15 (10)
C = 0.21 ± 0.08 (12)

Tq = 0.08± 0.05 (4)
H = 0.12± 0.18 (4)
C = 0.14 ± 0.06 (4)

Tq = 0.12 ± 0.03 (8)
H = 0.28 ± 0.13 (6)
C = 0.27 ± 0.09 (8)

RSCTq:
RSC

Table 5-7: Mean ligament area of attachment (± standard deviation) of the palmar ligaments
around the triquetrum-hamate joint.
pTqH = palmar triquetrum-hamate ligament, pCH = palmar capitate-hamate ligament, TqHC =
triquetrum-hamate-capitate ligament, pRLTq = palmar radius-lunate-triquetrum ligament, LTq =
lunate-triquetrum ligament, RSCTq = radius-scaphoid-capitate complex, RSC= radius-scaphoidcapitate ligament, RSTq = radius-scaphoid-triquetrum ligament, pSTq= palmar scaphoidtriquetrum ligament, R = radius, S = scaphoid, L = lunate, Tq = triquetrum, C = capitate, H =
hamate and * = significant difference.
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The diversity in palmar intercarpal ligamentous attachments on the
triquetrum and the hamate did not follow a unique trend that could be determined
by the lunate type (Figure 3-13, 3-14). Regardless of the lunate type, the TqHC
and the TqHC band of the RSCTq are attached to a statistically larger mean
indexed surface area (0.62 ± 0.44 and 0.21 ± 0.15 mm2/mm respectively) on the
hamate compared with that on the triquetrum (0.19 ± 0.13 and 0.10 ± 0.04
mm2/mm respectively, p < 0.05). Conversely, there were no significant differences
detected between the ligamentous attachment areas of the pTqH (p > 0.05).

Among the total ligamentous attachments to the triquetrum, the pRLTq was
found occupying the largest ligamentous surface area (30%) while the RSTq and
the TqHC bands of the RSCTq equally represented the smallest attachment area
(9%) of the entire ligamentous attachments (Figure 3-12). The triquetral mean
indexed attachment area of the RSTq (0.10 ± 0.06 mm2/mm) and the TqHC (0.10
± 0.04 mm2/mm) bands of the RSCTq was found to be significantly smaller than
that occupied by the pRLTq (0.36 ± 0.16 mm2/mm) and the LTq (0.51 ± 0.07
mm2/mm, p < 0.05). Similarly, the TqHC is attached to significantly smaller
triquetral area compared with that occupied by the pRLTq (0.36 ± 0.16 mm2/mm, p
< 0.05).

The palmar intercapal ligamentous attachment to the hamate was less
variable (Figure 3-13). The TqHC band of the RSCTq represented the largest
ligamentous attachments (26%) followed by the pTqH (25%), pCH (21%) and the
TqHC (19%), respectively. Like the triquetrum, the RSTq band of the RSCTq
occupied the smallest ligamentous attachment area to the hamate (9%). However,
it represents a minor attachment that is hardly comparable with the remaining
attachment sites. There were no statistically significant differences detected
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between the different ligamentous attachment areas occupying the hamate (p >
0.05).

Figure 3-12: Ligamentous attachment on the triquetrum.
pTqH = palmar triquetrum-hamate ligament, TqHC = triquetrum-hamate-capitate ligament,
pRLTq = palmar radius-lunate-triquetrum ligament, LTq = lunate-triquetrum ligament, RSCTq =
radius-scaphoid-capitate complex, RSTq = radius-scaphoid-triquetrum ligament and scale bar
= standard deviation.
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Figure 3-13: Ligamentous attachment on the hamate.
pTqH = palmar triquetrum-hamate ligament, pCH = palmar capitate-hamate ligament, TqHC =
triquetrum-hamate-capitate ligament, RSCTq = radius-scaphoid-capitate complex, RSTq =
radius-scaphoid-triquetrum and scale bar = standard deviation.
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3.5 Discussion
Among the few quantitative investigations dedicated to study the ligaments
of the wrist, inconsistent morphometric data were attributed to the different
modalities that have been used (Berger et al., 1982; Smith, 1993b; Feipel and
Rooze, 1999a; Nagao et al., 2005). Also, potential errors were not tested or
considered by several authors (Feipel and Rooze, 1999a; Gupta and Al-Moosawi,
2002). Relying upon absolute measurements may have hindered the comparative
analyses between results and widened the variability gap. This resulted in limited
description, irreproducible data and poor understanding of the morphometric
anatomy of the ligaments of the wrist. However, the current study quantitatively
evaluated the variable pattern of the palmar ligamentous attachments around the
TqHJ with strict criteria to facilitate the reproducibility of the results. In addition, the
current study demonstrated that the quantification of the ligaments of the wrist
using

3D

models

showed

insignificant

intra-observer

and

inter-observer

differences (Figures 3-6 and 3-7). Therefore, the microscribe method is considered
a reliable modality of measurement that is hoped to enhance the reproducibility of
the results of future studies.

Formalin-based preservative solutions have been suggested to induce
collagenous fibre retraction. As a result, differences in length measurements would
be the most anticipated outcome when compared with measurements obtained
from unembalmed specimens (Savelberg et al., 1993; Feipel and Rooze, 1999b;
Feipel and Rooze, 1999a). A lot of arguments have been raised regarding whether
the measurements obtained from embalmed specimens would be comparable to
those of the unembalmed specimens (Savelberg et al., 1993; Hubbell et al., 2002;
Burkhart et al., 2010). Accordingly, the current study demonstrated that the
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quantitative differences between Genelyn-embalmed and unembalmed specimens
were not statistically significant (Figure 3-8). Therefore, the concerns about the
alteration of the ligamentous structure during embalming process were proven to
be insignificantly affecting the ligamentous dimensions. However, using Genelynembalmed specimens to quantify the kinematic behaviour of the ligaments of the
wrist is yet to be determined.

Indexing of the measurements was suggested to normalise the absolute
values by overcoming the variability in specimens’ size and shape. Normalisation
in relation to a changeable length structure such as the length of a particular
ligament was demonstrated to increase the variability (Feipel and Rooze, 1999a).
This may be attributed to the potential observer’s errors or the reliability of the
method of measurement. However, indexing using a fixed parameter (e.g. bony
landmarks) and a detailed description of the structure measured was not
associated with increased variability after normalisation (Musgrave and Harneja,
1978; Kimura, 1992; Karaman et al., 2007). However, the current study revealed
that the trend of the normalised values stood parallel to that of the absolute data
(Figure 3-9). Although the overall trend and presentation were almost identical
before and after the normalisation, quantitative fractional representation is
suggested to facilitate the reproducibility of the results and improve the
inconsistencies in the literature whenever similar methods and conditions are
maintained.

The palmar ligaments around the TqHJ were demonstrated with numerous
morphologic and morphometric variations, which explained the individual
kinematic variations reported in the literature (Brumfield et al., 1966; Craigen and
Stanley, 1995; Berger, 1996a; Kobayashi et al., 1997a; Berger et al., 1999; Feipel
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and Rooze, 1999a; Arenas-Prat, 2012). Morphologic and morphometric variations
of the carpal ligaments are comparable to what was found regarding the
separation of the MCJ into two variants according the proximal carpal row motion
in relation to the distal carpal row (de Lange et al., 1990; Savelberg et al., 1993;
Craigen and Stanley, 1995; Feipel and Rooze, 1997). While the absence of
Hamate-lunate articulation with type I wrists suggests that the hamate may exhibit
rotation and translation, the existence of medial hamate facet on the lunate limits
the rotational movement of the hamate within type II wrists; hence, facilitates the
hamate movement in a flexion-extension plane (Galley et al., 2007; McLean et al.,
2009b).

Unlike the morphologic variability, the morphometric variability between the
palmar ligamentous dimensions and ligamentous attachments sites around the
TqHJ within types I and type II wrists is almost absent. Although there were no
obvious ligamentous morphometric differences between both wrist types, this does
not rule out that the hamate may exhibit different modes of motion. However, only
a few significant differences have been identified between the two wrist types
within the entire studied ligamentous dimensions. Being a part of the RSCTq, the
RSC was included in the study but was not identified with any attachment to the
TqHJ. Interestingly, the radial length of the RSC in type II was found to be
significantly greater than that of type I wrist, which should be further investigated to
determine its role in radius-carpus functional stability (Figure 3-10A).

The pRLTq occupied the largest area of attachments to the triquetrum
compared across all measured ligamentous attachments (Figure 3-12). This
apparently suggests that the pRLTq plays a role in the stability of the triquetrum
during global wrist motion. However, the pRLTq was found to be mostly a type II
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ligamentous variant and the LTq was found to be a type I ligamentous variant.
Also, there were no statistically significant differences between the pRLTq and LTq
attachment sites on the triquetrum. This suggests that the pRLTq and the LTq are
maintaining the stability of the TqHJ in type II and Type I wrists, respectively.

Conversely, the ligamentous attachment sites occupying the palmar surface
of the hamate were less variable (Figure 3-13). Opposite to the triquetrum
attachment, the TqHC band of the RSCTq occupies the greatest area of
attachment to the hamate. This particular attachment is questionable as a
histological analysis is mandatory to prove its mechanical significance. However,
the pTqH, TqHC and the pCH had terminal (definite) attachments to the hamate
and were not significantly smaller than the TqHC band of the RSCTq hamate
attachment. This suggests that the pTqH, TqHC and the pCH are the major
contributors to the stability of the hamate. What is more, the hamate in the type II
wrist is probably more stable than that in type I because it has an extra attachment
by the pTqH.

The mechanical role of each ligament should be further investigated.
Therefore, analysis of the histological identity of the ligamentous attachment is
mandatory for providing more details about the mechanical role of each
attachment. A ligament may attach to the underlying bone by fascicular tissue;
hence, it provides a mechanical function and plays a significant role in load
transfer (Benjamin and McGonagle, 2001; Benjamin et al., 2004; Benjamin et al.,
2006). This is evident on the terminal ends of each ligament. In contrast, the
ligamentous attachments could be mediated by a loose connective tissue between
the ligament and the bone that provides a minor (if any) mechanical significance
(Benjamin et al., 1986; Benjamin and Ralphs, 1998). This is more probable in the
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intermediate attachments or whenever a ligament is acting as a sling over a
middle bone (Fogg, 2004). For example, the TqHC forms a sling over the hamate,
which allows for two possibilities of whether there is an attachment to the hamate
or not.

If yes, investigation should be directed towards proving whether this

attachment is by loose connective tissue or the ligament is composed of deeper
bands in addition to the triquetrum-capitate band i.e. triquetrum-hamate band and
capitate-hamate band or both. The current study is unable to distinguish between
the mechanically significant, fascicular tissue and the mechanically insignificant,
loose connective tissue attachments. Accordingly, the current data should be
complemented by extensive histological analyses to provide more details about
the mechanical role of each ligament based upon studying the effect of the load
transfer on the entheses.

The current study added more quantitative details to the concept of the
ligamentous attachment site variability. This allows for structural planning for
ligamentous reconstruction and proper tissue transfer (Johnson, 1980; Mayfield,
1980; Linscheid et al., 1983; Minami et al., 1986; Biyani and Sharma, 1989;
Garcia-Elias et al., 1989b; Minami and Kaneda, 1993; Berger et al., 1999;
Mitsuyasu et al., 2004). However, these findings should be complemented with
studying the histological picture of these attachment sites to broaden the limit of
understanding the mechanical properties of each ligament.

Although the results of the current study are relatively accurate, there are a
number of limitations that should be considered in the future investigations. The
sample size was comparable to that of other studies, but too small in some parts
to give a clear indication of subtype frequency. Accordingly, a larger study
following the procedures described here is recommended. Moreover, all
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quantification data have targeted towards the superficial surface of each ligament.
Therefore, for a more detailed and comprehensive description about the
morphometric characteristics of the ligamentous structures, the thickness and
more morphometric details about the deep aspects of the ligaments should be
provided. However, quantification of the thickness of each ligament by the same
method applied in this study is subject to a wide range of error. That is because it
necessitates bisecting the ligament and digitising the ligamentous structure in
cross section, which is hindered by the inability to maintain the integrity of the
position during measurement. Moreover, more unembalmed specimens should be
used to draw a firm conclusion about the potential morphometric differences
between the Genelyn-embalmed and unembalmed specimens as an effect of
fixation.
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3.6 Conclusions
The current study improves the knowledge of the anatomy of palmar
ligaments and their attachments around the TqHJ. Both morphologic and
morphometric variability of the ligaments of the wrist should be taken into account.
Detailed quantification of the ligamentous structures and their attachment sites will
help in surgical assessment and treatment of various injuries and degenerative
changes within the wrist joint. Further investigations are needed to segregate the
histological identity of each ligamentous attachment sites. This is hoped to identify
the mechanically significant and mechanically insignificant attachment sites
according to a mechanical definition of a ligament.
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Chapter 4
Histological Identity of the Palmar
Ligaments around the Triquetrum-Hamate Joint
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4.1 Introduction
A ligament is a dominantly collagenous structure bridging between at least
two different bones or more. It is characterised by a great tensile strength that
could be altered in response to exercise or immobility and capable of repair after
injury (Frank et al., 1985; Benjamin and Ralphs, 1998). These dynamic properties
of ligaments suggest that they have the ability to detect changes in mechanical
load and respond by altering the composition of the extracellular matrix. This
alteration involves fibrocartilaginous matrix formation at the ligamentous
attachment sites (entheses) (Benjamin et al., 1986; Benjamin and Ralphs, 1998;
Benjamin et al., 2004; Benjamin and McGonagle, 2009; Alves Cardoso and
Henderson, 2010).

4.1.1 Basic Ligamentous Structure
According to the histological morphology, the ligaments of the wrist fall into
two distinct categories, capsular and intra-articular ligaments (Berger, 1997b).
While capsular ligaments are situated within the capsular tissue of the joint, intraarticular ligaments extend between two or more carpal bones within the joint space
(Berger, 2001a).

Microscopically, both capsular and intra-articular ligaments have the same
basic configuration. Most of the ligaments of the wrist were isolated were
embedded in joint capsule (Berger, 1997b; Benjamin and Ralphs, 1998; Canoso,
1998; Berger, 2001a; Fogg, 2004; Benjamin et al., 2006; Al Saffar, 2012).
However, ligaments are composed of longitudinally arranged cells that are
separated by collagen fibres, proteoglycan threads and granules (Clark and
Sidles, 1990; Benjamin and Ralphs, 1998). Collagen fibrils are the basic
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constituent of any ligament. Fibrils commence to aggregate on the surface of
ligament cells and eventually arranged in groups as they move away to form
collagen fibres (Figure 4.1). These collagenous fibres are then arranged in groups
of their own and separated by ligament cells forming fibre bundles, which are
collectively gathered and wrapped by a loose connective tissue septa known as
‘endoligament’ (Clark and Sidles, 1990; Benjamin and Ralphs, 1998). The
ligamentous fascicles are groups of parallel, dense and finely organised collagen
fibre bundles extending along the long axis of each ligament (Berger, 2001a). In
addition, fascicles are enclosed within a potential space of loose connective tissue
containing the neurovascular triads known as the perifascicular space.
Peripherally, coalescence of the perifascicular spaces results in epiligamentous
sheath formation. However, the epiligamentous sheath of capsular ligaments has a
fibrous layer on its superficial surface and a synovial layer on the deep joint
surface that is referred to in the literature as the fibrous stratum of the
epiligamentous sheath and the synovial stratum of the epiligamentous sheath,
respectively. Unlike the capsular ligaments, the intra-articular ligaments are
entirely covered by synovial strata within the joint cavity (Berger, 1997b). However,
identification of these sheathes is particularly important for tissue differentiation
between the regular dense connective tissue of ligaments and the irregular dense
fibrous capsular tissue (Fogg, 2004). Fortunately, ligaments and capsule are
histologically distinct structures (Benjamin and Ralphs, 1998; Canoso, 1998).
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Figure 4.1: Schematic representation of the structural divisions of a ligament. Collagenous
fibrils are grouped to form fibres. A number of fibres are collectively arranged in bundles, which are
grouped together into fascicles. Each fascicle is individually ensheathed by an endoligament
(orange arrows). Numerous fascicles are grouped together to form a ligament, which is surrounded
by an epiligament (red arrows).

4.1.2 Enthesial Structure
An enthesis is the attachment site of a tendon, ligament or joint capsule to
the bone surface. It is also referred to in the literature as the osteoligamentous/
osteotendinous junction at the insertion site (Benjamin et al., 2006). The entheses
are sites of mechanical strain between the hard-soft tissue junctions (Benjamin et
al., 2002; Benjamin et al., 2006). Accordingly, they play a major role in anchorage
and stress dissipation enabling a balanced state between static and dynamic
restraints (Benjamin et al., 2006; Thomopoulos et al., 2006; Thomopoulos et al.,
2011).
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4.1.2.1 Types of the Entheses
Early investigation described two different types of entheses determined by
the mode of attachment to the bone: direct and indirect entheses (Benjamin et al.,
1986; Benjamin and Ralphs, 1998). A direct enthesis is devoid of any periosteal
attachment so the fibrocartilage is attached directly to the bone. Conversely, an
indirect enthesis is characterised by a periosteal layer that mediates the
ligamentous attachment to the bone. Alternatively, two distinct types of entheses
have been identified according to the tissue-type variability, fibrous and
fibrocartilaginous entheses (Berger, 1996b; Benjamin and Ralphs, 1998; Schlecht,
2012). This description is more or less similar to the previous classification as the
fibrocartilaginous enthesis is characterised by the absence of the periosteum,
hence, it is a direct enthesis, and vice versa (Schlecht, 2012). Fibrous entheses
are composed of dense fibrous connective tissue connecting ligaments directly to
the skeleton or indirectly via the periosteum.

They are usually found in the

ligaments attached to the metaphysis and diaphysis of long bones (Benjamin et
al., 2006; Schlecht, 2012).

At the fibrocartilaginous entheses, the fascicular configuration is gradually
replaced by uncalcified fibrocartilage followed by calcified fibrocartilage that
directly attaches to the bone (Figure 4.2) (Berger, 1997b; Schlecht, 2012).
Fibrocartilaginous entheses are characteristically found where the angle of
attachment changes during the range of joint motion. As a result, they are widely
distributed among ligaments attached to the epiphyses of long bones or the small
tarsal and carpal bones; hence they play a role in stress dissipation at the bony
interface in order to reduce the effect of wear and tear (Benjamin and Ralphs,
1998).
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Figure 4.2: Fibrocartilaginous entheses formation. A ligament is composed of densely packed
and parallel-organised fascicles (arrows), which are readily differentiated from the dense irregular
tissue of the joint capsule. The ligamentous fascicles are gradually replaced by uncalcified
fibrocartilage while reaching the bone surface. Then the uncalcified fibrocartilage is replaced by
mineralised fibrocartilage that attaches directly to the bone. A ligament is attached to a thicker
cortical bone area (yellow line) compared with the capsular attachment (red line). Also, the paraenthesial area may exhibit underlying bone thickening (arrow heads). Modified Masson’s Trichrome
stain (Fogg, 2004).

Understanding enthesial fibrocartilaginous differentiation was aided by
immunohistochemistry (Gao et al., 1996a). During foetal development, the
ligaments are initially attached to hyaline cartilage forming the anlagen of the
future skeleton. Eventually and throughout the process of ossification, this hyaline
cartilage is replaced by osseous tissue except for the cartilage on the attachment
sites. Subsequently, a complete hyaline cartilage resorption occurs and is replaced
with fibrocartilage (Figure 4.3). However, fibrocartilage is only formed within the
ligament by metaplasia. This demonstrates how a ligament regains its integrity
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after surgical restoration or transplantation (Jones et al., 1987; Schiavone Panni et
al., 1993). This process details the transformation of fibroblasts into fibrocartilage
while maintaining the structural arrangement (Gao et al., 1996a). Nevertheless,
the mechanical load is most probably the principal factor triggering metaplasia in
addition to the general signalling responsible for fibrocartilage development (Gao
et al., 1996a; Gao et al., 1996b; Benjamin and Ralphs, 1998). However, enthesis
development

and

fibrocartilaginous

differentiation

is

attributed

to

the

consequences of the mechanical load, as they are sites of stress concentration
upon ligament attachment to the skeleton. This implies that the entheses are more
or less self-designing systems by which the functional circumstances alter the
structure (Evans et al., 1990; Benjamin et al., 1991; Benjamin et al., 1992).
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Figure 4.3: Schematic representation of the three stages of fibrocartilaginous enthesis
development (Gao et al., 1996a). A. The ligament is initially attached to a completely
cartilaginous bone surface. B. The cartilage is eroded and partially replaced by bone during
endochondral ossification. The enthesis fibrocartilage is the result of the process of metaplasia
of ligamentous cells. C. The entire cartilage is replaced by bone and the metaplastic enthesis
fibrocartilage extends deeply into the ligament.
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The fibrocartilaginous enthesis was described differentiating into four
distinct zones of tissue; dense fibrous connective tissue of a ligament, uncalcified
fibrocartilage, calcified fibrocartilage and bone. Microscopically, the two middle
zones are separated by a dense layer of granular material forming a line termed
the ‘tidemark’ at the outer limit of calcification (Cooper and Misol, 1970; Benjamin
et al., 1986; Rufai et al., 1996). Although the nature of the tidemark is not exactly
determined yet, it has been suggested that the tidemark plays a role in reducing
wear and tear effects by allowing for gradual transition of the collagen fibre
curvature upon attaching to the bone (Benjamin et al., 1986; Evans et al., 1990;
Benjamin and Ralphs, 1998).

