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ABSTRACT

Certain complex hand functions such as playing musical instruments, buttoning and
writing require the action of the long flexor tendons. Repeated movements of these
tendons cause inflammatory changes resulting in an increase in the Tendon Cross
Sectional Area (TCSA), and, subsequently, tendinous interconnections (occurs in
approximately 20% of the general population, commonly between the flexor pollicis
longus [FPL] and index finger flexor digitorum profundus [FDP] - Linburg-Comstock
syndrome). Coupled with an anatomically congested space at the wrist, such
interconnections may compress the median nerve resulting in carpal tunnel syndrome.
This study evaluated the prevalence of tendinous interconnection amongst 200 medical
students at Cardiff University by a series of structured hand movements (n=12) in
controlled setting. The findings were corroborated using Ultrasound Scan (USS) (n=4)
and Magnetic Resonance Imaging (MRI) (n=1). The muscle mass, fibre length,
density, angle of pennation and tendon length were ascertained by studying hands and
forearms (n=30) of embalmed human cadavers. The data was used to determine the
Physiological Cross Sectional Area (PCSA) and calculate the relation between PCSA
and TCSA. Simple linear regression established the direct relation of PCSA to TCSA,
muscle mass and tendon length. A direct relation between the TCSA of FPL and index
finger FDP was identified. The cross sectional area of the median nerve increases as it
traverses the carpal tunnel. The PCSA had no bearing on density and angle of
pennation. USS was found to be more dynamic and sensitive than MRI in identifying
tendinous and tenosynovial interconnections, as the tenosynovial interconnections <1
mm thick could be recognised. The study also (i) identified a lower percentage of
tendinous interconnection (compared to the literature) in a randomly selected group of
individuals, (ii) detected the limitation of photograpic measurements to study angles of
finger movements and (iii) highlighted the disadvantage of calculating PCSA in

cadavers.
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INTRODUCTION
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1.1 Introduction to the dissertation

Constant and repetitive movements involving the flexor tendons of the thumb
and the fingers whilst typing, playing sports, playing string and keyboard-
based instruments can result in tenosynovitis (inflammation of the outer
synovial sheath that covers the tendon - tenosynovium) and tendonitis
(inflammation of the tendon). This leads to an increase in the tendon cross
sectional area (TCSA), which subsequently contributes to the development of
tendinous interconnections (Katz et al., 2002). These interconnections,
coupled with an anatomically congested carpal tunnel at the wrist, may lead to
compression of the median nerve resulting in carpal tunnel syndrome (Slater,
2001). Aside from being acquired, interconnections may also be

developmental or inherited (Karalezli et al., 2006a).

Tendinous interconnections are estimated to occur in about 20% of the general
population (Rennie et al., 1998). Although string music players present with
symptoms associated with tendinous interconnections and, consequently,
considered to have a higher incidence, there is insufficient evidence in the
literature that conclusively establishes higher incidence in this group. Studies
by Miller et al. (2003) and Karalezli et al. (2006b) corroborate the above

observation.

This study attempted to evaluate the prevalence of tendinous interconnection
amongst first year medical students at Cardiff University, some of whom
played string and key-based musical instruments. The prevalence of these
interconnections was established by studying live human volunteers. The

findings from the human volunteer study were corroborated using Ultrasound
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Scan (USS) and Magnetic Resonance Imaging (MRI). Cadaveric dissection of
the upper limb was used to ascertain the muscle mass, angle of pennation,
muscle fibre length, muscle density and tendon dimensions (length, width and
breadth). These measurements were obtained by reflecting, dissecting or
removing the muscle along with its tendon from the forearm, wrist and hand.
(The methods involved in dissection are explained in chapter 2). The data
were used to calculate the Physiological Cross Sectional Area (PCSA) and

Tendon Cross Sectional Area (TCSA).

Chapter 1 provides a background to the structure of the hand with particular
reference to the muscles and tendons, essential developmental embryology,
carpal tunnel and movements at the wrist, pathogenesis of tendinous
interconnections, and the fundamentals and principles behind undertaking the
studies in this dissertation. A sound understanding of the anatomy of the hand
and the flexor tendons is essential to decipher the mechanics of development

of these tendinous interconnections and hence described in detail.

1.2 Overview of the hand

The human hand, an intricate and prehensile part of the body, is capable of a
wide range of movements involving extreme precision and exactitude. The
hand is the region of the upper limb distal to the wrist joint. Its skeleton
consists of carpal bones, metacarpals and phalanges. The soft tissue covering
the skeleton consists of tendon and its coverings, small muscles of the hand
and neurovascular structures. These structures cover (envelope) the phalanges

to form the digits. The five digits consist of the laterally positioned thumb and
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medial to the thumb the four fingers the index, middle, ring and little fingers.
The hand has a volar (anterior or palmar) and dorsal (posterior) surface.