Figure 4.4: The histological structure of fibrocartilaginous entheses. This micrograph
shows the structure of the four zones composing the fibrocartilaginous entheses. The
ligamentous fascicles (arrows) are gradually replaced by uncalcified fibrocartilage followed by
calcified fibrocartilage and finally attached to the underlying bone. Note the transitional area
between the uncalcified and calcified fibrocartilage zones (the tidemark) is composed of granular
dense tissue. Modified Masson’s Trichrome stain (Fogg, 2004).
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Along the course of a ligament, compression against underlying bone may
cause the formation of fibrocartilaginous layer that is wrapped around the ligament
as an adaptation to prevent impingement against the bone (Vogel and Koob,
1989). It is a characteristic of a ligament while bending around a bony pulley, in
some cases this layer may be fibrous, while extending toward an attachment and
can be considered as a functional enthesis (Benjamin and McGonagle, 2001).
Conversely, minor tissue specialisation is associated with ligaments that are in a
direct position to the joint. In addition, apart from the ligamentous attachment sites,
fibrocartilage can be present within the ligamentous fascicles or endoligaments
where it can prevent blood vessel compression or can facilitate sliding of the
fascicles during movement of the joint (Benjamin and Ralphs, 1998; Benjamin and
McGonagle, 2001). Ligaments and tendons have a dynamic behaviour, as they are
capable of detecting changes in mechanical load. Accordingly, they coordinate
their response to alter the composition of the extracellular matrix by formation of
fibrocartilaginous matrix at sites where ligaments or tendons attach to bone.
Surgical translocation of tendons in an experimental study investigating the
response of a tendon to joint loadings revealed that fibrocartilaginous wrap-around
tendons disappeared whenever a tendon was transformed to more direct position
and vice versa. This implies that the orientation of the ligamentous fibres while
transferring the tensile forces play a major role in determination of tissue
specialised around the entheses (Gillard et al., 1979; Benjamin et al., 2004;
Benjamin et al., 2008). Conversely, it has been argued whether the presence of
fibrocartilage represents the adaptive response to joint loading or is a sign of a
pathological condition such as degenerative changes that may progress into
calcification and increase the chance of ligament rupture (Uhthoff and Sarkar,
1991; Riley et al., 1996; Doschak and Zernicke, 2005). Site-specific variations
have been reported in the literature (Misawa et al., 1994; Mine and Kawai, 1995;
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Canoso, 1998; Milz et al., 1998; Milz et al., 2001; Benjamin et al., 2002). It has
been reported that the thickness of the cortical bone varies according to the
function of the bone (Fournie, 1993; Benjamin and Ralphs, 1998; Francois et al.,
2001; Jiang et al., 2002). However, these functional differences are related to the
intensity of transmitted force through the ligaments. It was suggested that the
thicker the fibrocartilage is, the more stable the tendon/ligament will be (Gillard et
al., 1979). Increased enthesial bone thickness and fibrocartilage, as well as the
presence of sesamoid bones and bursae are suggestive of large loadings on the
ligament (Benjamin and Ralphs, 1998; Canoso, 1998). In contrast, ligaments with
small loads exhibit thinner enthesial bone and fibrocartilage and may be devoid of
any other tissue specialisations (Cooper and Misol, 1970; Benjamin et al., 2002).
Accordingly, bone thickness may be used to validate the tissue type designations
made from histological appearance.

4.1.2.2 Functional Significance of Entheses
Entheses are of high clinical importance. First, the stress concentration at
the hard-soft tissue interface makes entheses a common location of overuse
injuries in sports (Benjamin et al., 2006). Second, they are pathognomically
selected in a collection of rheumatic diseases i.e. ankylosing spondyloarthritis
(Dougados et al., 1991; Benjamin and McGonagle, 2001). Third, whenever an
enthesis is disrupted or detached, it must be reconstituted to maintain the
biomechanical integrity of the structure (Dutour, 1986; Benjamin and McGonagle,
2001).
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4.1.2.2.1 Mechanical Role of Entheses
Enthesial fibrocartilage has been demonstrated to play a vital role in
anchorage of soft tissue attachments to the skeleton as well as stress dissipation
to provide mechanical joint stability through the ligamentous attachments.
Ligaments are extensible structures that are capable to change their shapes
according to the bearing load (Benjamin and Ralphs, 1998; Benjamin and
McGonagle, 2009). Tensile loads that a ligament is subjected to make the ligament
stretch and result in a narrower cross section and more vulnerability to injury.
Accordingly, the enthesis fibrocartilage was suggested to act as a ‘stretching
break’ preventing a ligament from narrowing while attaching to the bone at a
region

of

stress

concentration

(Benjamin

and

Ralphs,

1998).

This

is

complemented by the observations that ligaments have a greater cross sectional
area at the entheses than across the entire ligamentous length (Harner et al.,
1999). Therefore, different compliance between different ligaments is explained by
the quantity of the fibrocartilage at their entheses (Evans et al., 1991; Harner et al.,
1999; Benjamin et al., 2002; Benjamin et al., 2006).

Quantification of enthesis morphology suggested that the degree of
mechanical strain that the enthesis is subjected to is an indicator of the variability
in size and complexity of such an enthesis (Lane, 1887; Weiss, 2003; Weiss,
2004; Molnar, 2006; Weiss, 2007; Alves Cardoso and Henderson, 2010). The
uncalcified fibrocartilage is often small or even absent and the layer of
subchondral bone/ calcified fibrocartilage thickens with age (Bloebaum and Kopp,
2004). However, the quantity of uncalcified fibrocartilage at the enthesis has been
correlated with the range of movement between a ligament and bone (Evans et al.,
1990). It has been demonstrated that there is a variable regional variation between
the quantities of uncalcified fibrocartilage at different entheses. In addition, the
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quantity of the calcified fibrocartilage zone of an enthesis together with thickness
of the cortical bone was identified as associated with the physiological load and
strength that a ligament bears (Evans et al., 1991; Gao et al., 1996a). Accordingly,
it has been suggested that mechanical stimuli play the major role in determining
the fibroblast metaplasia; hence fibrocartilage formation. This is critically important
in designing the proper rehabilitation program after surgical restoration of a torn
ligament (Benjamin et al., 1991; Benjamin et al., 1992). Nevertheless, loss of the
integrity of a ligament has been often demonstrated to be at the cortical bone. This
apparently suggests that the transitional zone between the hard and soft tissue
(the tidemark) is stronger than the bone (Lieber et al., 1992; Lam et al., 1995; Gao
et al., 1996a; Thomopoulos et al., 2002; Chu et al., 2003; Thomopoulos et al.,
2011).

Considering the adaptive properties of bone to the variable loadings, it has
been demonstrated that bone thickness at the enthesis tends to increase
whenever the transferring load through a ligament is increased and vice versa
(Sayers et al., 1988; Canoso, 1998; Benjamin and Ralphs, 2001; Benjamin et al.,
2008). This response indicated the type of tissue attached to the bone as well as
the strength of the transmitted force (Fogg, 2004). Accordingly, large fibrocartilage
regions, bursae and increased enthesial dimensions are indicative of greater force
transmission; hence the ligament is playing a major biomechanical role.

In

contrast, the capsular tissue lacks the composition of organised fibres that are
responsible for force transmission. Accordingly, the capsular tissue has been
demonstrated to attach to significantly smaller portion of cortical bone in
comparison to the cortical bone thickness at the entheses; which reflects its minor
role in joint biomechanics (Sayers et al., 1988; Hoogbergen et al., 2002; Vashishth
et al., 2003).
205

4.1.2.2.2 Entheses as a Common Area of Specific Pathology
Entheses

have

been

demonstrated

to

be

the

primary

site

of

spondyloarthropathies; a group of inflammatory arthritis characterised by enthesitis
in addition to subsequent extra-articular inflammation (Dougados et al., 1991;
Benjamin and McGonagle, 2009). Adjacent to each enthesis, a group of tissue
works together with the enthesis to perform a common function of stress
dissipation, which is referred to as the ‘enthesis organ’ concept (Rufai et al., 1995;
Benjamin and McGonagle, 2001; Benjamin et al., 2004; Benjamin et al., 2006). In
addition, enthesis organ may lead to both sesamoid and periosteal fibrocartilage
formation.

Enthesis organs have been demonstrated to be of two distinct types. The
classification is according to whether the enthesis is within or out of the joint
capsule to represent articular and extra-articular enthesis organs, respectively
(Benjamin et al., 2004). Both of them include periosteal cartilage or fibrocartilage
at the proximity of a synovial cavity, thus, adjacent to a synovial membrane. As a
result, synovium incorporation with many enthesis organs suggested that synovitis
is a common consequence of enthesis organ pathology, which helps in explaining
the pattern of injury associated with a particular enthesiopathy (Benjamin et al.,
2004; Benjamin et al., 2006).

Enthesis-related pathology is more than insertion point inflammation. The
concept of an enthesis organ takes stress dissipation away from the entheses to
the occurrence of particular pathologies such as synovitis, bursitis and
extracapsular changes adjacent to the enthesis. This explains how an antiinflammatory, poorly vascularised and mechanical damage-prone region, such as
the enthesis, is affected by the pathology of an adjacent pro-inflammatory
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structure such as the synovium (McGonagle et al., 2007). Accordingly, certain
pathological changes may occur away from the attachment sites based upon the
involvement of adjacent bone and soft tissue (Olivieri et al., 1998; McGonagle et
al., 1999; McGonagle et al., 2007).

4.1.2.2.3 Enthesial Remodelling
It has been argued whether the entheses have the ability to repair or the
fibrocartilage could be reformed after disruption. Regardless of the demonstration
of the failure of re-establishing a disrupted attachment (Thomopoulos et al., 2002),
several authors stated that enthesis integrity is successfully restored after surgery
(Martinek et al., 2002; Uhthoff et al., 2002; Wong et al., 2003). It has been
suggested that ligaments have dynamic properties that allow for repair to occur in
response to variations in tensile load (Frank et al., 1985; Benjamin and Ralphs,
1998; Bloebaum and Kopp, 2004; Schlecht, 2012). However, different surgical and
rehabilitation techniques have been associated with a higher rate of enthesial
functional restoration after repair. For example, various ligaments have been
demonstrated with para-enthesial thickening. Accordingly, suturing the periosteum
onto the surface of the disrupted ligament could promote the healing process
(Chen et al., 2003; Thomopoulos et al., 2003).

A comprehensive understanding of ligament patterns is insufficient to fully
understand the wrist; it is also worth knowing where and how individual ligaments
are attached to bone. Within the wrist, controversy exists over specific attachment
sites and therefore the functional influence each ligament may have (Feipel and
Rooze, 1999a; Nakamura et al., 2001; Fogg, 2004; Al Saffar, 2012). Moreover,
entheses are considered as common targets for overuse injuries as well as a
collection of rheumatic diseases (Benjamin and Ralphs, 1998; Benjamin and
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McGonagle, 2001; Benjamin et al., 2004). They also have critical clinical
implications in tissue restoration, ligament augmentation and repair (Benjamin et
al., 2006; Benjamin and McGonagle, 2009).

Previous reports have been

dedicated to study the general structure of the entheses in addition to the potential
quantitative differences that play role in the mechanical stability of joints. Neither
detailed description of enthesial variability nor broad quantitative analyses of the
various enthesial attachments have been demonstrated. However, a detailed
description of the enthesial anatomy of the ligaments of the wrist is a key for
identification of their structure as well as understanding the pathomechanics of
joint diseases (Benjamin et al., 1986; Camus et al., 2004; Majima et al., 2008).
That may not only enhance the assessment and diagnosis of ligamentous
disruption, but also understanding and treating carpal instability (Palmer et al.,
1978; Camus et al., 2004; Galtes et al., 2006; Kawamura and Chung, 2007).
Accordingly, the current study will be dedicated to quantifying the enthesial
structures of the palmar ligaments around the TqHJ; particularly the calcified
fibrocartilage and the undelying bone as a potential site for injury that may lead to
joint instability.

208

4.2 Aim
This study aims to use histologic sections of key palmar ligaments around
the TqHJ to describe their attachments. It is hoped that this study will establish a
comprehensive description of the ligamentous attachments as well as quantifying
the enthesial structure of both ligaments and the capsular attachments towards a
better understanding of the mechanical behaviour of the ligaments of the wrist.
The quantitative investigation of the type of attached tissue to the underlying
bones and the degree of enthesial bone thickening will serve as an indicator of
load transfer. Furthermore, questionable ligamentous identities (based on
dissection alone) will be explored to identify whether a ligament consisted of
fascicular tissue or just a thickened capsule exists.
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4.3 Materials and Methods
Forty Genelyn-embalmed cadaveric wrist specimens (N=40) including 25
males and 15 females (mean age = 74.15 ± 13.25 years; range, 35-93 years) were
selected to investigate the histological identity of the key palmar ligaments around
the TqHJ (pTqH, pCH, TqHC, LTq, pRLTq and RSCTq). Thirteen type I wrist and
another 27 type II wrists specimens were included. Each ligament was excised in
a block with the attached bones to study the actual attachment of the ligamentous
fibres. For the purpose of reserving the ligamentous geometry throughout the
tissue preparation, a K-wire was pinned through the underlying bones of each
ligament.

4.3.1 Tissue Preparation
The entire studied sample was arbitrary separated into six groups and
processed according to different modifications of a standard protocol (Appendix 2).
The process was modified in each group seeking for the ideal sections.
Decalcification was performed using either 9.5% nitric acid solution for an
accelerated

decalcification

(Russell

et

al.,

2014)

or

12%

Ethylenediaminetetraacetic acid (EDTA) solution (Prasad and Donoghue, 2013).
Three different clearing agents were used; amyl acetate, chloroform and xylene.
Also, the oven time was modified to test if it was the core cause of artefactual
tissue damage (Table 4.1). A total of 92 blocks were obtained from the studied
sample, which were decalcified and double embedded in paraffin wax (Appendix
1). Each block was sectioned in 10µm serial sections along the entire ligament
using a Leica RM2235 microtome (Leica Microsystems, UK). Then, each section
was mounted on a slide and kept in the oven overnight. Eventually, each slide was
stained using a modified Masson’s Trichrome technique

(Appendix 3) (Fogg,
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2004).

Group

Decalcification
Method (n)

Clearing
Agent

Oven Time

A

9.5 nitric acid (3)/
12% EDTA(3)

Amyl acetate
(30min)

2 hrs
(1 wax change after 1hr)

B

9.5 nitric acid (2)/
12% EDTA (2)

Amyl acetate
(30min)

1hr
(1 wax change after 30
min)

C

9.5 nitric acid (2)/
12% EDTA (2)

Chloroform
(30min)

2 hrs
(1 wax change after 1hr)

D

9.5 nitric acid (3)/
12% EDTA (3)

Chloroform
(30min)

E

9.5 nitric acid (4)/
12% EDTA (4)

Xylene
(30min)

1hr
(1 wax change after 30
min)
2 hrs
(1 wax change after 1hr)

F

9.5 nitric acid (2)/
12% EDTA (62)

Xylene
(30min)

1hr
(1 wax change after 30
min)

Vacuum Oven
Pressure
mbar (Time)
800(30min) then 500
(30min)+500(2hrs)
after a wax change
800(30min) then 500
(30min)+500(1hrs)
after a wax change
800(30min) then 500
(30min)+500(2hrs)
after a wax change
800(30min) then 500
(30min)+500(1hrs)
after a wax change
800(30min) then 500
(30min)+500(2hrs)
after a wax change
800(30min) then 500
(30min)+500(1hrs)
after a wax change

Table 4.1. Modified histological tissue preparation. A change of the decalcification medium as well
as the clearing solvents together with oven time alteration was conducted to identify the best match for
a perfect section.
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4.3.2 Quantitative Analysis and Data Collection
Five specimens for each type of the wrist were selected to represent each
ligament. However, the complex course and the scarce existence of the pSTq
hindered its histological isolation. Also, the RSC band of the RSCTq did not exhibit
a connection to the TqHJ. Accordingly, both pSTq and RSC were excluded from
the current study.

After histological preparation, each slide was photographed using a light
microscope (Zeiss Axioskop, Germany). Then, stitching of multiple overlapped
images that were taken under 2.5 X magnifications, using Image Composite Editor
software (ICE 2.0.3, Microsoft Corporation, USA) created a panorama image for
each section (Figure 4.5A). The best 6 slides (2 from each radial, middle and ulnar
parts) were chosen. Then, the superficial length of each ligament was measured
with ImageJ software (ImageJ 1.48v, Rasband, National Institute of Health, USA).
The superficial fascicles where traced from the tidemark of the proximal
attachment to the tidemark of the distal attachment. This plane of measurement is
similar to that used to obtain the ligamentous length dimensions from the 3D
models described in chapter 3. Similarly, the enthesial bone area and length of
each individual ligament and capsular (non-ligamentous) enthesial segments were
obtained from zoomed-in images (10.0X) using ImageJ software. The enthesial
area was determined by the thickness of the cortical bone that is under a parallel
extension of the ligamentous fascicles and the boundary is completed by the
tidemark (Figure 4.5A). In addition, the length of the tidemark, which is the junction
between the uncalcified and calcified fibrocartilage within the enthesis, was
chosen to represent the enthesial length (Figure 4.5B).
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Figure 4.5: Quantification of the ligamentous length and enthesial bone thickness. A. A
ligamentous length (solid black line) was traced from the enthesial borders of the lunate (L) and the
triquetrum (Tq) over the superficial surface of the ligament. This approach makes the measurements
obtained from the histological sections comparable with that obtained from the 3D models and
facilitates comparisons between results. B. In this zoomed-in (10X) micrograph, the tidemark length
(dotted line) represents the enthesial length, which runs between the uncalcified and calcified
fibrocartilage interface. This line also represents a part of the boundary of the enthesial bone area.
Entehsial bone area boundary is defined by tracing the underlying cortical bone (solid black line) that
is parallel to the ligamentous fascicular orientation of the ligament from either side of the tidemark.
Both the area and the length of the enthesial bone were used to obtain an indexed value of the
enthesial bone thickness of each ligament. Modified Masson’s Trichrome stain (Fogg, 2004).
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In order to account for variable attachment lengths, the mean index bone
area (cortical bone area / length of the tidemark) of each enthesis was calculated.
Subsequently, the mean and standard deviation were reported. Then, a t-test
assuming two unequal variants was applied to compare and contrast the relevant
data with computer software (Microsoft Excel 2007; Microsoft, Redmond, WA,
USA). P value < 0.05 was considered as the cut-off point for a statistically
significant difference.
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4.4 Results
4.4.1 Ligamentous Structure
Most ligaments were found to consist of densely packed fascicular
organisation spanning from one attachment to another (Figure 4.6). However,
pTqH variants with an extreme palmar course were devoid of the fascicular
organisation that a ligament normally exhibits. Accordingly, it was identified as a
thickened capsule with dense irregular connective tissue connecting the triquetrum
and the hamate (Figure 4.7).

Figure 4.6: Histological identity of a ligament. In this micrograph, the triquetrum-hamatecapitate ligament is composed of densely packed collagenous fascicles (arrow heads) extending
from the triquetrum (Tq) and capitate (C). Also, a fascicular band is attached between the hamate
(fibrocartilaginous) and capitate. The fascicular organisation of the ligament is gradually replaced
by a fibrocartilage that is directly attached to the bone of different thickness (arrows). Modified
Masson’s Trichrome stain (Fogg, 2004).
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Figure 4.7: Histological identity of the palmar triquetrum-hamate ligament (pTqH) with an
extreme palmar position. A. A gross specimen photograph showing the ligamentous
arrangements around the triquetrum-hamate joint including the questionable variant of pTqH (*)
that is more palmarly positioned than the ordinary variant (pTqH). B. This micrograph shows
that the so-called extremely positioned pTqH (dotted circle) is no more than thickened capsular
tissue. It is devoid of any fascicular organisation that a ligament exhibits and also attached to a
thin rim of cortical bone on the hamate (H). In contrast, the pTqH, palmar hamate-capitate
ligament (pCH), the triquetrum-hamate-capitate band (TqHC) of the radius-scaphoid-capitatetriquetrum complex (RSCTq) were composed of parallel fascicular tissue. Modified Masson’s
Trichrome stain (Fogg, 2004). R = radius, U = ulna, L = lunate, Tq = triquetrum and C = capitate.
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There was no statistically significant difference determined between the
mean ligament lengths obtained from gross specimens with a microscribe digitiser
(as described in chapter 3) in comparison with that obtained from histological
sections using ImageJ software (p > 0.05) (Table 4.2 and Figure 4.8).

Mean Ligament Length (mm)
Ligament

Microscribe Digitiser

ImageJ Software

pTqH

Lr
Lm
Lu

6.48 ± 0.71
6.89 ± 1.19
7.15 ± 0.81

6.42 ± 1.08
6.64 ± 1.26
6.76 ± 0.69

pCH

Lr
Lm
Lu

5.57 ± 0.78
4.93 ± 0.94
7.58 ± 0.37

6.16 ± 0.43
5.22 ± 1.03
7.48 ± 0.12

TqHC

Lr
Lm
Lu

13.25 ± 3.38
13.26 ± 2.02
14.81 ± 0.40

13.51 ± 2.59
12.92 ± 1.77
14.16 ± 0.17

LTq

Lr
Lm
Lu

7.05 ± 1.46
7.47 ± 0.61
7.44 ± 2.09

6.82 ± 1.59
6.64 ± 1.05
7.97 ± 1.72

pRLTq

Lr
Lm
Lu

33.28 ± 0.72
33.58 ± 0.53
37.20 ± 1.07

32.96 ± 0.79
32.74± 0.76
38.11 ± 1.22

Lr
Lm
Lu

34.29 ± 8.00
34.06 ± 4.32
35.45 ± 6.10

31.87 ± 8.14
32.07± 5.02
33.94 ± 3.12

Lr
Lm
Lu

17.19 ± 0.02
17.06 ± 0.32
17.75 ± 0.56

18.73 ± 0.33
18.46 ± 0.37
18.05 ± 0.71

RSCTq:
RSTq

TqHC

Table 4.2: Mean ligament lengths (± standard deviation) of the palmar ligaments around the
triquetrum-hamate joint obtained using micoscribe digitiser and ImageJ software. There were no
statistically significant differences between both measurement methods (p > 0.05). pTqH = palmar
triquetrum-hamate ligament, pCH = palmar capitate-hamate ligament, TqHC = triquetrum-hamatecapitate ligament, pRLTq = palmar radius-lunate-triquetrum ligament, LTq = lunate-triquetrum
ligament, RSCTq = radius-scaphoid-capitate complex, RSTq = radius-scaphoid-triquetrum
ligament, Lr = radial length, Lm = middle length and Lu = ulnar length.
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Figure 4.8: Mean palmar triquetrum-hamate length obtained manually using microscribe method
and digitally with ImageJ software. There were no statistically significant differences observed
between the results of both techniques (p > 0.05). Lr = radial length, Lm = middle length and Lu =
ulnar length.

4.4.2 Enthesial Histology
Each ligament had a clearly defined entheses and ligament margins, with
evidence of loose irregular connective tissue demarcating each margin (Figure
4.9A). All of the entheses that were identified attached to the cortical bone with a
fascicular tissue (mechanically significant enthesis) and were predominantly of a
fibrocartilaginous type (Figure 4.9).
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Figure 4.9: Ligamentous structure and fibrocartilaginous entheses of the triquetrumhamate-capitate ligament (TqHC). A. In this micrograph the TqHC is composed of parallel
organised fascicular organisation ensheathed within loose connective tissue (arrows). B. Zoomedin section showing a fibrocartilaginous enthesis (mechanically significant attachment) mediated by
fascicular tissue (arrows) on the triquetrum (Tq). The tidemark (dotted line) is the transitional zone
between the uncalcified and calcified fibrocartilage. C. Zoomed-in section showing a mechanically
significant attachment mediated by fascicular tissue (arrows) on the capitate (C). The fascicular
configuration is gradually replaced by uncalcified fibrocartilage followed by calcified fibrocartilage
and separated by the tidemark (dotted line). Modified Masson’s Trichrome stain (Fogg, 2004).
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The mean indexed enthesial bone areas of the vast majority of the studied
ligaments (Table 4.3) were found to be significantly greater than the mean indexed
capsular enthesial bone areas (0.24 ± 0.06mm2/mm; p < 0.05). However, a few
exceptions will be detailed below.

2

Mean Indexed Enthesial Bone Area (mm /mm)
Ligament

Type I

Type II

pTqH

Tq*
H

0.42 ± 0.27
0.48 ± 0.40

0.58 ± 0.20
0.59 ± 0.31

pCH

C
H*

0.50 ± 0.29
0.36 ± 0.21

0.64 ± 0.13
1.39 ± 0.12

TqHC

Tq*
H*
C*

0.84 ± 0.35
0.22 ± 0.16
0.53 ± 0.12

0.53 ± 0.30
0.53 ± 0.08
0.36 ± 0.14

LTq

L
Tq

0.37 ± 0.12
0.53 ± 0.33

0.46 ± 0.10
0.59 ± 0.13

pRLTq

R*
L*
Tq

0.93 ± 0.73
0.43 ± 0.05
0.64 ± 0.09

0.43± 0.12
0.92 ± 0.02
1.42 ± 0.32

R*
Tq

0.38 ± 0.07
1.29 ± 0.22

0.88 ± 0.18
0.97 ± 0.16

Tq
C

0.51 ± 0.18
0.69 ± 0.12

0.67 ± 0.16
0.54 ± 0.22

RSCTq:
RSTq
TqHC

Table 4.3: Mean indexed enthesial bone areas (± standard deviation) of the palmar ligaments
around the triquetrum-hamate joint. (*) Indicates a statistically significant difference between the
mean indexed enthesial bone areas of type I and type II wrists. pTqH = palmar triquetrum-hamate
ligament, pCH = palmar capitate-hamate ligament, TqHC = triquetrum-hamate-capitate ligament,
pRLTq = palmar radius-lunate-triquetrum ligament, LTq = lunate-triquetrum ligament, RSCTq =
radius-scaphoid-capitate complex, RSTq = radius-scaphoid-triquetrum ligament, Tq = triquetrum, H
= hamate, C = capitate, L = lunate, R = radius and S = scaphoid.
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4.4.2.1 Palmar Triquetrum-Hamate Ligament
The pTqH was predominantly identified as a discrete ligamentous structure
with fibrocartilaginous entheses (Figure 4.10).

Figure 4.10: The palmar triquetrum-hamate ligament (pTqH). A. In this micrograph the pTqH of
a type I wrist identified embedded within a loose connective tissue (arrows) and attached with a
fibrocartilaginous enthesis to the triquetrum (Tq) and hamate (H). B. This micrograph shows the
pTqH of a type II wrist attached to a thicker enthesial bone areas (arrows) in comparison with
pTqH of type I wrist. Modified Masson’s Trichrome stain (Fogg, 2004).
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The pTqH of type I wrists had a statistically significant smaller mean
indexed triquetrum enthesial bone area (0.42 ± 0.27 mm2/mm) than that of type II
wrists (0.58 ± 0.20 mm2/mm; p < 0.05) (Figure 4.11). Conversely, there was no
significant difference determined between the mean indexed enthesial bone areas
on the hamate of pTqH of type I wrists (0.48 ± 0.40 mm2/mm) and pTqH of type II
wrists (0.59 ± 0.31 mm2/mm; p > 0.05).

Figure 4.11: Mean indexed palmar triquetrum-hamate ligament (pTqH) enthesial bone area of
type I and type II wrists. Statistically significant difference (p = 0.03) is indicated by (*). Tq =
triquetrum and H = hamate.

4.4.2.2 Palmar Capitate-Hamate Ligament
The pCH was predominantly identified as a discrete ligamentous structure
with fibrocartilaginous entheses (Figure 4.12). However, there was no statistically
significant difference found between the pCH mean indexed capitate enthesial
bone areas of type I wrists (0.50 ± 0.29 mm2/mm) and that of type II wrists (0.64 ±
0.13 mm2/mm; p > 0.05) (Figure 4.13). Conversely, the pCH of type I wrists had a
statistically significant smaller mean indexed hamate enthesial bone area (0.36 ±
0.21 mm2/mm) than that of type II wrists (1.39 ± 0.12 mm2/mm; p < 0.05).
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Figure 4.12: The palmar capitate-hamate ligament (pCH). A. In this micrograph the pCH of a
type I wrist identified embedded within a loose connective tissue (arrows) and attached with a
fibrocartilaginous enthesis to the capitate (C) and hamate (H). B. This micrograph shows the pCH
of a type II wrist attached to a thicker enthesial bone areas (arrows) in comparison with pCH of
type I wrist. Modified Masson’s Trichrome stain (Fogg, 2004).

Figure 4.13: Mean indexed palmar capitate-hamate ligament (pCH) enthesial bone area of
type I and type II wrists. There was statistically significant difference between the mean indexed
enthesial bone thickness on the hamate of type I and type II wrists (p = 0.00002). C= capitate and H
= hamate.
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4.4.2.3 Triquetrum-Hamate-Capitate Ligament
The TqHC was predominantly identified as a discrete ligamentous structure
with fibrocartilaginous entheses on both the triquetrum and capitate. However, a
fascicular tissue did not consistently mediate the hamate attachment area
(mechanically insignificant enthesis). Eighty percent of TqHC within type I wrists
were not identified with a fascicular hamate attachment; hence, the ligament was
making a sling over the hamate while extending between the triquetrum and the
capitate (Figure 4.14 A). In contrast, 20% of TqHC within type I wrists and the
entire type II wrists sample were observed attached to the hamate by fascicular
tissue (Figure 4.14 B and C).
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Figure 4.14: The triquetrum-hamate-capitate ligament (TqHC). A. In this micrograph the TqHC
of a type I wrist, mechanically significant attachments on the triquetrum (Tq) and capitate (C) are
identified. The hamate (H) attachment (dotted line) is mediated by irregular tissue (mechanically
insignificant attachment). B. This micrograph shows the TqHC of a type I wrist with a mechanically
significant hamate attachment (arrows) in addition to the mechanically significant triquetrum and
capitate attachments. C. A micrograph of TqHC of a type II wrist showing that the hamate enthesis
is mediated by radial (arrows) and ulnar (arrow heads) fascicular tissue; hence, it is attached to a
greater bone area that that of type I wrists. Modified Masson’s Trichrome stain (Fogg, 2004).
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The TqHC of type I wrists had a statistically significant greater mean
indexed triquetrum enthesial bone area (0.84 ± 0.35 mm2/mm) than that of type II
wrists (0.53 ± 0.30 mm2/mm). Conversely, the hamate attachment (when present)
of TqHC within type I wrists had a statistically significant smaller mean indexed
triquetrum enthesial bone area (0.21 ± 0.16 mm2/mm) than that of type II wrists
(0.52 ± 0.08 mm2/mm; p < 0.05) which is also significantly smaller than the mean
indexed capsular enthesial bone area (0.24 ± 0.06 mm2/mm; p < 0.05). In addition,
the TqHC of type I wrists had a statistically significant greater mean indexed
capitate enthesial bone area (0.53 ± 0.12 mm2/mm) than that of type II wrists
(0.36 ± 0.14 mm2/mm; p < 0.05) but it was not statistically different from the mean
indexed capsular enthesial bone area (p > 0.5) (Figure 4.15).

Figure 4.15: Mean indexed triquetrum-hamate-capitate ligament (TqHC) enthesial bone area
of type I and type II wrists. There were statistically significant differences (*) between triquetral
(Tq, p = 0.04), hamate (H, p = 0.0004) and capitate (C, p = 0.01) mean indexed enthesial bone
areas of type I and type II wrists.
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4.4.2.4 Lunate-Triquetrum Ligament
The LTq was predominantly identified as a discrete ligamentous structure
with fibrocartilaginous entheses without any major structural differences between
type I and type II wrists (Figure 4.16). There was no statistically significant
difference found between the LTq mean indexed lunate enthesial bone areas of
type I wrists (0.37

± 0.12 mm2/mm) and that of type II wrists (0.46 ± 0.10

mm2/mm; p > 0.05). Similarly, there was no statistically significant difference
determined between the LTq mean indexed triquetrum enthesial bone areas of
type I wrists (0.53

± 0.33 mm2/mm) and that of type II wrists (0.59 ± 0.13

mm2/mm; p > 0.05) (Figure 4.17).

Figure 4.16: The lunate-triquetrum (LTq). A. In this micrograph the LTq of a type I wrist is attached
with a fibrocartilaginous enthesis to the lunate (L) and triquetrum (Tq). B. This micrograph of a type
II wrist shows a segmental ligamentous attachment between the radius (R) and lunate as well as
between the lunate and triquetrum, which is usually represented by a continuous attachment in the
form of palmar radius-lunate-triquetrum ligament. Modified Masson’s Trichrome stain (Fogg, 2004).
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Figure 4.17: Mean indexed lunate-triquetrum ligament (LTq) enthesial bone area of type I and
type II wrists. There were no statistically differences between the mean indexed enthesial bone
thickness of type I and type II wrists (p > 0.05). L= lunate and Tq = Triquetrum.

4.4.2.5 Palmar Radius-Lunate-Triquetrum Ligament
The pRLTq was predominantly identified as a discrete ligamentous
structure with fibrocartilaginous entheses on both the radius and triquetrum.
However, fascicular tissue did not consistently mediate the lunate attachment
area. Forty percent of pRLTq within type I wrists was not identified with a fascicular
lunate attachment; hence, the ligament was making a sling over the lunate while
extending between the radius towards the triquetrum (Figure 4.18A). Sixty percent
of pRLTq within type I wrists and the entire type II wrists sample were observed
attached to the lunate by fascicular tissue (Figure 4.18B).
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Figure 4.18: The palmar radius-lunate-triquetrum (pRLTq). A. In this micrograph the pRLTq of
a type I wrist is wrapped with a loose connective tissue (arrows) and attached with a
fibrocartilaginous enthesis to the radius (R) and triquetrum (Tq). However, the ligamentous
fascicles are abutting the lunate (L) to which it is attached by a loose irregular tissue (dotted line).
B. A micrograph of pRLTq of a type II wrist showing that the lunate enthesis is mediated by radial
(arrows) and ulnar (arrow heads) fascicular tissue in addition to the fibrocartilaginous attachment
to the radius and triquetrum. Modified Masson’s Trichrome stain (Fogg, 2004).

The pRLTq of type II wrists had a statistically significant greater mean
indexed lunate enthesial bone area (0.92 ± 0.02 mm2/mm) than that of type I
wrists (0.43 ± 0.05 mm2/mm; p < 0.05). Conversely, there was no significant
difference between the pRLTq mean indexed triquetrum enthesial bone areas of
type I (0.64 ± 0.09 mm2/mm) and type II wrists (1.42 ± 0.32 mm2/mm; p > 0.05)
(Figure 4.19).
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Figure 4.19: Mean indexed palmar radius-lunate- triquetrum ligament (pRLTq) enthesial bone
area of type I and type II wrists. Statistically significant difference (p = 0.000001) is indicated by
(*). R = radius, L = lunate and Tq = triquetrum.

4.4.2.6 Radius-Scaphoid-Capitate-Triquetrum Complex:
The RSCTq complex was identified composed of multiple bands that are
entirely separated from each other by loose connective tissue and ensheathed
individually within the epiligament (Figure 4.20).
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Figure 4.20: Histological identity of the radius-scaphoid-capitate-triquetrum complex
(RSCTq). A. A gross photograph of the specimen showing the ligamentous bands of the RSCTq
adjacent to the palmar radius-lunate-triquetrum ligament (pRLTq) and the lunate-triquetrum
(LTq) ligament enclosed within covering sheaths. Arrows indicate the imaginary line for tissue
sectioning in B. B. This micrograph shows the ligamentous bands cut in a cross section and
ensheathed within the epiligament (arrows) and embedded in loose connective tissue. Modified
Masson’s Trichrome stain (Fogg, 2004). R = radius, U = ulna, S = scaphoid, L = lunate, Tq =
triquetrum, C = capitate, H = hamate, pTqH = palmar triquetrum-hamate ligament, pCH = palmar
capitate-hamate ligament, RSC = radius-scaphoid-capitate ligament, RSTq = radius-scaphoidtriquetrum ligament and TqHC = triquetrum-hamate-capitate ligament.
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The RSTq band of the RSCTq was predominantly identified with
fibrocartilaginous entheses on both the radius and triquetrum. This ligament was
only attached to the scaphoid with a loose irregular connective tissue (Figure
4.21). However, the RSTq of type II wrists had a statistically significant greater
mean indexed radius enthesial bone area (0.88 ± 0.18 mm2/mm) than that of type
I wrists (0.38 ± 0.07 mm2/mm; p < 0.05). Conversely, there was no significant
difference determined between the mean indexed RSTq triquetrum enthesial bone
areas of type I (1.29 ± 0.22 mm2/mm) and type II wrists (0.97 ± 0.16 mm2/mm; p >
0.05) (Figure 4.22).

Figure 4.21: The radius-scaphoid-triquetrum band of the radius-scaphoid-capitate complex
(RSCTq (RSTq)). A. In this micrograph the RSCTq (RSTq) of a type I wrist has mechanically
significant attachment on the radius (R) and triquetrum (Tq) but attached by loose irregular tissue
(dotted line) to the scaphoid (S). B. A micrograph of RSCTq (RSTq) of a type II wrist showing a
similar pattern of attachments to that of type I wrist. Modified Masson’s Trichrome stain (Fogg,
2004). C = capitate.
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Figure 4.22: Mean indexed radius-scaphoid-triquetrum band of the radius-scaphoid-capitate
complex (RSCTq (RSTq)) enthesial bone area of type I and type II wrists. Statistically significant
difference (p = 0.0002) is indicated by (*). R = radius and Tq = triquetrum.

On the other hand, the TqHC band of the RSCTq was predominantly
identified with fibrocartilaginous entheses on both the triquetrum and capitate. This
ligament was only attached to the hamate with a loose irregular connective tissue
and made a sling over the hamate. However, there was no significant difference
determined between the mean indexed TqHC triquetrum enthesial bone areas of
type I (0.51 ± 0.18 mm2/mm) and type II wrists (0.67 ± 0.16 mm2/mm; p > 0.05).
Similarly, there was no significant difference determined between the mean
indexed TqHC capitate enthesial bone areas of type I (0.69 ± 0.12 mm2/mm) and
type II wrists (0.54 ± 0.22 mm2/mm; p > 0.05).
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Figure 4.23: Mean indexed triquetrum-hamate-capitate band of the radius-scaphoid-capitatetriquetrum ligament (RSCTq (TqHC)) enthesial bone area of type I and type II wrists. There were
no statistically differences between the mean indexed enthesial bone thickness of type I and type II
wrists (p > 0.05). Tq = triquetrum and C = capitate.

4.4.3 Individual Ligamentous Attachments on the Triquetrum and Hamate
Regarding the overall ligamentous attachments on the triquetrum, different
relationships have been determined between the mean indexed enthesial bone
areas of the various ligamentous attachments within type I and type II wrists
(Figure 4.24 and 4.25). The triquetrum of type I wrists had the greatest mean
indexed enthesial bone area exhibited by the RSCTq (RSTq) which was
significantly greater than all other ligamentous attachments on the triquetrum (p <
0.5). Moreover, the pRLTq and TqHC mean triquetrum enthesial bone areas were
not significantly different (p > 0.5) but both were significantly greater than that of
pTqH (p < 0.5). There were no other statistically different relationships determined.
Conversely, the triquetrum of type II wrists had the greatest mean indexed
enthesial bone area exhibited by the pRLTq which was significantly greater than
that of pTqH (p < 0.5). There were no other statistically different relationships
determined (p > 0.5) (Figures 4.26 and 4.26).
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Figure 4.24: Variable ligamentous attachments on the triquetrum of a type I wrist. A. A gross
specimen photo showing the ligamentous arrangements around the triquetrum-hamate joint. The
box marks the contents of the histologically investigated block in B. B. This micrograph shows that
the extremely positioned palmar triquetrum-hamate ligament (arrow) is no more than a thickened
capsular tissue. It is devoid from any fascicular organisation that a ligament exhibits and also
attached to a thin rim of cortical bone on the triquetrum (Tq). The palmar triquetrum-hamate ligament
(pTqH), the palmar radius-lunate-triquetrum ligament (pRLTq) and the radius-scaphoid-capitatetriquetrum complex (RSCTq) were composed of parallel fascicular tissue and separated from each
other by a loose irregular tissue (dotted lines). Modified Masson’s Triqchrome stain (Fogg, 2004). R
= radius, U = ulna, L = lunate, C = capitate, H = hamate, RSTq = radius-scaphoid-triquetrum
ligament, TqHC = triquetrum-hamate-capitate ligament and * = extremely positioned palmar
triquetrum-hamate ligament.
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Figure 4.25: Variable ligamentous attachments on the triquetrum of a type II wrist. A. A
gross specimen photo showing the ligamentous arrangements around the triquetrum-hamate joint.
The box marks the contents of the histologically investigated block in B. B. This micrograph shows
that the palmar triquetrum-hamate ligament (pTqH), triquetrum-hamate-capitate ligament (TqHC),
the radius-scaphoid-triquetrum band of the radius-scaphoid-capitate-triquetrum complex (RSCTq
(RSTq)) and the palmar radius-lunate-triquetrum ligament (pRLTq) were composed of parallel
fascicular tissue and separated from each other by a loose irregular tissue (arrows). They are also
attached to a variable thickness of enthesial bone. Modified Masson’s Triqchrome stain (Fogg,
2004). R = radius, U = ulna, L = lunate, Tq = triquetrum, P = pisiform, C = capitate, H = hamate,
pCH= palmar capitate-hamate ligament and RSC = radius-scaphoid-capitate ligament.
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Figure 4.26: Mean indexed ligamentous enthesial bone areas on the triquetrum of type I and
type II wrists. pTqH = palmar triquetrum-hamate ligament, TqHC = triquetrum-hamate-capitate
ligament, pRLTq = palmar radius-lunate-triquetrum ligament, LTq = lunate-triquetrum ligament,
RSCTq = radius-scaphoid-capitate complex and RSTq = radius-scaphoid-triquetrum ligament.
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Figure 4.27: Mean indexed ligamentous enthesial bone areas on the triquetrum of type I and
type II wrists. There were statistically significant differences (*) between the mean triquetral
enthesial bone areas of the palmar triquetrum-hamate ligament (pTqH, p = 0.03) and the triquetrumhamate-capitate ligament (TqHC, p = 0.04) of type I and type II wrists. LTq = lunate-triquetrum
ligament, pRLTq = palmar radius-lunate-triquetrum ligament, RSCTq = radius-scaphoid-capitate
complex and RSTq = radius-scaphoid-triquetrum ligament.

The overall ligamentous attachments on the hamate showed different
relationships between the mean indexed enthesial bone areas determined by the
type of the wrist (Figures 4.28 and 4.29). The hamate of type I wrists had the
greatest mean indexed enthesial bone area exhibited by the pTqH but it was not
significantly different from the other ligamentous attachments on the hamate (p >
0.5). There were no other statistically different relationships determined within type
I wrist specimens (p > 0.5). In contrast, the hamate of type II wrists had the
greatest mean indexed enthesial bone area exhibited by the pCH which was
significantly greater than that of pTqH and TqHC (p < 0.5). However, there was no
statistically significant difference between the mean hamate enthesial bone area of
pTqH and that of the TqHC (Figures 4.30 and 4.31; p > 0.5).
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Figure 4.28: Variable ligamentous attachments on the hamate of a type I wrist. A. A gross
specimen photo showing the ligamentous arrangements around the triquetrum-hamate joint.
The box marks the contents of the histologically investigated block in B. B. This micrograph
shows that the extremely positioned palmar triquetrum-hamate ligament (arrow) is no more than
a thickened capsular tissue. It is devoid of any fascicular organisation that a ligament exhibits
and also attached to a thin rim of cortical bone on the hamate (fibrocartilaginous). The palmar
triquetrum-hamate ligament (pTqH) and the palmar capitate-hamate (pCH) are composed of
parallel fascicular tissue and attached to a different thickness of enthesial bone of the hamate.
The triquetrum-hamate-capitate band of the radius-scaphoid-capitate-triquetrum complex
(RSCTq (TqHC)). Modified Masson’s Trichrome stain (Fogg, 2004). R = radius, U = ulna, L =
lunate, Tq = triquetrum, C = capitate, RSTq= radius-scaphoid-triquetrum ligament, RSC =
radius-scaphoid- capitate ligament, TqHC = triquetrum-hamate-capitate ligament, pRLTq =
palmar radius-lunate-triquetrum ligament and * = extremely positioned palmar triquetrumhamate ligament.
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Figure 4.29: Variable ligamentous attachments on the hamate of a type II wrist. A. A gross
specimen photo showing the ligamentous arrangements around the triquetrum-hamate joint.
The box marks the contents of the histologically investigated block in B. B. This micrograph
shows that the palmar triquetrum-hamate ligament (pTqH), the palmar capitate-hamate (pCH)
and the triquetrum-hamate-capitate ligament (TqHC) composed of parallel fascicular tissue and
attached to a different thickness of enthesial bone of the hamate (fibrocartilaginous). They are
also attached to a variable thickness of enthesial bone. Modified Masson’s Triqchrome stain
(Fogg, 2004). R = radius, U = ulna, L = lunate, Tq = triquetrum, P = pisiform, C = capitate,
RSTq= radius-scaphoid-triquetrum ligament, RSC = radius-scaphoid- capitate ligament, TqHC =
triquetrum-hamate-capitate ligament and pRLTq = palmar radius-lunate-triquetrum ligament.
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Figure 4.30: Mean indexed ligamentous enthesial bone areas on the hamate of type I and
type II wrists. pTqH = palmar triquetrum-hamate ligament, pCH = palmar capitate-hamate ligament
and TqHC = triquetrum-hamate-capitate ligament.

Figure 4.31: Mean indexed ligamentous enthesial bone areas on the hamate of type I and
type II wrists. There were statistically significant differences (*) between the mean hamate
enthesial bone areas of the palmar capitate-hamate ligament (pCH, p = 0.00002) and the
triquetrum-hamate-capitate ligament (TqHC, p = 0.0004) of type I and type II wrists. pTqH = palmar
triquetrum-hamate ligament.