The ability to use the hands has evolved over time, starting with primitive
gestures such as grabbing objects to more precise and highly dexterous
activities such as threading a needle that warrants accurate hand-eye
coordination. Fine motor skills require controlled use of the small muscles of
the hand, fingers and the thumb, in conjunction with forearm muscles and
wrist movements. The development of these skills allows humans to
undertake complex tasks such as typing, writing, buttoning, sewing, and

playing certain musical instruments (such as the guitar, violin and piano).

1.3  Skeleton of the hand

The bones of the hand can be divided into three well defined groups:

e Phalanges (bones of the digits) - three each in the four fingers and two in
the thumb

e Five metacarpal bones (each related to one digit)

e Eight carpal bones

1.4 Fingers and thumb

Each metacarpal consists of base, shaft and the head (from proximal to distal).
All the bases articulate with the carpal bones and with the bases of adjacent
metacarpal bones. The heads articulates with the proximal phalanx of the
digits. The head of first metacarpal bone articulates with the proximal phalanx
of the thumb (distally) while the second to the fifth articulates with the
proximal phalanx of the index, middle, ring and the little fingers respectively.

The joint between the first metacarpal and the trapezium is a saddle type of
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joint thus imparting a wide range of mobility to the thumb (discussed in detail
in subsequent session) while that formed by the metacarpophalangeal joint
(MCPJ) is a condylar joint thus permitting flexion and extension (Standring,
2005c). The phalanges are the bones of the digits - the thumb has two
(proximal and distal) while the other digits have three (proximal, middle and
distal). Similar to metacarpals, these phalanges have a base, shaft and the
head. The base articulates with the head of the respective metacarpal bone
thus forming the MCPJ. The fingers can perform adduction and abduction at
the MCPJ, which is defined with respect to the long axis of the middle finger,

and flexion and extension at the interphalangeal joint (IPJ).

1.5  Thumb

The thumb exhibits a wide range of mobility at the carpometacarpal (CMC)
joint. The different movements at this joint include: flexion, extension,
adduction, abduction, rotation and circumduction (Standring, 2005a). Of these
movements, flexion and extension occur parallel to the palmar plane while the
adduction and abduction occur at right angles. Circumduction is a
combination of adduction, abduction, extension and flexion. The thumb has
evolved to perform another unique movement called the opposition - a
composite position of the thumb achieved by the flexion of the first metacarpal
at the CMC joint, internal rotation at the MCPJ, and minimal flexion of the IPJ
(Figure 1.1) (Standring, 2005a). The thumb is the only digit on the human
hand that is able to oppose against the other four fingers and thus enables the
hand to perform precise motor skills such as writing and gripping. The grips
are classified as tip pinch and lateral (or key) pinch (McMinn, 1994) (Figure

1.2). In anatomical position, the long axis of the thumb is rotated 90° to the

35



rest of the digits so that the pad of the thumb faces medially. Consequently,
movements of the thumb are defined at right angles to the movements of the

other digits of the hand (Standring, 2005b).
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1.6 Intrinsic muscles of the hand

The intrinsic muscles originate and insert within the hand, and execute
precision movements such as ‘precision grip’. These are divided into the three
groups namely: general, thenar and hypothenar muscles. The general intrinsic
muscles are the Palmaris Brevis (PB), Dorsal Interossei (DI), Palmar interossei
(PI), lumbricals and Adductor Pollicis (AP). The thenar muscles are Abductor
Pollicis Brevis (APB), Flexor Pollicis Brevis (FPB) and Opponens Pollicis
(OP). The hypothenar muscles are Opponens Digiti Minimi (ODM), Abductor
Digiti Minimi (ADM) and Flexor Digiti Minimi Brevis (FDMB). The origin,
insertion, action and innervation of the thenar and hypothenar muscle groups

are shown in Tables 1.1, 1.2 and Figure 1.3.
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1.7 Extrinsic muscles of the hand

Extrinsic muscles are classified according to their action at the phalanges of
fingers thumb and wrist joint. These include the Flexor Digitorum
Superficialis (FDS) and Flexor Digitorum Profundus (FDP) to the fingers, and
the Flexor Pollicis Longus (FPL) to the thumb. Tendinous interconnections
commonly develop between the tendons of FPL and FDP to the index finger.
The FDS attaches to the sides of the proximal phalanges of all fingers, the
FDP to the volar surface of the base of the distal phalanges of all fingers and
the FPL to the volar surface of the base of the distal phalanx of the thumb.
Together, and in conjunction with the small muscles of the hand, they bring
about the ‘power grip’ as when making a tight fist (Drake et al., 2007e). The
power grip is used when the fingers (and sometimes palm) grip on an object
with the thumb makes counter pressure such as gripping a hammer and
opening a jar using both your palm and fingers. These muscles are shown in

Figure 1.4.

1.8 Flexor tendons of the wrist

These include the Flexor Carpi Ulnaris (FCU) and Flexor Carpi Radialis
(FCR). FCU and FCR perform flexion as well as ulnar deviation (adduction)
or radial deviation (abduction) of the wrist respectively (Standring, 2005e).
The origin, insertion, action and innervation of all flexor tendons to the thumb,

fingers and wrist are shown in Table 1.3.