The ligamentous attachments around the TqHJ within type I and type II
wrists were variable and so was the enthesial bone thickness. However, type II
wrists were identified with significantly greater mean indexed enthesial bone areas
of major ligaments than that of type I wrists (Figure 4.32, p < 0.5).
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Figure 4.32: Schematic representation of the statistically significant different mean
indexed enthesial bone areas of the palmar ligamentous attachment around the TqHJ
within type I and type II wrists. A. A 3D model of type I wrist showing the relative relationship
of the mean indexed enthesial bone areas of the palmar ligaments around the TqHJ in
comparison with that of type II wrist. B. A 3D model of type II wrist showing the relative
relationship of the mean indexed enthesial bone area of the palmar ligaments around the TqHJ
in comparison with that of type I wrist. Regardless the actual value of the mean indexed
enthesial bone area for each ligament, this figure represents how an attachment in type I wrist
can be statistically greater (big circle) or smaller (small circle) than that of type II wrist where
each particular attachment in one model is significantly different than that in the other model.
Green = Palmar triquetrum-hamate ligament, brown = palmar capitate-hamate ligament, yellow
= triquetrum-hamate-capitate ligament, red = radius-scaphoid-triquetrum band of the radiusscaphoid-capitate-triquetrum complex, R = radius, U = ulna, S = scaphoid, L = lunate, Tq =
triquetrum, Tm = trapezium, Td = trapezoid, C = capitate and H = hamate.
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4.5 Discussion
The ligaments of the wrist have a complex structure and variable patterns
that hinder their isolation and identification (Berger, 1996a; Berger, 1997b; Feipel
and Rooze, 1999a; Kijima and Viegas, 2009; Al Saffar, 2012). Another hindrance
is the subjectivity of the macroscopic examination of the ligaments of the wrist as
the structures are often indistinguishable from each other without destructive
intervention (Fogg, 2004; Al Saffar, 2012). Inability to distinguish between the
ligamentous and capsular tissue has been a source of inconsistency and debate
(Benjamin and Ralphs, 1997; Feipel and Rooze, 1999a; Fogg, 2004).
Inconsistency and subjectivity between investigators are inevitable unless a
standard approach is adopted. In addition, histological analyses are able to further
explore the ligamentous structures efficiently. The macroscopically indistinct
structures are made histologically distinguishable (Fogg, 2004). Different tissue
compositions of various structures are histologically apparent with specific staining
techniques; this helps in confirming the macroscopic observations towards
consistent and reliable results. The current study depends on identifying the
ligamentous structures according to their histological composition of fascicular
tissue. Quantification of the length of ligamentous structures was made by
measuring the superficial fascicles within the tissue section from end to end where
ligamentous tissue is distinctive from the enthesial fibrocartilage at the level of the
tidemark (Figure 4-5A). Accordingly, the current study showed that the mean
ligamentous length obtained from histological sections were similar to that
obtained from the microscribe method without significant differences (p > 0.05).
This further confirms the reliability of the microscribe method as a quantitative tool
that is comparable to digital quantitative analyses. Furthermore, the current results
demonstrate the mechanically significant enthesial areas of the investigated
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ligaments, suggesting prominent roles in wrist biomechanics. Ligamentous
attachment was identified based upon the tissue mediating the bone attachment.
An attachment mediated by a fascicular tissue indicates an enthesis with a
significant role in joint kinematics whereas ligamentous attachment by an irregular
tissue refers to an enthesis with a minor role in joint kinematics (Benjamin and
Ralphs, 1998; Benjamin et al., 2004; Benjamin et al., 2006). As a result, the
histologic findings of the current study support previous work in establishing a
mechanically based definition of ligaments (Benjamin and Ralphs, 1997; Benjamin
and Ralphs, 2001; Fogg, 2004; Al Saffar, 2012). Through this ligaments can be
reproducibly identified and measured; hence, obtaining a detailed objective
description.

Previous reports relied upon macroscopic description of the ligamentous
attachment sites (Taleisnik, 1976; Berger and Landsmeer, 1990; Stuchin, 1992;
Feipel and Rooze, 1997; Berger, 2001a; Nakamura et al., 2001; Viegas, 2001b).
Ligaments were described spanning over multiple bones with questionable
attachments so the exact structure of the underlying attachments have been
uncertain (Berger, 1997b; Berger, 2001a; Fogg, 2004; Al Saffar, 2012). Moreover,
debates about the existence of a particular ligament or a specific attachment have
been also raised (Mayfield, 1984a; Burgess, 1990; Viegas et al., 1995; Berger,
2001a; Nakamura et al., 2001; Kijima and Viegas, 2009; Al Saffar, 2012). The
current study adds a quantitative value to the concept of the mechanical basis of
ligamentous structures with detailed identification of the cortical bone thickness
that was demonstrated to reflect the functional role of the entheses (Benjamin et
al., 1991).
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Apart from a few specimens with a pTqH variant with an extreme palmar
position that identified as a thickened capsule, all the investigated ligaments
showed a ligamentous structure composed of parallel fascicular arrangements
with variable attachment patterns. The joint capsule is composed of dense
irregular connective tissue that is devoid of the mechanically-arranged tissue
specialisation that occurs as a result of force transmission and load bearing
(Berger, 1996b; Berger, 1997b; Feipel and Rooze, 1997; Francois et al., 2001). As
a result, when a thickening of the joint capsule is not accompanied by a change in
histological structure (irregular to regular) the thickening cannot be assumed to
provide specific mechanical resistance in a particular direction (Benjamin et al.,
1986; Benjamin and Ralphs, 1997; Canoso, 1998; Fogg, 2004; Schlecht, 2012).

It has been suggested that variable configuration of morphologically
different carpal bones possibly account for different soft-tissue constraints, joint
loading, and therefore different motion and variable pathomechanical patterns
(Bellinghausen et al., 1983; Blair et al., 1989; Alexander et al., 1990; Werner et al.,
1997; Camus et al., 2004; Trail et al., 2007; Bain et al., 2009; Benjamin et al.,
2009). The hamate of type I wrists have been suggested to exhibit rotation and
translation as the predominant motion which is restricted in type II wrists.
Accordingly, type II wrists articulation permits the hamate to move in a flexionextension plane (Galley et al., 2007; McLean et al., 2009b). The current study
confirms what was suggested regarding the variable functional behaviour of the
hamate according to variable bony configuration and associated tissue constraints.
The palmar ligamentous arrangement around the TqHJ was identified by the
current study with distinctive patterns separating the sample population into two
main identifiable groups based upon the lunate type. Furthermore, histological
analyses in the current study further supported those observations by identifying
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and differentiating between the mechanical structures of each enthesis. As a
result, two distinct patterns of hamate movements are expected within the sample
population. This confirms what was suggested in the literature regarding the effect
of the lunate articulation on the motion of particular carpal bones (Burgess, 1990;
Fogg, 2004; McLean et al., 2009b). As radial and ulnar deviation principally occurs
at the MCJ (Bain et al., 2015), the kinematic behaviour of carpal bones and their
ligamentous support during radial and ulnar deviation only are discussed in the
thesis.

Being a characteristic variant of type II wrists, the pTqH showed a
significantly greater enthesial bone thickness on the triquetrum than that of type I
wrists. Accordingly, the triquetrum of a type II wrist is capable of bearing more
loads transmitted through pTqH than that of a type I wrist. Also, the pCH within
type II wrists had attached to a greater enthesial bone thickness on the hamate
than that of type I wrists. These observations are suggestive of the rotational and
non-rotational models of the hamate motion patterns. Basically, type I wrists
exhibit no pTqH attachment or pTqH with a significantly smaller triquetrum
enthesial bone area than type II wrists. This implies that when the pCH becomes
taut during radial deviation, it facilitates external rotation of the hamate aided by
the absence of pTqH or a less mechanically efficient hamate attachment.
Conversely, both pCH and pTqH are lax during ulnar deviation, which facilitates
the internal rotation of the hamate.

The presence of a pTqH and pCH within type II wrists attaching to
significantly greater triquetrum and hamate enthesial bone areas, respectively,
suggests greater ligament load in a different pattern of motion. As a result, these
ligaments transmit more force, therefore are more actively loaded and restrict the
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rotational movement of the hamate and allows for flexion-extension motion. These
movement patterns are supported by kinematic data in the reviewed literature (de
Lange et al., 1985; Sennwald et al., 1993a; Kobayashi et al., 1997b; Nakamura et
al., 1997; Moojen et al., 2002; Moojen et al., 2003; Nikolopoulos et al., 2011; Garg
et al., 2014; Hillstrom et al., 2014). This implies that when the pCH is taut during
radial deviation, the external rotation of the hamate is restricted by the presence of
the lunate articulation within type II wrists and the opposed force exerted by a taut
pTqH, preventing rotation. This suggests that flexion is the predominant hamate
movement during radial deviation of type II wrist. Accordingly, extension is
suggested to be the predominant hamate movement during ulnar deviation of type
II wrist.

The variability between the ligamentous structures of the TqHC within type I
and type II wrists further supported the existence of two patterns of hamate
motion. The TqHC was identified as a sling–like structure in type I wrists, while it
was attached to the hamate by fascicular (mechanically significant) tissue in type II
wrists. This hamate enthesis was also attached to a significantly greater cortical
bone area in type II wrists. The TqHC within type I wrists was not consistently
isolated with a mechanically significant hamate attachment. Some type I wrists
were identified with a TqHC that was attached to a significantly smaller bone area
on the hamate. In other type I wrists, the TqHC was attached to thinner hamate
cortical bone or had no hamate attachment at all; this facilitates the rotational
movement of the hamate by acting like a sling or pulley within which the hamate is
placed. During radial deviation, the taut TqHC is suggested to have a role in
preventing flexion of the hamate by acting like a strap to limit the palmar
movement of the hamate. The areas of greater enthesial bone attachment best
explain this. The TqHC within type I wrists has been identified attaching to
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significantly greater bone area on both the triquetrum and the capitate. This
implies that greater force is transmitted towards the triquetrum and the capitate
than that of the hamate. Accordingly, whenever the TqHC is taut it limits the
palmar projection and facilitates external rotation of the hamate during radial
deviation of the wrist. Conversely, when the TqHC is lax, it acts as a pulley to
passively generate an internal rotational movement of the hamate during ulnar
deviation of the wrist, as the triquetrum and the capitate are moving in relation to
each other.

On the other hand, the TqHC within type II wrists was found consistently
attached to significantly larger bone area on the hamate compared with that in
type I wrists. In addition, the lunate has been demonstrated to move in an ulnar
direction in radial deviation and vice versa (Volz et al., 1980). This implies that this
ligament may play a role in restricting the rotational movement of the hamate as
the medial hamate facet of the lunate acts as a locking mechanism of further
hamate rotational movement. During radial deviation of the wrist, full-range tension
in this ligament may prevent hamate dislocation from the lunate to which it also
articulates; hence passive flexion of the hamate towards a neutral position is
expected. Conversely, the TqHC becomes lax during ulnar deviation of the wrist,
which facilitates hamate extension aided by the pCH. Also, the pTqH attachment
and the mechanically significant hamate attachment of the TqHC restrict further
internal rotation of the hamate.

These suggestions about the existence of two distinct hamate motions
within type I and type II wrists run parallel to what was suggested regarding
scaphoid motion (Fogg, 2004). Basically, the STmTd and pSC ligaments are
mirror images of the pTqH and the TqHC (Taleisnik, 1988; Berger, 2001b; Gheno
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et al., 2010). The current study provided details about the anatomy of the pTqH
and the TqHC variants that match the description detailed in the literature
regarding the STmTd and pSC; hence they may exhibit the same kinematic
behaviour (Fogg, 2004).

The RSTq and TqHC parts of RSCTq together with pRLTq are mainly
radiocarpal ligaments and showed no significant differences between the
triquetrum or hamate enthesial bone areas within type I and type II wrists (Berger
and Landsmeer, 1990; Craigen and Stanley, 1995; Viegas et al., 1995; Berger,
1996a; Feipel and Rooze, 1997; Theumann et al., 2003; Kijima and Viegas, 2009;
Buijze et al., 2011). However, the pRLTq has been demonstrated to show low
insertional strength as much lower force is need to pull the lunate off the pRLTq
compared with the other ligamentous attachment sites (Mayfield et al., 1979). As a
result, most post-traumatic lunate stability occurs while the wrist is hyperextended
(Mayfield et al., 1979).

Identification of the ligamentous attachments over the surface of the bone
was not found proportional to the thickness of the enthesial bone that a ligament is
attached to. For example, the RSCTq (RSTq) was found occupying the smallest
percentile of the total ligamentous surface area on the triquetrum while it found
attached to the greatest enthesial bone area within type I wrists (Figure 4-26A).
However, the pRLTq was found occupying the greatest percentile of the total
ligamentous surface area on the triquetrum and attached to the greatest enthesial
bone area within type II wrists (Figure 4-26B). These observations suggest that the
enthesial bone thickness could represent the magnitude of force transmitted
through a ligament while the surface area of attachments may denote the direction
and angulation allowed for force transmission through an enthesis before a
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diversion towards the para-enthesial regions occurs. Further investigations are
needed to explore the association between the fibre orientation at the enthesis
level and the optimum force transmission angle of an enthesis.

This information may lead to better selection of ligaments for surgical
restoration, augmentation, or more appropriate sites for tissue transfers. However,
certain surgical procedures may alter the loading patterns leading to postoperative functional instability of the wrist (Benjamin et al., 2002; Gella et al.,
2015). This is because removal of carpal components and/ or fusion of others may
disturb the force transmission through regions with inappropriate cortical support.
Although adaptation of the bone to the increased loading may occur if force
transmission directed towards a region with insufficient bone thickness, it is most
likely a response of young healthy subjects (Belmonte-Serrano et al., 1993; Bailey
and Mansell, 1997; Young et al., 2002). Adaptation may fail with aging and
becomes unlikely with systemic arthritic disorders and hence a reconstructive wrist
surgery is highly recommended (Rogers and Watson, 1990; Pellegrini, 1992;
Belmonte-Serrano et al., 1993; Rothschild, 1996). Accordingly, it is suggested
through the current study that ‘’at risk’’ regions of the carpal bones in relation to the
habitual loading should be defined.

Mapping of the ‘’at risk’’ regions will allow for surgical consideration about
the best regions for force absorption and transmission (mechanically significant
entheses) and where force absorption and transmission is restricted (mechanically
insignificant entheses and capsular regions). This may assist in designing and
modifying certain surgical procedures according to the biomechanical properties of
the dysfunctional region. Moreover, the para-enthesial regions are likely to exhibit
an increased thickness of cortical bone, as the enthesial structures are unable to
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divert the force transmission away from the enthesial regions (Benjamin et al.,
2002). Accordingly, any force that is not directed towards the bone parallel to
ligamentous fibres through the enthesis is most likely applying a greater load on
the para-enthesial regions (Benjamin et al., 2002). Like the enthesial adaptation,
force transmission through the para-enthesial regions may be aided by the
presence of other structures such as fibrocartilage and bursae (Benjamin and
Ralphs, 1997). Thus, the more loading, the larger the fibrocartilage regions and
bursae would be (Benjamin and Ralphs, 1998). This suggests that understanding
the biomechanical loading of each joint and mapping the mechanically significant
regions in addition to the thickened para-enthesial areas is integral for better
management of carpal dysfunction. It is suggested that whenever a ligament is
torn, it is worth suturing the para-enthesial area in addition to a ligament repair.

A detailed histological demonstration of the microstructures is mandatory for
obtaining an insight about the mechanical structure a ligament is associated with.
However, different challenges have been encountered in histological tissue
preparation while conducting the current study. Successful paraffin sectioning is
largely dependent on a long process of histological tissue preparation (Russell,
2014; Russell et al., 2014). However, decalcification is one of the crucial steps in
preparing joint specimens for tissue sectioning (Prasad and Donoghue, 2013;
Sangeetha et al., 2013). It has been demonstrated that decalcification of large
joints is a challenging process (Prasad and Donoghue, 2013; Sangeetha et al.,
2013). Different decalcification agent and technique have been discussed in the
literature but no consensus has been reached about the best technique (Fogg,
2004; Prasad and Donoghue, 2013; Sangeetha et al., 2013; Russell et al., 2014).
Nevertheless, decalcification using EDTA has been identified with better results
than that of any decalcification agent (Prasad and Donoghue, 2013; Sangeetha et
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al., 2013). The current study provided comparison between accelerated and slow
decalcification and resulted in a similar conclusion. Although slow decalcification
using EDTA is a time consuming procedure, it yielded in superior and more
consistent results than the accelerated decalcification. Accelerated decalcification
using 9.5 % nitric acid resulted in more frequent enthesial breakage at the level of
the tidemark regardless which clearing agent was used (Figures 4.33A, 4.34A,
4.35A, 4.36A, 4.37A and 4.38A). Moreover, it was associated with tissue becoming
brittle upon sectioning; hence incomplete and broken sections were inevitable.
Conversely, slow decalcification using 12 % EDTA on smaller tissue blocks was
found superior to the accelerated decalcification in term of preserving the integrity
of the ligamentous attachments and the effectiveness of block sectioning (Figures
4.33B, 4.34B, 4.35B, 4.36B, 4.37B and 4.38B). Samples treated with EDTA
resulted in the best overall histological impression and the tissue integrity were
well preserved, which also reflected on the staining quality of the tissue. It should
be noted, however, that the EDTA processing took much longer, and therefore may
not be suitable for larger blocks. The blocks in the current study were of the
minimal thickness required to include a single ligament.

Another factor that may influence the quality of paraffin sectioning is the
efficacy of paraffin perfusion within the tissue. It has been demonstrated paraffin
perfusion into large joint samples or specimens with cavities is a technically
challenging process (Russell, 2014). Accordingly, vacuum embedding was highly
recommended for the preparation of such difficult specimens. It has been reported
that specimens processed with vacuum embedding showed an excellent full
perfusion of wax in every specimen (Russell, 2014). However, the time and the
temperature required for vacuum embedding in order to get ideal results are
variable according to each project. Tissue prepared according to the standard
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timing of the oven heat exposure was subject to thermal damage resulting in
losing the integrity of ligamentous structures and discontinuity of enthesial
fibrocartilage attachments (Figures 4.33, 4.35, 4.37). Reducing the oven time to
half was successful in preventing the enthesial breakage, while also allowing
sufficient wax perfusion (Figures 4.34, 4.36, 4.38). However, tissue sectioning was
at its best at 1 hour in the oven and another hour in the vacuum oven when
associated with slow decalcification and xylene exposure as in group F. The result
was well-defined sections with complete entheses and clear tissue details (Figure
4.38B). Accordingly, it is suggested that the protocol should be started at the half
timing for tissue oven and vacuum preparation; the time then may be altered
based upon the result of the initial specimens.

The current study also investigated the effect of the clearing agents on the
quality of the paraffin sectioning. Using amyl acetate as a clearing agent in tissue
preparation was associated with frayed sections that were hard to secure off the
block, and with poor tissue quality (Figures 4.33 and 4.34). Using chloroform as a
clearing agent was worse as it resulted in frequent cracking of the entheses at the
tidemark that hindered quantitative data collection (Figures 4.35 and 4.36). Using
xylene not only improved the tissue architecture and the ligamentous integrity but
also maintained the enthesial fibrocartilage continuity (Figures 3.37 and 3.38).
Smooth sections with preserved tissue integrity and excellent staining were
evident in samples treated with xylene. Accordingly, the best sections were
obtained when using slow decalcification in addition to xylene as a clearing agent.

The final impression led to the suggestion that EDTA decalcification,
reduced oven and vacuum embedding to half of the standard protocol together
with xylene treatment of specimens was associated with the best results. This
254

may be considered the best combination, at least for processing similar samples to
those investigated throughout the current study. Therefore, the entire investigation
within the current study was based upon identifications obtained from the tissue
sections of group F.

Figure 4.33: Histological sections using amyl acetate as a clearing agent and a standard
oven time (Group A). A. Accelerated decalcification resulted in fragmented sections and
detached entheses (arrows) with poor preservation of tissue architecture. B. Slow decalcification
showed better results in maintaining the integrity of tissue structure but the entheses were
completely pulled apart (arrows). The detached entheses in both A and B sections may be
attributed to thermal damage. Modified Masson’s Trichrome stain (Fogg, 2004). Tq = triquetrum, L
= lunate, H = hamate and C = capitate.
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Figure 4.34: Histological sections using amyl acetate as a clearing agent and half of the
standard oven time (Group B). A. Accelerated decalcification and reducing the oven time
maintained the integrity of the ligamentous structure but detached entheses (arrows) is a
problem. B. Slow decalcification and reducing the oven time showed better results in
maintaining the integrity of tissue structure but the entheses were partially pulled apart (arrows).
Modified Masson’s Trichrome stain (Fogg, 2004). Tq = triquetrum, L = lunate and H = hamate.
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Figure 4.35: Histological sections using chloroform as a clearing agent and the
standard oven time (Group C). A. Accelerated decalcification showed fragmented
ligamentous structure but the entheses were relatively intact except for a minor detachment
(arrows). B. Slow decalcification showed better results in term of maintaining the integrity of
tissue structure but the entheses were discontinuous and pulled apart (arrows). Modified
Masson’s Trichrome stain (Fogg, 2004). H = hamate and C = capitate.
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Figure 4.36: Histological sections using chloroform as a clearing agent and half of the
standard oven time (Group D). A. Accelerated decalcification and reducing the oven time
maintained the integrity of the ligamentous structure but detached entheses (arrows) still a
problem. B. Slow decalcification and reducing the oven time showed better results in term of
maintaining the integrity of tissue structure but the entheses were partially pulled apart (arrows).
Modified Masson’s Trichrome stain (Fogg, 2004). Tq, triquetrum, H = hamate, C = capitate, L =
lunate, S = scaphoid and R = radius.
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Figure 4.37: Histological sections using xylene as a clearing agent and the standard oven
time (Group E). A. Accelerated decalcification resulted in improved tissue architecture and the
ligamentous integrity was maintained except for minor enthesial detachments (arrows). B. Slow
decalcification showed better results in term of maintaining the integrity of tissue structure and
the continuity of the enthesial fibrocartilage attachment except for peripheral enthesial damage
(arrows). Modified Masson’s Trichrome stain (Fogg, 2004). Tq, triquetrum, L = lunate, S =
scaphoid, R = radius and H= hamate.
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Figure 4.38: Histological sections using xylene as a clearing agent and half of the
standard oven time (Group F). A. Accelerated decalcification and reducing the oven time
resulted in improved tissue architecture and the ligamentous integrity and enthesial
fibrocartilage continuity. Although enthesial structure was preserved, minor enthesial breakages
are obvious (arrows). B. Slow decalcification and reducing the oven time showed better results
in term of maintaining the integrity of ligamentous structure and the continuity of the enthesial
fibrocartilage attachment. This section represent the standard of tissue sections investigated in
the current study. Modified Masson’s Trichrome stain (Fogg, 2004). Tq= triquetrum, L = lunate, H
= hamate and C = capitate.
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Finally, the current study provided specific data and detailed descriptions
but a few limitations should be acknowledged. Despite demonstrating that the
reliability and reproducibility of digital quantification is comparable to the
microscribe method, this method may be subject to observer error. The likelihood
of error is largely assessed by repeated measures and their positive analyses, so
multiple observers and increased round numbers may increase confidence in the
results of future studies. Furthermore, this investigative method needs to be
applied to larger sample populations and to other ligaments before a complete,
anatomically well informed biomechanical investigation can be undertaken.
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4.6 Conclusions
A combination between macroscopic and microscopic investigations
allowed for a better understanding of the actual structure of the various TqHJ
ligamentous attachments. The histologic findings supported previous work in
establishing a mechanically based definition of ligament.

Two distinct patterns of ligamentous support have been identified. The type
I wrists showed ligamentous patterns that suggested that the hamate has a
predominant rotational movement during radial and ulnar deviation. The type II
wrists showed ligamentous patterns that suggested that the hamate has a
predominant flexion-extension movement during radial and ulnar deviation. The
rotational motion of the hamate of type II wrists may be limited by the wide
ligamentous attachments and deep articulation with the lunate.
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Chapter 5
Morphometric Quantification of the Palmar
Ligaments around the Triquetrum-Hamate
Joint during Radial-Ulnar Deviation
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5.1 Introduction
The ligaments of the wrist control the guiding and constraining behaviour of
carpal bone motion (Gheno et al., 2010). These unique movements happen
relative to the forearm, metacarpals and adjacent carpal bones (Berger, 2001a).
The ligaments of the wrist not only play major roles in equalising the constraints
but also stabilise the joint throughout its range of motion (Berger, 2001a).
However, the palmar ligaments of the wrist have been considered as the major
stabiliser of the wrist joint (Taleisnik, 1980; Berger and Landsmeer, 1990; Trail et
al., 2007). Disruption of the integrity of these ligaments may interfere with the
stability of the wrist joint as well as its functional properties leading to carpal
dislocations and late carpal collapse. Consequently, chronic wrist pain, disability
and osteoarthritis may develop (Mayfield et al., 1976; Mayfield, 1980).

The kinematic behaviour of each type of wrist is still to be understood
(Mayfield et al., 1979). Separating the sample population of the wrist according to
the lunate type in addition to the variable palmar ligamentous pattern around the
TqHJ suggest different carpal kinematics (Pfirrmann et al., 2002; Fogg, 2004;
Galley et al., 2007; Kijima and Viegas, 2009; Al Saffar, 2012). An extensive
investigation of the carpal kinematics of each wrist’s type is mandatory for a better
understanding of the wrist joint motion and the biomechanical properties of the
supporting ligaments. This also may allow for a better understanding of the
variable patterns of ligamentous attachments around the wrist that were described
in the literature (Kobayashi et al., 1997a; Kobayashi et al., 1997b; Gheno et al.,
2010).
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5.1.1 Kinematics of the Wrist Joint
The wrist joint has complex kinematic properties (Kauer, 1980; de Lange et
al., 1985; Feipel et al., 1994; Berger, 1996a; Burkhart et al., 2010). Carpal
functional models have explained the functional behaviour of global wrist motion
(Feipel et al., 1994). Accordingly, the carpal bones have been generally classified
into distinct groups depending upon potential alignments, which resulted in
subdividing the wrist into two functional models, the horizontal and vertical carpi
(Volz et al., 1980; Lichtman et al., 1981; Ruby et al., 1988; Feipel et al., 1994).

5.1.1.1 Horizontal Model Concept
The horizontal model relies upon dividing the carpal bones into proximal
and distal rows. The motion between individual bones of the proximal carpal row is
much more than that between the bones of the distal carpal row (Mayfield et al.,
1976; Taleisnik, 1976; Taleisnik, 1984; Berger, 1996a; Kijima and Viegas, 2009).
Accordingly, the distal carpal row works as a functional unit while the proximal
carpal row is described as an 'intercalated segment'; in other words, a chain of
connected, but individually mobile parts (Tang et al., 2002; Tang, 2008; Kijima and
Viegas, 2009). While the movement of the distal carpal row resembles the
movement of that of the hand, the proximal carpal row shows a unique movement
that is indirectly proportional to the hand motion and associated with out-of-plane
movements (Savelberg et al., 1993). It has been demonstrated that the distal
carpal row together with the second and third metacarpal bones represent a fixed
functional structure within the wrist while the proximal carpal row allows for a
greater intercarpal mobility (Lichtman et al., 1981; Ruby et al., 1988). Besides the
classical description of the carpal rows (Lichtman et al., 1981; Feipel et al., 1994),
different descriptions have been introduced into the literature (Figure 5-1). The
trapezium was suggested to be a part of the thumb column while the pisiform was
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demonstrated to be a sesamoid bone with a minor functional role in wrist
kinematics (Volz et al., 1980; Feipel et al., 1994). Another model was suggested
with the scaphoid lying in between the two carpal rows while stabilizing the
proximal carpal row (Figure 5-1B) (Macconaill, 1941; Mayfield et al., 1976;
Linscheid, 1986).

Figure 5-1: Horizontal carpal models (after Feipel et al., 1994). A. Lichtman et al. (1981)
provided the classic descriptive anatomy of the proximal (green) and distal (pink) carpal rows. B.
Lincheild (1986), MacConail (1941) and Mayfield et al. (1976) considered the scaphoid (S) as a
discrete entity connecting the two rows to each other. R = radius, U = ulna, L= lunate, Tq =
triquetrum, Tm = trapezium, Td = trapezoid, C = capitate and H = hamate.

5.1.1.2 Vertical Model Concept
The vertical functional model of the carpus was described with three
functional alignments of carpal bones (Kauer, 1986). Although the basic
components of this model depend on the concept that the proximal carpal row is
an intercalated segment mediating the movement through the entire wrist
columns, variable suggestions were proposed (Figure 5-2).
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Figure 5-2: Vertical carpal models (after Feipel et al., 1994). A. Destot et al. (cited by Taleisnik,
1976; 1980) described the classic anatomy of the vertical model composing of ulnar (green), central
(pink) and radial (violet) carpal columns. B. Navarro et al. (cited by Taleisnik 1976; 1980) reported
that the triquetrum (Tq) as a pivot of the wrist; hence the central column is extended to include the
hamate (H). C. Taleisnik (1976, 1980) described an extensive central column including the
trapezium (Tm), trapezoid (Td) and H in a ‘‘T’’ shaped configuration. R = radius, U = ulna, S =
scaphoid L= lunate and C = capitate.

Destot et al. described the classic concept as including the triquetrum and
hamate in the ulnar (rotational) column, the lunate and capitate in the central
(flexion-extension) column and the scaphoid, trapezium and trapezoid in the radial
(mobile) carpal column (Taleisnik, 1976; Taleisnik, 1980). Another suggestion by
Navarro et al. considered the triquetrum as a pivot with longitudinal rotation; hence
the hamate was included within the central column (Taleisnik, 1976; Taleisnik,
1980). Another vertical model has been also suggested, which restricted the
triquetrum as an internal pivot and the scaphoid into the ulnar and radial columns,
respectively. This model represents the central columns as a ‘T’ configuration
(Taleisnik, 1976; Taleisnik, 1980).
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5.1.1.3 Intermediate Model Concept
An intermediate model considering the horizontal cohesion between the
carpal rows as well as the longitudinal cohesion of the three carpal columns as
muscular force transmitters has been also suggested (Feipel et al., 1994). In
addition to this, apart from the rows and columns of the wrist, a model considering
a semi-annular structure surrounding the lunate was proposed (Feipel et al.,
1994). This model is based upon the carpal ligamentous anatomy as they are
arranged in palmar and dorsal V-shaped configurations supporting the lunate while
the contiguous carpal bones serve as a semi-annular structure around.

Although various model concepts have been reported and examined in the
literature, one single universal functional model could not be accepted as a
standard model (Taleisnik, 1976; Taleisnik, 1980; Kauer, 1986; Savelberg, 1992;
Feipel et al., 1994). This is attributed to the major inter-individual variations that
have been demonstrated regarding the carpal bone motion and ligamentous
behaviour (de Lange et al., 1985; Savelberg et al., 1992; Feipel et al., 1994).
However, morphologic and morphometric variation in carpal bones, sex, age and
level of physical activity have been considered as potential factors causing this
variability (Johnston, 1907b; Johnston, 1907a; Ateshian et al., 1992; Lazenby,
1994; Nakamura et al., 2001; Gupta and Al-Moosawi, 2002; Ceri et al., 2004;
Kivell et al., 2013). In addition, variability in ligamentous attachment might be held
responsible for kinematic behaviour variations.

The ligaments of the wrist have similar properties to that of other joints
(Berger, 1996a). However, variable patterns of ligamentous attachments have
been reported in the literature (Taleisnik, 1976; Smith, 1993b; Viegas et al., 1995;
Berger, 1997b; Feipel and Rooze, 1997; Al Saffar, 2012). In addition to this,
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different patterns have been correlated with variable types of carpal bone
morphology (Viegas et al., 1990b; Nakamura et al., 2001). Accordingly, different
modes of articulation and ligamentous attachments suggest different carpal
kinematics between variants. Also, a comprehensive knowledge of the kinematics
of the wrist joint is mandatory for diagnosis and management of various carpal
pathologies including wrist instability as well as degenerative changes (Watson et
al., 1986; Kijima and Viegas, 2009). There was a consensus on the correlation
between the degenerative changes development in the area affected by carpal
instability, wrist traumatic injuries or fractures and the exact site where pressure
and load increase (Viegas et al., 1987a; Short et al., 2007).

5.1.2 Relative Motion of the Carpal Bones
In general, the bones of the proximal and distal carpal rows move together
during wrist flexion-extension (Feipel et al., 1994). Also, the scaphoid tends to
supinate while the lunate tends to pronate during wrist extension and vice versa.
Collectively, the carpal bones show rotational movements during flexion of the
hand (wrist) that is proportional to the direction of the flexion (Berger et al., 1982;
de Lange et al., 1985; Ruby et al., 1988). However, a discrepancy has been
demonstrated between proximal and distal carpal row movement during radial and
ulnar deviation of the wrist (Berger et al., 1982; Ruby et al., 1988). The distal
carpal row exhibits rotational movements in the deviation direction while the
proximal carpal row shows flexion movement (out-of-plane motion) (de Lange et
al., 1985).

The bones of the proximal carpal row keep pace with the wrist motion
during radial-ulnar deviation. The proximal row bones palmar-flex and dorsiflex
during radial deviation and ulnar deviation, respectively; which is best referred to
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as reciprocal motion (Berger, 1996a). However, it has been demonstrated that the
hamate shows a greater range of motion than what was suggested for the fixed
unit of the distal carpal row (Feipel et al., 1994). Accordingly, there is doubt about
including the hamate with the distal carpal row and the second and third
metacarpals in the fixed element concept. Conversely, the lunate showed poor
motion in comparison with the scaphoid and the triquetrum. This might suggest
that the lunate together with the capitate, the trapezium and the trapezoid
compose a semi-rigid configuration along with the second and third metacarpals
(Feipel et al., 1994).

Lunate morphology does not only result in variations in the osseous and
ligamentous anatomy of the wrist but also has a significant role in carpal bone
kinematic variations (Nakamura et al., 2000; Galley et al., 2007) Unlike type I
lunate, type II lunate articulates to a shorter radius of curvature of capitate; hence
allowing for greater range of radial-ulnar deviation translation or rotation of a type
II lunate than that of a type I lunate (Youm and Flatt, 1980; Nakamura et al., 2000).
As a result, type I lunate wrists have been demonstrated with greater in-plane
motions compared with type II lunate wrist that exhibit greater out-of-plane motions
than type I lunate wrists (Bain et al., 2015).

The lunate morphology has also a critical effect on both radiocarpal and
MCJ motion during flexion-extension movement of the wrist, in which each carpal
column has different movement according to the lunate type (Bain et al., 2015). In
addition, each carpal column has a particular kinematic behaviour during radial
and ulnar deviation of the wrist based upon the direction of wrist motion (Bain et
al., 2015). However, previous reports failed to correlate carpal bone motion to the
distinct lunate type of the wrist (Moojen et al., 2002; Moojen et al., 2003; Garg et
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al., 2014; Hillstrom et al., 2014). Therefore, single type of movement was only
suggested while the variable patterns of ligamentous attachments suggested two
distinct kinematic behaviours (Burgess, 1990; Fogg, 2004; McLean et al., 2009b).

5.1.2.1 Wrist Kinematics during Flexion-Extension
During in-plane wrist flexion, type I wrists have been demonstrated with a
greater motion at the radius-scaphoid and capitate-lunate joints but lesser
movement was observed at the radius-lunate joint in comparison to type II wrists
(Bain et al., 2015). During wrist extension, type I wrists were identified with a
greater motion at the radius-scaphoid joint than type II wrists. The radiocarpal
articulation has been suggested to play the leading role over the entire columns of
both types of the wrists except of the central column of type I wrists, which was
dominated by the midcarpal articulation (Bain et al., 2015). In addition, the
midcarpal articulation restriction in type II wrist may be attributed to the tendency
of the medial hamate facet to produce a locking effect that restricts the in-plane
motion. Also, variability in the ligamentous anatomy between the types of the wrist
may be considered as an additional factor responsible for this restricted movement
(Bain et al., 2015).

The wrist joint also has a range of different out-of-plane motion during the
flexion-extension motion of the wrist determined by lunate morphology. It was
demonstrated that type I wrists expressed ulnar deviation at the radius-lunate joint
and radial deviation at the MCJ compared with type II wrists during wrist flexion
(Bain et al., 2015). The out-of-plane motion was found to be greater than the type I
wrists which express greater in-plane motion. This could be explained by the
kinematic behaviour of the ligaments of the wrist during wrist motion. Variations in
the stretch tone of the ligament may produce obligatory out-of-plane carpal motion
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(Bain et al., 2015).

The entire non–dominant articulations were found to be restricted during
flexion of type I wrists but only the midcarpal articulation of the radial column was
restricted during extension. Conversely, all non-dominant articulations are equally
restricted during both flexion and extension of type II wrist (Bain et al., 2015).

5.1.2.2 Wrist Kinematics during Radial and Ulnar Deviation
There was no significant difference reported in the literature between type I
and type II wrist motions during radial and ulnar deviation. Nevertheless, type II
wrists demonstrated greater ulnar deviation of the capitate in relation to the
scaphoid and a greater radial deviation of the capitate in relation to the triquetrum
during ulnar deviation and radial deviation of the wrist, respectively (Bain et al.,
2015).

It was suggested that the direction of wrist motion determines the dominant
articulation during radioulnar deviation rather than the morphology of the lunate.
Accordingly, the radius-carpus and the midcarpal articulations were demonstrated
to have the tendency to dominate the motion in ulnar and radial deviation,
respectively, in both wrist types. Also, the midcarpal articulation dominates the
motion in the central column of both wrist types during radioulnar deviation. While
the radius-carpus articulation dominates the motion in the ulnar column of both
wrist types during ulnar deviation, the dominant articulation during radial deviation
is quite complex. It was demonstrated that the radius-carpus articulation was the
dominant joint in the radial column during the radial deviation of type I wrists but
there was a balance between the radius-carpus and midcarpal action exerted on
the radial column of type II wrists during radial deviation (Bain et al., 2015).
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All non–dominant articulations in the radial column were restricted during
radioulnar deviation of type I wrists while the radius-carpus articulations of the
central column are restricted during radioulnar deviation of both wrist types (Bain
et al., 2015). In addition, no out-of-plane motions were differently demonstrated
during radioulnar deviation of the wrist (Bain et al., 2015).

5.1.2.3 Wrist Kinematics determined by lunate type
Since the proximal and distal carpal rows have been demonstrated to have
a uniform movement during flexion/extension of the wrist (Feipel et al., 1994),
recent studies have been dedicated to investigate the discrepancy between type I
and type II wrists motion during radioulnar deviation (Nakamura et al., 2000;
Galley et al., 2007; Gheno et al., 2010; Bain et al., 2015). The two distinct
morphological lunate types and related variability in carpal morphology have been
identified to be associated with different wrist motion (Burgess, 1990; Viegas,
1990; Viegas et al., 1990a; Viegas et al., 1993a; Feipel et al., 1994; Sagerman et
al., 1995; Nakamura et al., 2000).

Several investigators reported that the lunate flexes in radial deviation and
extends in ulnar deviation (Johnston, 1907b; Johnston, 1907a; Arkless, 1966;
Linscheid, 1986). Moreover, the lunate has been demonstrated to move in an ulnar
direction in radial deviation and vice versa (Volz et al., 1980). Considering the
morphological type of the lunate, extension of type II wrists has been
demonstrated to occur later during ulnar deviation whereas flexion of type II wrists
occurs earlier in radial deviation in comparison to type I wrists movement
(Nakamura et al., 2000). However, the lunate not only flexes and extends on the
capitate but also rotates during radioulnar deviation movements about the axis of
flexion/extension (Ruby et al., 1988).
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It has been suggested that the relative differences between the two types of
the lunate movements may be attributed to the potential morphological
characteristics of the capitate in type I and II wrists (Nakamura et al., 2000). It has
been demonstrated that the curvature of the proximal head of the capitate of type
II wrists is significantly smaller than that of type I wrists (Nakamura et al., 2000). In
addition, the centre of rotation for radial-ulnar deviation has been reported to be in
the head of the capitate (Youm and Flatt, 1980). Accordingly, type II lunate has
been suggested to have much more motion than type I lunates that articulate with
a more gradual capitate curvature; hence type II wrists show a greater range of
radial-ulnar translation compared with that of type I wrists. As a result, the shape of
the head of the capitate may be reflected on the movements of the articulated
lunate type.

During radioulnar deviation, a direct contact between the lunate and the
hamate is only maintained during ulnar deviation movement of type II wrists
(Nakamura et al., 2000). This suggests that the type II lunate is more loaded in
ulnar deviation than the type I lunate (Mayfield, 1980).

Numerous reports suggested that different bone articulation and variable
geometric configurations of the carpal bones might result in variable patterns of
ligamentous attachments (Viegas et al., 1990b; Viegas et al., 1993a; Nakamura et
al., 2000; Nakamura et al., 2001; McLean et al., 2006; McLean et al., 2009a;
McLean et al., 2009b). Moreover, different arrays of ligamentous attachments
suggest a unique joint motion correlated with each ligamentous pattern. It was
strongly believed that variable ligamentous attachments suggest different motion
and carpal kinematics. However, the carpal kinematics in relation to the pattern of
ligamentous attachments of the wrist is poorly understood and quantitative
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analyses are scarce. Accordingly, an extensive quantitative investigation is
essential to understand the potential influence of the variable ligamentous
attachments on the kinematic behaviour of the wrist joint. Moreover, this will
broaden the horizon for better evaluation and management of underlying wrist
trauma and carpal instability.
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5.2 Aim
This study aims to investigate the potential differences between the
dimensions of the palmar ligaments around the TqHJ during radial and ulnar
deviation. Results then will be correlated to the lunate type of the wrist to study the
effect of carpal bone alignment on hamate motion, which may be reflected on the
ligamentous morphometric data. Also, the study will investigate the influence of
Genelyn-embalming on the reliability of the measurement between Genelynembalmed and unembalmed (fresh-frozen) specimens.

276

5.3 Materials and Methods
Ten (5 pairs) unembalmed (fresh-frozen) and 12 (6 pairs) Genelynembalmed cadaveric wrist specimens (mean age = 79.55 ± 11.88 years; range=
52-93 years) were dissected at the Laboratory of Human Anatomy, University of
Glasgow (N=22). Embalming was performed according to the University of
Glasgow anatomical embalming protocol (Appendix 1). There were eight pairs of
female and three pairs of male specimens including four type I and seven type II
pairs. There was no history of disease or trauma to the examined wrist specimens.

5.3.1 3D Model Reconstruction
The method of dissection was illustrated in chapter 2. Then, each dissected
specimen was fixed on a wooden block in neutral position using five K-wires (two
on the radius, another two on the ulna and one at the shaft of the middle
metacarpal bone). In order to obtain radial and ulnar deviation positions, the distal
K-wire was removed and each specimen was moved in the longitudinal plane until
the maximum degree of radial or ulnar deviation. Based upon the resistance to
further movement, each specimen was fixed again in radial or ulnar deviation
position.

3D model reconstruction and measurement were performed for the palmar
ligamentous structures around the TqHJ similar to what was illustrated in chapter
3. Based upon the observation found while conducting the study detailed in
chapter 3, there were no significant differences identified between the rounds of
measurement (p > 0.05); hence, the microscribe is a reliable method of
measurement. Accordingly, each ligament was measured once at three different
wrist positions (neutral, radial deviation and ulnar deviation) by the same observer
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(R. Al Saffar). Similarly, since there were no statistically significant inter-observer
differences identified, measurements were not repeated by another observer.

The radial and ulnar deviation angles were calculated using ImageJ
software (ImageJ 1.48v, Rasband, National Institute of Health, USA). The method
includes using three pins in a straight line running over the long axis of the middle
metacarpal bone and extends to the tip of the middle finger with the wrist in neutral
position (Figure 5-3). A pin was placed on the ulnar and palmar aspect of the
radius, another on the capitate-metacarpal joint and the last on the terminal
phalanx of the middle finger. Although the middle pin should be ideally placed on
the head of the capitate (centre of rotation), it was placed at the capitatemetacarpal joint to reveal the entire ligamentous attachment over the head of the
capitate and facilitate measurement. Also, the main focus of the current study is to
quantify the palmar ligaments around the TqHJ during radial and ulnar deviation
and measurement of the deviation angle is a complementary tool to compare the
range of deviation to that demonstrated in the literature. The dimensions were
drawn using a digital microscribe (Immersion Corp., USA) and 3D surface
reconstruction software (Rhinoceros 4.0, Robert McNeil & Associates, USA) by
connecting the 3 points (one on each pin). A straight line connects the three points
in neutral position (the midline) while they form an angle during radial and ulnar
deviation. The angle created between the neutral position line and the line running
through the two distal points during radial or ulnar deviation was calculated with
ImageJ software to represent the radial deviation and ulnar deviation angle,
respectively.
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Figure 5-3: Specimen fixation and deviation angle calculation. Each specimen was fixed using
K-wires and three pins were used to mark the midline (green). After specimen manipulation to a
radial or ulnar deviation position, it was fixed again. The intersection between the line running
through the two distal pins and the midline marks the deviation angle. R = radius, U = ulna, S =
scaphoid, L= lunate, Tq = triquetrum, and P = pisiform.

5.3.2 Data Analysis
Data

were

collected

separately

for

the

Genelyn-embalmed

and

unembalmed specimen groups. All measurements were indexed in relation to the
length of middle metacarpal bone as illustrated in chapter 3. A T-test assuming
two unequal variants was applied with computer software (Microsoft Excel 2007;
Microsoft, Redmond, WA, USA) and a p value < 0.05 was considered to be
statistically significant.
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5.4 Results
Among the studied ligaments within the entire sample, each ligament
responded to the change of the wrist position in a different manner. Variable gross
changes of the ligamentous shape and geometry have been observed based upon
wrist joint movement (Figure 5-4). In general, the ulnar sided ligaments tended to
tighten and stretch during radial deviation in comparison to the radius-carpal
ligaments that become more lax. Conversely, tightening of the radius-carpal
ligaments during ulnar deviation resulted in more prominent curvature of those
ligaments that overlap each other. In addition to this, ulnar-sided ligaments
became more lax and wider. However, these changes were expected and the main
concern was identifying the relative quantitative difference between these variable
changes in relation to the underlying wrist joint motion.
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Figure 5-4: Influence of wrist motion on the shape and dimension of ligamentous
structure. A. Wrist joint in neutral position. B. During radial deviation, tightening of the
triquetrum-hamate-capitate ligaments (TqHC) and the palmar capitate-hamate ligament (*)
is prominent. C. During ulnar deviation, the palmar radius-lunate-triquetrum ligament
(pRLTq) is observed bending under the radius-scaphoid-triquetrum band of the radiusscaphoid-capitate-triquetrum complex (RSCTq). R = radius, U = ulna, S = scaphoid, L =
lunate, Tq = triquetrum, C = capitate and H = hamate.
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5.4.1 Influence of Genelyn-Embalming on the Quantification of the Palmar
Ligaments around the TqHJ
Based upon the results revealed from the study detailed in chapter 3, there
were no statistically significant differences observed between the measurements
obtained from Genelyn-embalmed and unembalmed specimens in all ligamentous
dimensions during neutral wrist position (p > 0.05). Similarly, the current study also
confirms that there are no statistically significant differences between the mean
indexed

ligamentous

dimensions

obtained

from

Genelyn-embalmed

and

unembalmed specimens in neutral position (p > 0.05). In addition, there were no
statistically significant differences between the mean indexed ligamentous
dimensions values obtained during radial and ulnar deviation of the wrist joint
between Genelyn-embalmed and unembalmed specimens (Table 5-1 and 5-2; p >
0.05). Moreover, the change in the shape of the ligaments as a consequence of
the wrist joint motion during radial and ulnar deviations did not result in statistically
significant differences in the mean indexed ligamentous dimensions compared
with that obtained while the wrist was in neutral position (p > 0.05). However, the
standard deviation of the ligamentous dimension values during ulnar deviation is
consistently greater compared with the neutral and radial deviation position. This
suggests a greater variability in ligament stretch in ulnar deviation movement
(Figure 5-5).

The change of the ligamentous geometry due to the wrist motion was more
prominent in the calculated surface area.

Although there was a difference

between the mean indexed surface areas during radial and ulnar deviation
compared with the neutral position (Table 5-3), no statistically significant difference
was found between the mean indexed area of Genelyn-embalmed and
unembalmed specimens at this particular wrist position except for the pRLTq
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(Figure 5-6; p < 0.05).

Mean Indexed Length (mm/mm)
Ligament

Mean Indexed Width (mm/mm)

Lr

Lm

Lu

Wp

Wm

Wd

pTqH

NL
RD
UD

0.13 ± 0.02
0.13 ± 0.03
0.12 ± 0.02

0.12 ± 0.03
0.13 ± 0.01
0.12 ± 0.01

0.14 ± 0.02
0.14 ± 0.01
0.13 ± 0.01

0.06 ± 0.02
0.06 ± 0.03
0.07 ± 0.02

0.05 ± 0.01
0.06 ± 0.02
0.05 ± 0.01

0.06 ± 0.05
0.07 ± 0.02
0.06 ± 0.02

pCH

NL
RD
UD

0.11 ± 0.03
0.11 ± 0.03
0.10 ± 0.02

0.09 ± 0.01
0.09 ± 0.02
0.08 ± 0.02

0.08 ± 0.02
0.08 ± 0.02
0.07 ± 0.02

0.09 ± 0.03
0.08 ± 0.03
0.10 ± 0.04

0.08 ± 0.03
0.07 ± 0.03
0.08 ± 0.03

0.07 ± 0.02
0.07 ± 0.02
0.08 ± 0.03

TqHC

NL
RD
UD

0.24 ± 0.02
0.25 ± 0.02
0.25 ± 0.04

0.24 ± 0.04
0.24 ± 0.02
0.23 ± 0.03

0.25 ± 0.02
0.26 ± 0.02
0.25 ± 0.02

0.07 ± 0.02
0.07 ± 0.03
0.06 ± 0.03

0.06 ± 0.02
0.06 ± 0.02
0.05 ± 0.02

0.06 ± 0.02
0.05 ± 0.01
0.06 ± 0.01

LTq

NL
RD
UD

0.16 ± 0.02
0.15 ± 0.02
0.15 ± 0.04

0.14 ± 0.01
0.15 ± 0.01
0.13 ± 0.04

0.14 ± 0.01
0.13 ± 0.02
0.12 ± 0.04

0.07 ± 0.02
0.08 ± 0.02
0.08 ± 0.02

0.07 ± 0.02
0.07 ± 0.02
0.07 ± 0.02

0.07 ± 0.02
0.07 ± 0.02
0.07 ± 0.02

pRLTq

NL
RD
UD

0.53 ± 0.01
0.52 ± 0.02
0.54 ± 0.04

0.54 ± 0.02
0.54 ± 0.01
0.53 ± 0.05

0.49 ± 0.02
0.51 ± 0.02
0.49 ± 0.03

0.09 ± 0.02
0.10 ± 0.01
0.10 ± 0.02

0.10 ± 0.01
0.12 ± 0.02
0.10 ± 0.04

0.09 ± 0.02
0.09 ± 0.01
0.08 ± 0.03

NL
RD
UD

0.49 ± 0.04
0.49 ± 0.03
0.49 ± 0.04

0.49 ± 0.03
0.51 ± 0.05
0.51 ± 0.05

0.49 ± 0.04
0.50 ± 0.04
0.50 ± 0.04

0.06 ± 0.02
0.05 ± 0.01
0.06 ± 0.02

0.05 ± 0.01
0.05 ± 0.02
0.05 ± 0.01

0.07 ± 0.02
0.07 ± 0.02
0.07 ± 0.02

RSTq

NL
RD
UD

0.56 ± 0.05
0.59 ± 0.05
0.60 ± 0.05

0.58 ± 0.03
0.58 ± 0.04
0.59 ± 0.05

0.57 ± 0.03
0.57 ± 0.03
0.57 ± 0.02

0.05 ± 0.02
0.05 ± 0.02
0.05 ± 0.02

0.05 ± 0.02
0.05 ± 0.01
0.05 ± 0.02

0.05 ± 0.02
0.05 ± 0.02
0.06 ± 0.02

TqHC

NL
RD
UD

0.20 ± 0.03
0.20 ± 0.03
0.20 ± 0.02

0.20 ± 0.02
0.20 ± 0.02
0.21 ± 0.02

0.21 ± 0.03
0.21 ± 0.03
0.21 ± 0.03

0.05 ± 0.02
0.06 ± 0.02
0.05 ± 0.01

0.05 ± 0.02
0.05 ± 0.02
0.06 ± 0.01

0.05 ± 0.02
0.05 ± 0.02
0.06 ± 0.01

RSCTq:
RSC

Table 5-1: Mean indexed ligament dimensions (± standard deviation) of the palmar ligaments
around the triquetrum-hamate joint obtained using Genelyn-embalmed specimens in neutral (NL),
radial deviation (RD) and ulnar deviation (UD) positions. There were no statistically significant
differences between the measurements obtained while wrists were in neutral position and that
during radial and ulnar deviations (p > 0.05).
pTqH = palmar triquetrum-hamate ligament, pCH = palmar capitate-hamate ligament, TqHC =
triquetrum-hamate-capitate ligament, pRLTq = palmar radius-lunate-triquetrum ligament, LTq =
lunate-triquetrum ligament, RSCTq = radius-scaphoid-capitate complex, RSC = radius-scaphoidcapitate ligament, RSTq = radius-scaphoid-triquetrum ligament, Lr = radial length, Lm = middle
length, Lu = ulnar length, Wp = proximal width, Wm = middle width and Wd = distal width.
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Mean Indexed Length (mm/mm)
Ligament

Mean Indexed Width (mm/mm)

Lr

Lm

Lu

Wp

Wm

Wd

pTqH

NL
RD
UD

0.12 ± 0.01
0.13 ± 0.02
0.11 ± 0.01

0.11 ± 0.01
0.13 ± 0.02
0.10 ± 0.02

0.13 ± 0.03
0.14 ± 0.02
0.13 ± 0.02

0.07 ± 0.04
0.08 ± 0.03
0.08 ± 0.03

0.07 ± 0.03
0.07 ± 0.04
0.06 ± 0.04

0.08 ± 0.03
0.07 ± 0.03
0.06 ± 0.03

pCH

NL
RD
UD

0.11 ± 0.03
0.11 ± 0.03
0.10 ± 0.02

0.09 ± 0.01
0.09 ± 0.02
0.08 ± 0.02

0.08 ± 0.02
0.08 ± 0.02
0.07 ± 0.02

0.09 ± 0.03
0.08 ± 0.03
0.10 ± 0.04

0.08 ± 0.03
0.07 ± 0.03
0.08 ± 0.03

0.07 ± 0.02
0.07 ± 0.02
0.08 ± 0.03

TqHC

NL
RD
UD

0.23 ± 0.03
0.23 ± 0.03
0.23 ± 0.04

0.23 ± 0.02
0.23 ± 0.03
0.22 ± 0.03

0.24 ± 0.03
0.25 ± 0.03
0.23 ± 0.03

0.07 ± 0.02
0.07 ± 0.03
0.07 ± 0.03

0.06 ± 0.02
0.06 ± 0.02
0.05 ± 0.02

0.06 ± 0.02
0.05 ± 0.01
0.06 ± 0.01

LTq

NL
RD
UD

0.17 ± 0.04
0.17 ± 0.02
0.18 ± 0.06

0.15 ± 0.02
0.16 ± 0.02
0.17 ± 0.04

0.15 ± 0.02
0.15 ± 0.01
0.16 ± 0.04

0.07 ± 0.02
0.07 ± 0.02
0.07 ± 0.02

0.04 ± 0.02
0.05 ± 0.01
0.05 ± 0.02

0.06 ± 0.02
0.05 ± 0.01
0.05 ± 0.02

pRLTq

NL
RD
UD

0.55 ± 0.05
0.54 ± 0.04
0.54 ± 0.04

0.52 ± 0.03
0.53 ± 0.04
0.52 ± 0.05

0.47 ± 0.04
0.50 ± 0.04
0.47 ± 0.05

0.12 ± 0.03
0.11 ± 0.04
0.12 ± 0.03

0.10 ± 0.03
0.11 ± 0.03
0.08 ± 0.04

0.08 ± 0.02
0.08 ± 0.03
0.08 ± 0.03

NL
RD
UD

0.47 ± 0.05
0.49 ± 0.03
0.50 ± 0.04

0.49 ± 0.06
0.49 ± 0.05
0.49 ± 0.05

0.49 ± 0.06
0.50 ± 0.05
0.50 ± 0.05

0.07 ± 0.01
0.06 ± 0.02
0.07 ± 0.02

0.06 ± 0.01
0.05 ± 0.01
0.05 ± 0.01

0.07 ± 0.01
0.08 ± 0.01
0.08 ± 0.01

NL
RD
UD

0.52 ± 0.13
0.55 ± 0.07
0.55 ± 0.05

0.53 ± 0.12
0.56 ± 0.05
0.55 ± 0.04

0.52 ± 0.11
0.56 ± 0.04
0.55 ± 0.04

0.05 ± 0.03
0.06 ± 0.03
0.06 ± 0.03

0.05 ± 0.02
0.05 ± 0.01
0.05 ± 0.02

0.05 ± 0.02
0.05 ± 0.03
0.05 ± 0.01

NL
RD
UD

0.19 ± 0.03
0.18 ± 0.03
0.19 ± 0.03

0.19 ± 0.03
0.18 ± 0.03
0.19 ± 0.03

0.20 ± 0.03
0.19 ± 0.02
0.19 ± 0.02

0.05 ± 0.01
0.06 ± 0.02
0.05 ± 0.01

0.06 ± 0.01
0.06 ± 0.02
0.05 ± 0.01

0.05 ± 0.01
0.06 ± 0.02
0.08 ± 0.01

RSCTq:
RSC
RSTq

TqHC

Table 5-2: Mean indexed ligament dimensions (± standard deviation) of the palmar ligaments
around the triquetrum-hamate joint obtained using unembalmed specimens in neutral (NL), radial
deviation (RD) and ulnar deviation (UD) positions. There were no statistically significant differences
between the measurements obtained while wrists were in neutral position and that during radial
and ulnar deviations (p > 0.05).
pTqH = palmar triquetrum-hamate ligament, pCH = palmar capitate-hamate ligament, TqHC =
triquetrum-hamate-capitate ligament, pRLTq = palmar radius-lunate-triquetrum ligament, LTq =
lunate-triquetrum ligament, RSCTq = radius-scaphoid-capitate complex, RSC = radius-scaphoidcapitate ligament, RSTq = radius-scaphoid-triquetrum ligament, Lr = radial length, Lm = middle
length, Lu = ulnar length, Wp = proximal width, Wm = middle width and Wd = distal width.
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Figure 5-5: Schematic representation of the potential differences in the mean indexed
lunate-triquetrum ligament (LTq) dimensions obtained during neutral (NL), radial
deviation (RD) and ulnar deviation (UD). A. Measurements obtained using Genelynembalmed wrist specimens. B. Measurements obtained using unembalmed wrist specimens.
There were no statistically significant differences observed either between embalmed and
unembalmed measurement during all studied wrist positions or between the measurements
within the same group in comparison to the neutral position (p > 0.05).
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Mean Indexed Area (mm2/mm)
Ligament

Genelyn-Embalmed Specimens

Unembalmed Specimens

pTqH

NL
RD
UD

0.52 ± 0.17
0.46 ± 0.12
0.49 ± 0.15

0.52 ± 0.27
0.61 ± 0.27
0.34 ± 0.15

pCH

NL
RD
UD

0.38 ± 0.17
0.41 ± 0.21
0.35 ± 0.17

0.42 ± 0.15
0.42 ± 0.17
0.45 ± 0.19

TqHC

NL
RD
UD

1.01 ± 0.13
1.04 ± 0.32
0.93 ± 0.23

0.86 ± 0.32
0.89 ± 0.34
0.80 ± 0.29

LTq

NL
RD
UD

0.68 ± 0.15
0.68 ± 0.18
0.52 ± 0.17

0.59 ± 0.10
0.65 ± 0.09
0.64 ± 0.16

pRLTq

NL*
RD*
UD*

1.86 ± 0.66
1.72 ± 0.64
1.70 ± 0.45

3.43 ± 0.86
3.43 ± 0.91
3.06 ± 1.11

NL
RD
UD

1.49 ± 0.70
1.38 ± 0.74
1.50 ± 0.76

2.04 ± 0.58
1.85 ± 0.53
1.97 ± 0.33

NL
RD
UD

1.83 ± 0.77
1.77 ± 0.72
1.86 ± 0.94

1.78 ± 0.64
1.95 ± 0.45
1.83 ± 0.55

NL
RD
UD

0.69 ± 0.22
0.66 ± 0.19
0.65 ± 0.15

0.63 ± 0.19
0.62 ± 0.18
0.57 ± 0.13

RSCTq:
RSC
RSTq

TqHC

Table 5-3: Mean indexed ligament areas (± standard deviation) of the palmar ligaments around the
triquetrum-hamate joint obtained using Genelyn-embalmed and unembalmed specimens in
neutral (NL), radial deviation (RD) and ulnar deviation (UD) positions. * = a statistically significant
difference was found between the mean indexed area of embalmed and unembalmed specimens
at this particular wrist position, pTqH = palmar triquetrum-hamate ligament, pCH = palmar capitatehamate ligament, TqHC = triquetrum-hamate-capitate ligament, pRLTq = palmar radius-lunatetriquetrum ligament, LTq = lunate-triquetrum ligament, RSCTq = radius-scaphoid-capitate complex,
RSC = radius-scaphoid-capitate ligament and RSTq = radius-scaphoid-triquetrum ligament.
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Figure 5-6: Schematic representation of the potential differences in the mean indexed
areas of the ligamentous structure around the triquetrum-hamate joint obtained during
neutral (NL), radial deviation (RD) and ulnar deviation (UD). A. Measurements obtained using
Genelyn-embalmed wrist specimens. B. Measurements obtained using unembalmed wrist
specimens. There were no statistically significant differences observed between measurements
obtained during radial and ulnar deviations within Genelyn-embalmed or unembalmed groups in
comparison to the neutral position (p > 0.05). The mean indexed area of the palmar radius-lunatetriquetrum ligament (pRLTq) of the Genelyn-embalmed group was significantly smaller than that of
the unembalmed group during NL (p = 0.008), RD (p = 0.005) and UD (p = 0.01) positions. * =
statistically significant difference was found between the mean indexed area of Genelynembalmed and unembalmed specimens at this particular wrist position. pTqH = palmar
triquetrum-hamate ligament, pCH = palmar capitate-hamate ligament, TqHC = triquetrum-hamatecapitate ligament, LTq = lunate-triquetrum ligament, RSCTq = radius-scaphoid-capitate complex,
RSC = radius-scaphoid-capitate ligament and RSTq = radius-scaphoid-triquetrum ligament.
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Whilst there were no statistically significant differences found between the
mean radial deviation angles of embalmed (23.3 ± 4.16°) and unembalmed (27.75
± 8.85°; p > 0.05) specimens, the mean ulnar deviation angle of embalmed
spcimens (29.73 ± 3.84°) was smaller than that of the unembalmed specimen
(40.61 ± 6.86°; p < 0.05) (Figure 5-7).

*

Figure 5-7: Mean radial deviation (RD) and ulnar deviation (UD) angle measurement
using Genelyn-embalmed and unembalmed specimens. There was statistically
significant difference (*) between the mean values of ulnar deviation angle of Genelynembalmed specimens compared with that of unembalmed specimens (p = 0.001).
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5.4.2 Quantification of the Palmar Ligaments around the Triquetrum-Hamate
Joint during Radial and Ulnar Deviation Determined by Lunate Type

Since there was no statistically significant differences observed between
measurements obtained from Genelyn-embalmed and unembalmed specimens,
both groups are combined together and specimens were separated again into two
groups according to the lunate type of the wrist. As a result, the mean indexed
ligamentous dimensions of type I wrists group were not statistically different from
that of type II wrists group at neutral, radial and ulnar deviation positions of the
wrist (p >0.05) (Table 5-4, Table 5-5 Figure 5-8). Also, the mean indexed
ligamentous surface areas of type I wrists group were not statistically different
from that of type II wrists group at all studied wrist positions (p >0.05) (Table 5-6,
Figure 5-9).

There were no statistically significant differences found between the mean
radial deviation angles of Type I wrist (24.18 ± 4.42°) and type II wrist (27.47 ±
9.4°; p > 0.05) specimens. Similarly, there were no statistically significant
differences found between the mean ulnar deviation angles of type I wrist (32.17 ±
6.98°) and type II wrist (39.65 ± 7.27°; p > 0.05) specimens (Figure 5-10).
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Mean Indexed Length (mm/mm)
Ligament

Mean Indexed Width (mm/mm)

Lr

Lm

Lu

Wp

Wm

Wd

pTqH

NL
RD
UD

0.14 ± 0.02
0.15 ± 0.02
0.14 ± 0.03

0.14 ± 0.02
0.14 ± 0.01
0.14 ± 0.03

0.15 ± 0.03
0.16 ± 0.01
0.15 ± 0.03

0.06 ± 0.01
0.07 ± 0.01
0.07 ± 0.01

0.07 ± 0.02
0.05 ± 0.02
0.05 ± 0.02

0.06 ± 0.02
0.06 ± 0.01
0.06 ± 0.01

pCH

NL
RD
UD

0.11 ± 0.02
0.12 ± 0.02
0.11 ± 0.02

0.10 ± 0.02
0.10 ± 0.01
0.09± 0.01

0.08 ± 0.02
0.09 ± 0.02
0.08 ± 0.01

0.09 ± 0.02
0.09 ± 0.02
0.09 ± 0.03

0.08 ± 0.02
0.08 ± 0.02
0.08 ± 0.03

0.07 ± 0.02
0.07 ± 0.02
0.07 ± 0.02

TqHC

NL
RD
UD

0.25 ± 0.03
0.25 ± 0.03
0.25 ± 0.03

0.26 ± 0.04
0.26 ± 0.04
0.25 ± 0.05

0.27 ± 0.04
0.27 ± 0.05
0.27 ± 0.04

0.07 ± 0.01
0.06 ± 0.01
0.07 ± 0.01

0.05 ± 0.02
0.06 ± 0.01
0.05 ± 0.02

0.06 ± 0.01
0.05 ± 0.01
0.05 ± 0.01

LTq

NL
RD
UD

0.17 ± 0.03
0.16 ± 0.03
0.17 ± 0.03

0.15 ± 0.02
0.16 ± 0.02
0.15 ± 0.04

0.15 ± 0.02
0.14 ± 0.02
0.14 ± 0.04

0.09 ± 0.02
0.09 ± 0.02
0.08 ± 0.02

0.07 ± 0.02
0.07 ± 0.02
0.08 ± 0.02

0.07 ± 0.02
0.06 ± 0.02
0.07 ± 0.02

pRLTq

NL
RD
UD

0.53 ± 0.01
0.53 ± 0.04
0.54 ± 0.02

0.54 ± 0.03
0.55 ± 0.01
0.53 ± 0.02

0.52 ± 0.02
0.53 ± 0.02
0.53 ± 0.03

0.05 ± 0.03
0.05 ± 0.02
0.04 ± 0.01

0.08 ± 0.03
0.08 ± 0.03
0.07 ± 0.03

0.05 ± 0.01
0.06 ± 0.03
0.06 ± 0.01

NL
RD
UD

0.47 ± 0.04
0.49 ± 0.04
0.50 ± 0.04

0.50 ± 0.03
0.51 ± 0.05
0.51 ± 0.03

0.50 ± 0.04
0.50 ± 0.05
0.50 ± 0.04

0.06 ± 0.02
0.06 ± 0.02
0.06 ± 0.02

0.05 ± 0.02
0.04 ± 0.01
0.05 ± 0.02

0.06 ± 0.02
0.06 ± 0.01
0.07 ± 0.02

NL
RD
UD

0.59 ± 0.06
0.60 ± 0.05
0.58 ± 0.07

0.58 ± 0.05
0.60 ± 0.04
0.58 ± 0.06

0.56 ± 0.04
0.58 ± 0.03
0.56 ± 0.03

0.05 ± 0.02
0.06 ± 0.02
0.07 ± 0.03

0.05 ± 0.02
0.05 ± 0.01
0.05 ± 0.02

0.05 ± 0.03
0.05 ± 0.02
0.07 ± 0.03

NL
RD
UD

0.21 ± 0.01
0.21 ± 0.02
0.22 ± 0.01

0.21 ± 0.02
0.21 ± 0.02
0.22 ± 0.02

0.22 ± 0.04
0.21 ± 0.03
0.23 ± 0.03

0.05 ± 0.01
0.05 ± 0.02
0.05 ± 0.02

0.05 ± 0.02
0.05 ± 0.01
0.05 ± 0.02

0.05 ± 0.01
0.05 ± 0.01
0.05 ± 0.01

RSCTq:
RSC
RSTq

TqHC

Table 5-4: Mean indexed ligament dimensions (± standard deviation) of the palmar
ligaments around the triquetrum-hamate joint obtained from type I wrist specimens in
neutral (NL), radial deviation (RD) and ulnar deviation (UD) positions. There were no
statistically significant differences between the measurements obtained while wrists were in neutral
position and that during radial and ulnar deviations (p > 0.05). pTqH = palmar triquetrum-hamate
ligament, pCH = palmar capitate-hamate ligament, TqHC = triquetrum-hamate-capitate ligament,
pRLTq = palmar radius-lunate-triquetrum ligament, LTq = lunate-triquetrum ligament, RSCTq =
radius-scaphoid-capitate complex, RSC = radius-scaphoid-capitate ligament, RSTq = radiusscaphoid-triquetrum ligament, Lr = radial length, Lm = middle length, Lu = ulnar length, Wp =
proximal width, Wm = middle width and Wd = distal width.
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Mean Indexed Length (mm/mm)
Ligament

Mean Indexed Width (mm/mm)

Lr

Lm

Lu

Wp

Wm

Wd

pTqH

NL
RD
UD

0.12 ± 0.02
0.13 ± 0.02
0.12 ± 0.03

0.12 ± 0.02
0.14 ± 0.02
0.11 ± 0.02

0.13 ± 0.03
0.14 ± 0.02
0.14 ± 0.03

0.08 ± 0.04
0.08 ± 0.04
0.08 ± 0.04

0.07 ± 0.04
0.06 ± 0.05
0.07 ± 0.04

0.07 ± 0.03
0.08 ± 0.03
0.06 ± 0.03

pCH

NL
RD
UD

0.10 ± 0.03
0.10 ± 0.03
0.09 ± 0.03

0.08 ± 0.01
0.09 ± 0.02
0.08 ± 0.02

0.07 ± 0.01
0.08 ± 0.02
0.07 ± 0.02

0.09 ± 0.03
0.08 ± 0.03
0.09 ± 0.04

0.08 ± 0.03
0.07 ± 0.03
0.08 ± 0.03

0.07 ± 0.02
0.06 ± 0.02
0.08 ± 0.03

TqHC

NL
RD
UD

0.23 ± 0.03
0.23 ± 0.03
0.23 ± 0.04

0.23 ± 0.03
0.24 ± 0.03
0.23 ± 0.03

0.24 ± 0.03
0.26 ± 0.03
0.23 ± 0.03

0.07 ± 0.02
0.07 ± 0.03
0.07 ± 0.04

0.06 ± 0.02
0.06 ± 0.02
0.06 ± 0.03

0.06 ± 0.02
0.05 ± 0.01
0.06 ± 0.02

LTq

NL
RD
UD

0.15 ± 0.02
0.15 ± 0.01
0.12 ± 0.07

0.14 ± 0.01
0.14 ± 0.02
0.10 ± 0.05

0.14 ± 0.02
0.13 ± 0.01
0.08 ± 0.03

0.07 ± 0.01
0.08 ± 0.01
0.07 ± 0.01

0.06 ± 0.01
0.06 ± 0.01
0.06 ± 0.01

0.07 ± 0.01
0.06 ± 0.01
0.07 ± 0.02

pRLTq

NL
RD
UD

0.55 ± 0.04
0.53 ± 0.04
0.54 ± 0.04

0.53 ± 0.03
0.53 ± 0.03
0.52 ± 0.04

0.49 ± 0.04
0.51 ± 0.04
0.48 ± 0.05

0.11 ± 0.05
0.10 ± 0.05
0.10 ± 0.05

0.09 ± 0.03
0.10 ± 0.03
0.08 ± 0.04

0.07 ± 0.03
0.07 ± 0.04
0.07 ± 0.03

NL
RD
UD

0.49 ± 0.05
0.49 ± 0.04
0.49 ± 0.04

0.48 ± 0.06
0.50 ± 0.04
0.49 ± 0.05

0.49 ± 0.06
0.50 ± 0.05
0.50 ± 0.05

0.06 ± 0.03
0.06 ± 0.02
0.07 ± 0.02

0.05 ± 0.02
0.05 ± 0.01
0.04 ± 0.02

0.07 ± 0.02
0.07 ± 0.02
0.07 ± 0.02

NL
RD
UD

0.52 ± 0.13
0.54 ± 0.06
0.57 ± 0.05

0.53 ± 0.11
0.55 ± 0.04
0.56 ± 0.03

0.53 ± 0.11
0.55 ± 0.04
0.56 ± 0.04

0.05 ± 0.03
0.05 ± 0.03
0.06 ± 0.02

0.05 ± 0.01
0.05 ± 0.01
0.05 ± 0.01

0.05 ± 0.02
0.05 ± 0.03
0.05 ± 0.02

NL
RD
UD

0.19 ± 0.03
0.17 ± 0.03
0.19 ± 0.02

0.19 ± 0.02
0.18 ± 0.03
0.19 ± 0.02

0.20 ± 0.02
0.19 ± 0.02
0.19 ± 0.02

0.06 ± 0.01
0.06 ± 0.01
0.05 ± 0.01

0.06 ± 0.01
0.06 ± 0.02
0.05 ± 0.01

0.06 ± 0.01
0.06 ± 0.02
0.06 ± 0.01

RSCTq:
RSC
RSTq

TqHC

Table 5-5: Mean indexed ligament dimensions (± standard deviation) of the palmar
ligaments around the triquetrum-hamate joint obtained from type II wrist specimens in
neutral (NL), radial deviation (RD) and ulnar deviation (UD) positions. There were no
statistically significant differences between the measurements obtained while wrists were in neutral
position and that during radial and ulnar deviations (p > 0.05). pTqH = palmar triquetrum-hamate
ligament, pCH = palmar capitate-hamate ligament, TqHC = triquetrum-hamate-capitate ligament,
pRLTq = palmar radius-lunate-triquetrum ligament, LTq = lunate-triquetrum ligament, RSCTq =
radius-scaphoid-capitate complex, RSC = radius-scaphoid-capitate ligament, RSTq = radiusscaphoid-triquetrum ligament, Lr = radial length, Lm = middle length, Lu = ulnar length, Wp =
proximal width, Wm = middle width and Wd = distal width.
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Figure 5-8: Schematic representation of the potential differences in the mean indexed
dimensions of the triquetrum-hamate-capitate ligament (TqHC) during neutral (NL), radial
deviation (RD) and ulnar deviation (UD). A. Measurements obtained from type I wrist
specimens. B. Measurements obtained from type II wrist specimens. There were no statistically
significant differences observed between measurements obtained during radial and ulnar
deviations within type I and type II groups in comparison to the neutral position (p > 0.05). In
addition, there was no statistically significant difference between the mean indexed ligament
dimensions of the type I and type II groups during all studied wrist positions (p > 0.05). Lr = radial
length, Lm = middle length, Lu = ulnar length, Wp = proximal width, Wm = middle width and Wd =
distal width.

292

Mean Indexed Area (mm2/mm)
Ligament

Type I Specimens

Type II Specimens

pTqH

NL
RD
UD

0.57 ± 0.13
0.52 ± 0.12
0.45 ± 0.16

0.45 ± 0.29
0.57 ± 0.31
0.36 ± 0.16

pCH

NL
RD
UD

0.46 ± 0.18
0.49 ± 0.20
0.47 ± 0.17

0.36 ± 0.13
0.35 ± 0.15
0.38 ± 0.20

TqHC

NL
RD
UD

1.00 ± 0.12
1.00 ± 0.24
0.90 ± 0.17

0.83 ± 0.34
0.87 ± 0.37
0.79 ± 0.31

LTq

NL
RD
UD

0.70 ± 0.67
0.71 ± 0.17
0.63 ± 0.13

0.60 ± 0.03
0.59 ± 0.04
0.37 ± 0.13

pRLTq

NL
RD
UD

2.32 ± 0.66
2.11 ± 0.72
1.98 ± 0.54

3.02 ± 1.14
3.01 ± 1.20
2.73 ± 1.20

NL
RD
UD

1.85 ± 0.69
1.72 ± 0.73
1.86 ± 0.71

1.75 ± 0.70
1.57 ± 0.62
1.68 ± 0.51

NL
RD
UD

1.86 ± 0.82
1.96 ± 0.66
2.22 ± 0.93

1.75 ± 0.60
1.81 ± 0.51
1.57 ± 0.36

NL
RD
UD

0.67 ± 0.28
0.66 ± 0.24
0.67 ± 0.17

0.65 ± 0.17
0.63 ± 0.16
0.58 ± 0.12

RSCTq:
RSC
RSTq

TqHC

Table 5-6: Mean indexed ligament areas (± standard deviation) of the palmar ligaments
around the triquetrum-hamate joint obtained from type I and type II wrist specimens in
neutral (NL), radial deviation (RD) and ulnar deviation (UD) positions. pTqH = palmar
triquetrum-hamate ligament, pCH = palmar capitate-hamate ligament, TqHC = triquetrum-hamatecapitate ligament, pRLTq = palmar radius-lunate-triquetrum ligament, LTq = lunate-triquetrum
ligament, RSCTq = radius-scaphoid-capitate complex, RSC = radius-scaphoid-capitate ligament
and RSTq = radius-scaphoid-triquetrum ligament.
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Figure 5-9: Schematic representation of the potential differences in the mean indexed
areas of the ligamentous structure around the triquetrum-hamate joint (TqHJ) obtained
during neutral (NL), radial deviation (RD) and ulnar deviation (UD). A. Measurements
obtained from type I wrist specimens. B. Measurements obtained from type II wrist specimens.
There were no statistically significant differences observed between measurements obtained
during radial and ulnar deviations within type I and type II groups in comparison to the neutral
position (p > 0.05). In addition, there was no statistically significant difference between the mean
indexed ligament dimensions of the type I and type II groups during all studied wrist positions (p >
0.05). pTqH = palmar triquetrum-hamate ligament, pCH = palmar capitate-hamate ligament,
TqHC = triquetrum-hamate-capitate ligament, LTq = lunate-triquetrum ligament, RSCTq = radiusscaphoid-capitate complex, RSC = radius-scaphoid-capitate ligament and RSTq = radiusscaphoid-triquetrum ligament.

294

Figure 5-10: Mean radial deviation (RD) and ulnar deviation (UD) angle
measurement determined by lunate type. There were no statistically significant
differences obtained between type I and type II wrist specimens during radial and ulnar
deviation (p > 0.05).
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5.5 Discussion
Unembalmed specimens maintain both the life-like range of joint motion
and almost the actual representation of living tissue. This implies why using
unembalmed samples is considered as the gold standard of anatomical
investigation for tissue exploration and morphometric evaluation of various joint
motions (Eisma et al., 2013; Walker et al., 2014). However, using unembalmed
materials is subjected to a number of limitations ranging from the short time frame
before the natural decomposition of the tissue occurs to the variable and easily
acquired infections (Walker et al., 2014). Therefore, unembalmed specimens
should be handled with an extra care. Conversely, specimen embalming reduces
the disadvantages of using unembalmed material (Mayer, 2006). However, new
drawbacks have emerged. The traditional embalming method includes injecting
the donor with a high percentage of formaldehyde (37%) that contributes to tissue
stiffness and reduced range of joint motion up to 80 %, in addition to various
health hazards associated with formaldehyde exposure (Eisma et al., 2013).
Consequently, soft-fixation techniques utilising new embalming fluids have been
introduced. One of these methods is the Thiel method that is based upon using a
lower proportion of formaldehyde (Eisma et al., 2013). Although specimens
embalmed with the Thiel method were demonstrated to retain a good joint mobility,
joint hypermobility was not uncommon (Jaung et al., 2011). What is more, this
particular method was not cost effective due to material and time needed to
accomplish the desired goal (Eisma et al., 2013).

In recent years, a new embalming method has been developed based upon
Genelyn (Genelyn Embalming Products, Australia) as an embalming fluid.
However, the flexibility of Genelyn prepared specimens has been found to be
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similar to the traditionally formalin-fixed specimen (Jaung et al., 2011). The study
relied upon assessing the flexibility of the joints without pre-mobilisation that has
been demonstrated by another study to enhance the flexibility of Genelynembalmed specimens but not the traditionally embalmed specimens (Walker et al.,
2014). It has been concluded that Genelyn-embalmed specimens retain excellent
range of motion after mobilisation in addition to the advantages of traditionally
embalmed specimens (Walker et al., 2014). Moreover, this method is cost-effective
compared with the Thiel method and associated with lower health hazards
because specimen storage in large containers of embalming fluid is not needed
(Eisma et al., 2013).

It is widely believed that formalin-based specimen embalming alters the
mobility of the joints (Wilke et al., 1996). Unlike unembalmed specimens, joint
movement of Genelyn-embalmed specimens has been demonstrated to
significantly increase after mobilisation (Walker et al., 2014). This suggests that
embalming may cause stiffness of the joint that could be reduced after passive
manipulation, which is demonstrated to be at its best when using Genelyn (Wilke
et al., 1996; Jaung et al., 2011; Walker et al., 2014). However, the current study
demonstrated that there are insignificant influences of Genelyn-embalming on the
mean indexed ligamentous dimensions in neutral or in radial and ulnar deviation
positions although the range of motion of any particular joint was evaluated to be
affected by the embalming process by a number of authors (Fessel et al., 2011;
Wilke et al., 2011; Walker et al., 2014). But these studies have not compared the
same techniques and treatments. An exception in the current study is that the
mean indexed areas of the pRLTq obtained from Genelyn-embalmed specimens
were significantly smaller than that of the unembalmed wrists. The discrepancies
between measurements of this particular ligament may be attributed to the basic
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anatomy in addition to the tendency of pRLTq to change in shape during wrist
motion that may result in it being overlapped by more superficial ligaments (Figure
5.4). Although the ligamentous dimensions may be accurately registered, changes
in the shape of the ligament may hinder the exact determination of the
ligamentous dimensions with the microscribe digitiser. This ligament may also
have undergone slow, passive stretch in the unembalmed wrists whilst other
dissection or measurement was undertaken. This hypothetical stretch was only
noticed on one ligament, which may be attributable to the placement of the
unembalmed wrists, or may be artefactual.

Previous reports documented the maximum radial deviation ranging from
15-25 degrees while the maximum ulnar deviation was identified between 30-45
degrees (Kapandji, 1982; Stanley and Tribuzi, 1992). The current study resulted in
radial and ulnar deviation angle values within the range of previous studies (Figure
5-7). Unlike the values of the radial deviation angle, however, the current study
demonstrated a significant difference in the measurement of the ulnar deviation
angle between Genelyn-embalmed and unembalmed specimens. Quantification of
the ulnar deviation angle suggests that the Genelyn-embalming process has a
greater effect on the wrist motion during ulnar deviation. Nevertheless, the
ligamentous dimensions of Genelyn-embalmed specimens continued to show no
difference when compared to that of unembalmed specimens; hence, the
ligamentous dimension values were not correlated with the changes in wrist
motion.

Using unembalmed specimens was not associated with significant effects of
specimen freezing on the kinematic properties of the joints (Butler et al., 1978).
Also, there was no right-left or age dependent variability demonstrated in the
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literature regarding the ligamentous kinematic properties within the wrist joint
(Nowalk and Logan, 1991). Accordingly, conducting kinematic studies using fresh
or fresh-frozen specimens has been evaluated to be valid even after a prolonged
freezing (Viidik and Lewin, 1966; Matthews and Ellis, 1968; Noyes and Grood,
1976; Butler et al., 1978; Woo et al., 1986). In addition, refreezing of the
specimens was correlated with little or no difference in the kinematic properties of
joints and ligaments (Butler et al., 1978; Nowalk and Logan, 1991). However, the
current study showed that there were no significant differences between using
embalmed and unembalmed-frozen specimens in quantification of the kinematic
properties of the wrist ligaments around the TqHJ.

A number of authors reported that the motion in type I wrists is different
from that in type II wrists (Viegas, 1990; Viegas et al., 1990a; Viegas et al., 1993a;
Nakamura et al., 2000). This suggests that the ligaments of the wrist provide
different support and attachments based upon the type of the wrist; hence different
kinematic properties exhibited in each wrist’s type. However, the current project
succeeded in demonstrating the potential difference of ligamentous attachments
and ligamentous attachment sites according to the lunate type of the wrist. The
current study supported the basic concept that correlates the difference in bony
articulations to the variable patterns of ligamentous attachments but failed to
confirm the kinematic segregation of the ligamentous pattern in each wrist’s type.
This consideration could be explained as the differences in ligamentous
attachment sites are related to the variable bony articulation that is unique for each
type of wrist. However, the current study demonstrated that there is no significant
difference in the dynamic morphology of type I and type II wrists in terms of
ligamentous quantification and wrist joint motion in radial and ulnar deviation
although they may express different pattern of individual carpal bone motion
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(Fogg, 2004). These data suggest that ligament shape change alone is not a
determinant of carpal motion; rather than that carpal motion is occurring.

The current study had a number of limitations. The sample size was
comparable to that of other studies, but too small to give a clear indication about
the influence of embalming on the wrist motion and ligamentous dimensions. A
larger study following the procedures described here is recommended. In addition,
due to the overlap of the carpal bone, determination of the carpal kinematics
during flexion / extension motion of the wrist was difficult to analyse. Moreover, the
alignment of the carpal bones suggests that there is a unique carpal kinematic
behaviour during radial and ulnar deviation with out-of-plane movements that are
essential to be considered. Accordingly, the current study was focused only on
radial and ulnar deviation of the wrist to evaluate the kinematic behaviour of the
wrist based upon the lunate type articulation. Further investigation should be
focused on the global wrist motion considering the variable ligamentous
attachments in relation to the lunate type articulation and the consequences of the
potential difference in wrist kinematic characteristics.
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5.6 Conclusions
The current investigation suggested that regardless the morphometric
changes of the ligaments of the wrist during wrist motion; these changes are not a
determinant of carpal motion. However, carpal bone alignments affect the carpal
motion according to the ligamentous support associated with different joint
configurations.

The Genelyn-embalming process has a minimal influence on the
quantification of the ligamentous structures of the wrist during radial and ulnar
deviation movement. Although using unembalmed specimens is considered
superior to using Genelyn-embalmed materials, the kinematic behaviour of the
wrist joint was not significantly altered by the Genelyn-embalming method.
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Chapter 6
Integrated Discussion and Conclusions

302

6.1 Integration of Results
The ligamentous attachments within the wrist joint have been a topic of
debate and inconsistency (Mayfield et al., 1976; Mayfield, 1984b; Taleisnik, 1985;
Burgess, 1990; Viegas et al., 1993a; Craigen and Stanley, 1995; Gao et al.,
1996b; Feipel and Rooze, 1999a; Feipel and Rooze, 1999b; Berger, 2001a;
Nakamura et al., 2001; Viegas, 2001c; Fogg, 2004; Carlsen and Shin, 2008;
Kijima and Viegas, 2009; McLean et al., 2009b; Al Saffar, 2012). Regardless of
different approaches that have been used to describe these ligaments, no
consensus has been reached (Arkless, 1966; Stuchin, 1992; Smith, 1993b; Smith,
1993a; Berger, 1996b; Berger, 2001a; Sokolow and Saffar, 2001; Fogg, 2004;
Benjamin and McGonagle, 2009; Al Saffar, 2012; Aneja et al., 2015; Bain et al.,
2015). Therefore, the data discussed in this thesis combines the variable
morphological differences within carpal bones and the variable patterns of the
palmar intercarpal ligaments around the TqHJ. The main aim of this project is to
separate the sample population into groups that could be used to reduce the
variability of the ligamentous descriptions and facilitates the understanding of the
functional influence of these attachments. The current study confirmed the
previous established work regarding separating the sample population into
subgroups correlated with the variability of the morphological features on the
lunate’s medial hamate facet (Viegas et al., 1990b; Viegas et al., 1993a; Viegas et
al., 1993b; Nakamura et al., 2001; Viegas, 2001a; Gupta and Al-Moosawi, 2002;
Dharap et al., 2006; Galley et al., 2007; McLean et al., 2009a). Also, lunate
classification was suggested to represent a spectrum with type I and type II lunate
variants at each extreme with intermediate variants (type III) in the middle.
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The morphological differences of carpal bones suggested different patterns
of ligamentous attachments supporting each joint. Moreover, the current study
concluded that lunate morphology is the most reliable and consistent method
separating the sample population into subgroups. Accordingly, the current study
succeeded in correlating the variability of the palmar ligamentous attachments
around the TqHJ to lunate type. Different patterns of ligamentous attachment were
identified along the spectrum of lunate-based subgroups. This separates the
sample population into a type I wrist group (n=24, 38%) with a higher tendency of
TqHC and LTq attachments and a type II wrist group (n=30, 47.6%) with a higher
tendency of pTqH, TqHC and pRLTq attachments. In addition, a third group (n=9,
14.3%) with mixed variants is in the middle, where the ligament patterns observed
are a mixture of type I and type II patterns, suggesting less distinct motion
patterns.

Among the few histological analyses of the ligaments of the wrist reported
in the literature, the specific mechanical structures of ligamentous attachments
were not well addressed (Berger, 1996b; Benjamin and Ralphs, 1997; Fogg, 2004;
Benjamin et al., 2006; Benjamin and McGonagle, 2009; Al Saffar, 2012).
Therefore, the current study is based upon a combination of macroscopic and
microscopic investigations in order to establish a mechanical basis for ligament
definition reflecting the role of each ligament in wrist kinematics. Gross dissection
may provide an insight to the existence of ligamentous attachments but further
details about the microstructure of these attachments are mandatory for
differentiating between mechanically significant and mechanically insignificant
attachments. An attachment mediated by a fascicular tissue indicates an enthesis
with a significant role in joint kinematics whereas ligamentous attachment by an
irregular tissue refers to an enthesis with a minor role in joint motion (Benjamin
304

and Ralphs, 1998; Benjamin et al., 2004; Benjamin et al., 2006). As a result,
histological investigations conducted in the current study revealed the actual
structure of each ligamentous attachment and distinguishable ligamentous
patterns were further identified. This not only helped in better understanding of the
potential movements of the underlying bones but also improved the application of
the terminology used to describe these structures. Accordingly, an attachment
composed of only loose connective tissue is not a mechanically significant
attachment; hence this attachment would be excluded from contributing to the
name of the ligament. For example a triquetrum-hamate-capitate ligament with
only a loose connective tissue attachment to the hamate should be called a
triquetrum-capitate ligament.

Morphologically variable carpal bone articulations and different restrains
between ligamentous and soft tissues imply different kinematic behaviour, and
hence variable functional properties (Brumfield et al., 1966; Kauer, 1980;
Linscheid, 1986; Viegas et al., 1987b; Viegas et al., 1987a; Garcia-Elias et al.,
1989c; Burgess, 1990; Viegas et al., 1993a; Viegas et al., 1993b; Kobayashi et al.,
1997b; Nakamura et al., 2000; Shin et al., 2000; Nakamura et al., 2001; Fogg,
2004; Crisco et al., 2005; Dharap et al., 2006; McLean et al., 2009b; Buijze et al.,
2011). Accordingly, the concepts of rotation and flexion/extension kinematic
behaviour of individual carpal bone variants has been suggested in the literature
based upon the morphological variability of carpal bone articulations (Burgess,
1990; Trumble et al., 1990; Viegas, 1990; Viegas et al., 1990b; Nakamura et al.,
2000; Nakamura et al., 2001; Fogg, 2004; McLean et al., 2006). In addition, radial
and ulnar deviations are the only movements predominantly mediated by the MCJ.
The results of the current study also supported this mechanical concept based
upon the morphological variability of carpal bone articulation in relation to the
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attached ligamentous pattern. The two distinct patterns of ligamentous support
identified suggest two different joint motions. Type I wrists showed ligamentous
patterns that are suggestive of a predominant rotational hamate movement during
radioulnar deviation. In contrast, type II wrists showed ligamentous patterns that
are suggestive of a predominant flexion-extension hamate movement during
radioulnar deviation.

Within type I wrists, the pTqH was absent in the majority of the studied
sample or present with a significantly smaller enthesial bone area on the
triquetrum than that of type II wrists. Moreover, in majority of type I wrists, the
TqHC lacked a mechanically significant attachment on the hamate. Also, the pCH
within type I wrists was identified with a greater enthesial bone area on the
capitate than that of type II wrists. Accordingly, these observations suggest greater
ligament

load

in

a

different

pattern

of

motion

and

supports

the

rotational/translational hamate model suggested in the literature (Burgess, 1990;
Trumble et al., 1990; Viegas, 1990; Viegas et al., 1990b; Nakamura et al., 2000;
Nakamura et al., 2001; Fogg, 2004; McLean et al., 2006). Carpal bone rotation is
described in the same manner as pronation and supination of the forearm. For
example, internal rotation of the scaphoid is it rolling towards the palm along its
longitudinal axis, whilst internal rotation of the triquetrum is it rolling away from the
palm along its longitudinal axis. Both movements are in the same direction as
pronation of the forearm with the limb starting in anatomical position (Fogg, 2004;
Bain et al., 2009; Bain et al., 2015). The current study suggested that whenever
the pCH is loaded, it may facilitate external rotation of the hamate during radial
deviation. This particular hamate movement is facilitated by the absence of pTqH
or a less mechanically efficient hamate attachment. Similarly, the TqHC is
suggested to have a role in preventing flexion of the hamate by acting like a sling
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to limit the palmar movement of the hamate while the proximal pole of the hamate
glides across the ligament. The TqHC of type I wrists was identified with
significantly greater bone area on both the triquetrum and the capitate than that of
TqHC of type II wrists; hence greater force is transmitted towards the triquetrum
and the capitate than that of the hamate. Accordingly, whenever the TqHC is taut it
limits the palmar projection and facilitates external rotational movement of the
hamate during radial deviation of the wrist. Also, this ligament may generate a
passive internal rotational movement of the hamate by acting as a pulley during
ulnar deviation while the triquetrum and the capitate are moving in relation to each
other (Figure 6.1).
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Figure 6.1: Suggested kinematic behaviour of the hamate within type I wrists during radial
and ulnar deviation. A. The palmar capitate-hamate ligament (pCH) and the triquetrum-hamatecapitate ligament (TqHC) become taut during radial deviation. The TqHC attaches to the hamate
(H) with non-mechanically significant attachment as a sling-like structure, which facilitates hamate
external rotation while it glides under the ligament. B. Relaxation of the ulnar sided ligaments
facilitates the internal rotation of the hamate during ulnar deviation. Type I wrists are devoid of the
palmar triquetrum hamate ligament that restricts rotational movement of the hamate in type II
wrist. R = radius, U = ulna, S = scaphoid, L = lunate, Tq = triquetrum, Tm = trapezium and C =
capitate.
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The type II wrists found in the current study were characterised by the
presence of the pTqH with a significantly greater triquetrum enthesial bone area
than that of type I wrists. In addition, the TqHC within type II wrists was found
consistently attaching to a significantly greater bone area on the hamate compared
with that in type I wrists. Moreover, the pCH within type II wrist was identified with
a greater hamate enthesial bone area than that of type I wrists. Accordingly, these
observations supported the flexion/extension hamate model suggested in the
literature (Burgess, 1990; Trumble et al., 1990; Viegas, 1990; Viegas et al., 1990b;
Nakamura et al., 2000; Nakamura et al., 2001; Fogg, 2004; McLean et al., 2006).
The current study suggested that the pCH is loaded during radial deviation of the
wrist, which facilitates the external rotation of the hamate that is restricted by the
existence of the hamate-lunate articulation. Moreover, the force transmitted
through the pTqH further support the flexion of the hamate during radial deviation
of type II wrist. Also, the TqHC is attached to the hamate by a mechanically
significant attachment; hence it further restricts the external rotation of the hamate
during radial deviation and facilitates hamate flexion. Conversely, the TqHC
becomes lax during ulnar deviation of the wrist, which facilitates hamate extension
aided by the pCH and pTqH attachment (Figure 6.2).
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Figure 6.2: Suggested kinematic behaviour of the hamate within type II wrists during radial
and ulnar deviation. A. The palmar triquetrum-hamate ligament (pTqH), the palmar capitatehamate ligament (pCH) and the triquetrum-hamate-capitate ligament (TqHC) become taut during
radial deviation. The TqHC attaches to the hamate (H) with a mechanically significant attachment,
which participates with the medial hamate facet on the lunate (arrow heads) to form a locking
mechanism restricting external rotation of the hamate and facilitates its flexion. A similar locking
mechanism should exist, and will be investigated in a future study. B. During ulnar deviation, ulnar
sided ligaments are relaxed and the pTqH attachments (arrow heads) restrict internal rotational
movement of the hamate and facilitate its extension. R = radius, U = ulna, S = scaphoid, L =
lunate, Tq = triquetrum, Tm = trapezium and C = capitate.
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6.2 Clinical Applications and Implications
The functional appreciation of the wrist joint is highly based upon a
comprehensive understanding of the osseous and ligamentous anatomy of the
wrist (de Lange et al., 1985; Berger, 1997b; Bain et al., 2015). Anatomy is the key
for the fundamental understanding of the complex motion of the wrist in both
normal and pathologic states (Berger, 2001a; Kijima and Viegas, 2009; Al Saffar,
2012). Appreciation of various medical conditions begins with a fundamental
understanding of the anatomy of the joint as well as the histologic identities of the
structure within it (Mikic, 1978). In addition, understanding the anatomy of such a
region is highly beneficial in radiologic diagnosis. Advances in diagnostic imaging
open the horizon for better identification and detailed assessment of such medical
conditions that cannot be accessed unless a comprehensive knowledge about
anatomy is maintained (Alexander et al., 1990; Smith, 1993b; Smith, 1993a; Gupta
and Al-Moosawi, 2002; Theumann et al., 2003; McLean et al., 2009a).

An insight about the morphological variations and different configurations of
carpal bones is integral to comprehensive understanding of the pathological status
of the wrist joint. This may improve the approach of clinical localisation and
surgical intervention of certain wrist pathologies. It has been demonstrated that the
proximal pole of the hamate of the type II lunate wrist is the commonest site of
arthrosis (Burgess, 1990; Viegas et al., 1993b; Malik et al., 1999; Pfirrmann et al.,
2002; Dharap et al., 2006). In addition, arthrosis has been found localised on the
central and dorsal aspects of the lunate-hamate joint with an increasing incidence
if the medial hamate facet width measures 3 mm or more (Nakamura et al., 2001).
This could be explained by the type II lunate and hamate only becoming in direct
contact during maximum ulnar deviation. Also, it has been reported that the impact
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of loading results in extension, ulnar deviation and intercarpal external rotation
(Mayfield et al., 1980; Short et al., 1997). Accordingly, type II lunates are likely to
be more loaded during ulnar deviation than type I lunate. With prompt increases
on load while the wrist is undergoing ulnar deviation and extension, the hamate
may jump the interlunate ridge and result in increased shear loads,
chondromalacia and a possible chondral or osteochondral fracture (Mayfield,
1984b; Burgess, 1990). Therefore, the greater incidence of degenerative changes
in the lunate-hamate joint of type II wrists has been attributed to the change in load
during particular movements as this particular joint was demonstrated to be a loadbearing joint only in specific wrist positions (Short et al., 1997; Nakamura et al.,
2000).

Severe dysfunctional status of the wrist joint may require replacement of a
whole bone. For example, surgical management of Keinbock’s disease, avascular
necrosis of the lunate, includes replacement of the whole lunate (Alexander et al.,
1990; Gupta and Al-Moosawi, 2002; Kawamura and Chung, 2007). Therefore, the
implant should perfectly simulate the morphology of the replaced bone. However,
morphologically variable lunates have been identified within the sample population
(Viegas et al., 1990b; Sagerman et al., 1995; Nakamura et al., 2000; Nakamura et
al., 2001; Gupta and Al-Moosawi, 2002; Dharap et al., 2006; McLean et al., 2006;
Galley et al., 2007; McLean et al., 2009a; McLean et al., 2009b). Accordingly, a
single design for the lunate could not represent universal variants of the lunate.
This implies that a detailed preoperative assessment about the various lunate
parameters is mandatory for a successful replacement arthroplasty. Advances in
designing of carpal prostheses and/or the surgical procedures may reduce the
post-operative complications related to contact loadings (Alexander et al., 1990;
Kaarela et al., 1998).
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Separation of the sample population into subgroups according to the
variable ligamentous patterns can result in a better assessment of ligamentous
surgical approach and functional assessment. The current study improves the
knowledge of the anatomy of palmar ligaments and their attachments around the
TqHJ. Morphometric variability suggests that not only the structural identity of the
ligament is the sole factor to be considered but also morphometric descriptions
should be taken in account whenever a particular ligament is interrupted. Detailed
quantification of the ligamentous structures and their attachment sites will help in
surgical assessment and treatment of various injuries and degenerative changes
within the wrist joint.

Variations in the carpal bone morphology and the consequent variation in
the supporting ligamentous attachments may alter clinical examination. Current
physical

examination

technique

is

solely

reliant

upon

the

anatomical

understanding of the expected carpal motion in a “normal” wrist joint. However, the
different carpal bone morphologies identified are also correlated with specific
patterns of ligamentous support. As a result, manipulation of the dysfunctional
wrist joint should be modified in accordance to the specific type of motion pattern
of the underlying joint (Yamaguchi et al., 1998).

Carpal bone fractures and disruption of the integrity of the ligaments of the
wrist could impair the normal status of health of the joint (Taleisnik, 1988;
Kawamura and Chung, 2007; Trail et al., 2007; Sarabia Condes et al., 2015;
Snoap et al., 2015). Impairment of the wrist is reported to vary from wrist pain with
a full range of motion to loss total of function. Moreover, the complex wrist
kiematics can be affected by these injuries and complications are common
(Viegas, 1998; Gella et al., 2015). The primary goal of successful treatment of
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wrist dysfunction is relief of pain and restoring the kinematic status of the joint
(Kawamura and Chung, 2007; Elfar and Burton, 2013). Pain relief has been
achieved using various techniques of fusion arthroplasty but joint motions were
restricted (Kawamura and Chung, 2007; Elfar and Burton, 2013; Paci and Yao,
2015). However, poor understanding of the different modes of carpal bone
movements and the extensive reliance upon the single model of carpal motion
challenged both the assessment and management of wrist joint impairments. The
detailed identification of the ligamentous attachments together with the mapping of
the enthesial and para-enthesial regions may influence clinical practice. In
addition, the suggestion of variable individual carpal bone motions within the MCJ
may influence the surgical management of wrist dysfunctions. As a result,
restoring the integrity of an interrupted ligament should be according to the area of
an appropriate cortical bone support otherwise the force transmission would be
disrupted. Similarly, surgical interventions that are interfering or opposing the
kinematic behaviour of a particular joint may be inappropriate. Application of a
procedure limiting the rotational motion of a rotational carpal bone may adversely
affect the status of the wrist case and vice versa. Accordingly, application of such
surgical procedure should be preceded by a profound knowledge of the type of the
wrist and its supporting ligaments.
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6.3 Future Directions
The entire aspects of the kinematic behaviour of the two types of the wrist
joints have not been explained yet. Although a suggestion of rotational and nonrotational (flexion-extension) carpal bone variants have been introduced, further
understanding about the variation in motion of each particular joint is needed. It is
anticipated that further investigations will be continued to study the entire carpus,
which were beyond the scope of the current project. It is hoped that these aspects
will be covered in the near future by applying similar investigation on each joint. In
addition, getting over the limitations and introducing new techniques will be the
main focus of future studies. Histological analyses are planned to be at a new level
with 3D exploration of the direction of the fascicular arrangement of each ligament
using 3D reconstruction of the histological sections aided by Amira 3D Software.
Also, histological sections using resin to reduce the challenges faced with
decalcification will be a priority.
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6.4 Conclusions
Two different configurations of carpal bone alignment have been confirmed.
Variable patterns of the palmar ligaments around the TqHJ have been correlated
with the lunate type of the wrist and separated the sample population into groups.
These differences have been also discussed in reference to the theoretical
movement of the hamate and the MCJ in general. Accordingly, the current study
supported the suggestion about the existence of rotational and non-rotational
(flexion-extension) hamate variants based upon both carpal bones morphology
and the supporting ligamentous structures on the ulnar side of the wrist, which
may be applied to the entire carpus (Burgess, 1990; Trumble et al., 1990; Viegas,
1990; Viegas et al., 1990b; Nakamura et al., 2000; Nakamura et al., 2001; Fogg,
2004; McLean et al., 2006).

The identification of the potential differences between the ligamentous
attachments in relation to carpal bone morphological identities may be of
significant importance in surgical restoration of wrist dysfunction. This may
improve the post-operative consequences that require revision of surgical
procedures.
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Appendices
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Appendix 1 - University of Glasgow Anatomical Embalming
Protocol
Donors presented under the terms of Anatomy Act And Human Tissue
(Scotland) Amendments (2006) to the Laboratory of Human Anatomy at the
University of Glasgow are routinely embalmed for educational and research
purposes. The process is as follows:

1. The accepted donor is assigned a unique number. Tags are fitted to the
ears, hands (one finger each) and feet (one toe each). Personal items and
name tags are removed.

2. Hair is removed with clippers and the donor sprayed with disinfectant
(UniGram, Genelyn Anatomical, Australia).

3. A second layer of disinfectant is applied to all surfaces and the donor is
mobilised (gently bending all joints) to eliminate the influence of rigor mortis.

4. An incision is made in the right side of the neck in order to access the
carotid sheath. This is opening and the common carotid artery raised. A
cannula is inserted (uni- or bi-directional as preferred). A Portiboy Mark V
injection pump at 30-50psi is used to pump* 20-25L of Genelyn Anatomical
Series (Genelyn Anatomical, Australia) embalming fluid into the arterial
system. The venous system is NOT opened during this process. The
Genelyn Anatomical Series embalming fluid is a proprietary mix that
includes:
<20% formaldehyde
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<1% 2-benzyl 4-chlorophenol
And other chemicals that are undeclared but not reportable.

5. The donor is percussed to determine the extent of peripheral fluid perfusion;
this is aided by additional mobilisation of the joints, as required.

6. Upon satisfactory perfusion the artery and then incision are sutured closed
and the donor is sprayed with another layer of disinfectant.

7. The donor is then placed in a clear plastic body bag and refrigerated at 40C
for three months. A small incision (15mm) is made in the bag to facilitate
venting of embalming fluid during the curing process.

*the pump-based process may be replaced by gravity-feed, with the fluid container
raised to at least two metres above the ground before starting fluid flow. This is left
to run for at least 4 hours, but usually half a day, or overnight. The same
percussive tests are applied to determine extent of perfusion.

319

Appendix 2 - Tissue Preparation (Fogg, 2004)
A. Decalcification
1. Accelerated Decalcification
Ingredients:

WEAR GLOVES WHEN PREPARING THIS

1% EDTA
9.5% nitric acid (HNO3)
Distilled H2O

2. Slow Decalcification
12% EDTA

B. Double-Embedding
This double-embedding procedure was adopted to combat the difficulties
faced with the traditional single-embedding procedure. The double-embedding
procedure was as follows:

1. 50% alcohol all day.
2. 70% alcohol overnight.
3. 95% alcohol all day.
4. Absolute alcohol 1.5 hours.
5. Absolute alcohol (new change) for overnight.
6. 50% alcohol: 50% diethyl-ether half day (in fumehood).
7. 1% cellulose nitrate in 50% alcohol: 50% diethyl ether half day (in fumehood).
8. 1% cellulose nitrate in 50% alcohol: 50% diethyl ether overnight (in fumehood).
9. 1% cellulose nitrate in 50% alcohol: 50% diethyl ether half day (in fumehood).
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10. Amyl Acetate, Chloroform or Xylene for 30 minutes (in fumehood).
11. Dry on paper (in fumehood).
12. Immerse in liquid paraffin wax (1st wax), 60 minutes (in oven).
13. 2nd wax (new wax), 30 minutes (in oven).
14. 3rd wax (new wax) @ 800mbar, 30 minutes (in vacuum oven).
15. DO NOT change the wax or open the oven; increase vacuum to 500mbar, 30
minutes (in vacuum oven).
16. Gently, release vacuum and open the oven.
17. 4th wax (new wax) @ 500mbar, 1-2 hours (in vacuum oven).
18. Mount tissue in block.

C. Slide Coating and Weighting (optional)
To facilitate section adhesion to the slides, each slide was coated with a
gelatine mixture.

Solution
§

2.5g gelatine.

§

0.25g chromium III potassium sulphate (CrK(SO4)2 12H2O).

§

500mL distilled water.

§

Gelatine dissolved into 250mL distilled water on medium heat with stirrer.

§

Chromium dissolved in 250mL of distilled water.

§

Gelatine solution added to chromium solution through filter paper.
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Procedure
§

Slides were cleaned with soapy water.

§

Rinsed in warm water.

§

Placed in warm gelatine solution and carefully removed to avoid creating
bubbles on the slide surface.
0

§

Placed in oven (50 C) overnight.

§

Sealed in airtight container until used.
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Appendix 3 - Modified Masson’s Trichrome Staining (Fogg, 2004)
A. Ingredients
Ponceau de xylidine Phosphomolybdic acid.
Acid fuchsin.
Glacial acetic acid.
Light green SF.
Wiegert’s A and B1

USE MAYER’S IF AVAILABLE

Hydrochloric acid.
1

Mixed solutions of Wiegert’s A and B will only last for 2 days

B. Stains
1. Cytoplasmic Red
A = 1% ponceau de xylidine in 1% acetic acid
B = 1% acid fuchsin in 1% acetic acid
Mix together in a ration of 2A: 1B

To make 300mL:
A = 2g ponceau de xylidine + 2mL acetic acid in 200ml H2O
B = 1g acid fuchsin + 1mL acetic acid in 100mL H2O
The final pH ≈ 3.05

2. Light Green
2g Light Green SF + 2mL acetic acid + 100mL H2O
Final pH ≈ 2.85
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C. Procedure
1. Dewax in HistoClear for 10-15 minutes.
Hydration: Bring sections to water using the following sequence:
2. Absolute Alcohol

2 minutes.

3. Absolute Alcohol

2 minutes.

4. 90% Alcohol

2 minutes.

5. 70% Alcohol

4 minutes.

6. Rinse in running water 4 minutes.

Stain:
7. Stain in Mayer’s Haematoxylin 8 minutes.
8. Blue in running tap water for approx. 10 minutes.
*Check that only nuclei are stained*
9. Stain in Cytoplasmic Red for 1 minute.
10. Rinse in two washes (dips) of 1% acetic acid.
11. Displace in 4% phosphomolybdic acid for 2 minutes.
12. Rinse in 1 wash of 1% acetic acid.
13. Stain with Light Green for 35-70 seconds (may have to vary time).
14. Rinse in 1 wash of 1% acetic acid.
Dehydration: Blot, and then dehydrate using the following sequence:
15. 70% Alcohol

1 minute.

16. 90% Alcohol

1 minute.

17. Absolute Alcohol

2 minutes.

18. Absolute Alcohol

3 minutes.

19. Clear in HistoClear

10-15 minutes.

20. Second HistoClear

5 minutes.

21. Mount slides in DPX (mounting medium), in fumehood.
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Results:
Nuclei – Blue / Black.
Cytoplasm, muscle and acidophilic granules – Red.
Collagen, Cartilage, mucin and basophilic granules – Green.
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