1.9 Pulley system of the hand
Pulleys (Figure 1.5) are tough, fibrous structures found in the palmar aspect of

the hand and fingers. They mainly help to maintain the flexor tendons of the
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hand in steady relationship with the joint axes and encourage effective finger
flexion (Doyle, 1989).

The pulley system is composed of the flexor retinaculum (transverse carpal
ligament), the palmar aponeurosis pulley and the digital flexor pulley system.
The digital pulley system comprising of cruciate and annular pulleys is the
most significant for finger flexion. In their normal position, the pulley system
is stable and can accommodate a large arc of motion of fingers without
bowstringing of the tendons. Loss of a pulley results in an increased tendon
movement to generate the same arc of motion. As the force generated by the
muscle is directly proportional to the muscle fibre length, the efficiency of
tendon excursion (active range) is reliant on maintenance of the crucial
relationship between pulleys and the adjacent joints axes (Lieber, 1992 and
Doyle, 1989). Reconstruction of this system following injury is dependent on
knowledge of the anatomy and an understanding of the functional significance

of each component of the system (Doyle et al., 2001e).
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1.10 Histology of the flexor tendons

The normal histology of the flexor tendons consists of densely packed
collagen fibrils running parallel to each other. A dense connective tissue
called the endotendineum separates collagen fibrils from each other. The
blood vessels and nerves run through the endotendineum in a longitudinal
fashion. The capillary wall is composed of lining endothelium resting on a
basal lamina and sub-endothelial connective tissue. The ground substance (the
extracellular space between collagen fibrils) consists of polysaccharides and
extra-cellular fluid. Groups of endotendinuem may be reorganised to form
larger functional units by thicker connective tissue to form the peritendineum.
The group of peritendineum are surrounded by dense irregular connective
tissue to form epitendineum. The nucleus of the longitudinal elongated
fibroblasts lies in the widest portion of the cell and these are scattered between
the collagen fibril bundles. Within these collagen fibres also lie elongated and
flattened nuclei of inactive fibrolast (tendinocytes) (Ross and Pawlina, 2005).
This is shown in Figure 1.6 and the arrangement of different layers of tendon

is shown in Figure 1.7.

1.11  Histology of the tenosynovium

To protect the epitendineum layer of the tendon from friction they are
surrounded on the outside by two layers of flattened synovial cells of
mesenchymal origin. Of these two layers, one of the layers is attached to the
tendon while the other one is attached to the neighbouring structures. The
space (tendon sheath space- TSS) between the two layers contains a viscous
fluid that is composed of water, protein and hyaluronate (Stevens and Lowe,

2005). This is shown in Figure 1.8.
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1.12 Carpal Tunnel

The carpal bones are arranged at the wrist in two rows of four bones each.
The proximal row, from radial to ulnar, consists of scaphoid, lunate,
triquetrum and pisiform. The distal row, again from radial to ulnar, consists of
trapezium, trapezoid, capitate and hamate. The fibrous band known as the
flexor retinaculum is attached medially to the pisiform and the hook of hamate
and the laterally to the scaphoid and the trapezium, thus converting the carpal
arch (Figure 1.9) in to a tunnel called the carpal tunnel. Thus, the sides and
the floor of the carpal tunnel are formed by the carpal arch while the flexor

retinaculum forms the roof.

1.13  Structures passing through the Carpal Tunnel (Contents of the
Tunnel)

The carpal tunnel contains the median nerve and all the long flexor tendons to
the digits and the thumb (FDP, FDS and FPL). The median nerve is the most
superficial structure in the carpal tunnel (Rotman et al., 2002). The motor
branch of the median nerve in hand arises from the main trunk under or just
distal to flexor retinaculum, and winds around the distal border of retinaculum
to reach thenar muscles (including the APB, FPB and OP) and the first two
lumbricals. The sensory branches of the median nerve innervate the skin over
the lateral three and 1/2 digits including the nail bed and dorsal surface of the
distal phalanx (can be up to distal half of the middle phalanx) (Standring,

2005). A cross section through the carpal tunnel is shown in Figure 1.10.
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Within the carpal tunnel, the alignment, shape and relationship of the median
nerve to the flexor tendons varies depending on wrist movements. Using US
scan, Zeiss and colleagues (1989) noted that during flexion of the wrist, the
nerve lies anterior to the FDS (index) tendon and during extension the nerve
became interposed between the superficial flexor tendons of the index finger
and FPL of the thumb or between the FDS of the middle and ring fingers. It
was also noted that the area of the nerve changed with wrist movements.
During flexion the nerve flattened antero-posteriorly whilst it became rounded

during extension.

There is an inverse relation between the width and the thickness of the median
nerve as it passes through the carpal tunnel. As the width increase from an
average of 6.1 mm (at the middle portion of the tunnel) to 7.7 mm (at the exit
of the tunnel), the thickness of the nerve decreases from an average of 2.1 mm
(at the middle portion of the tunnel) to 1.9 mm (at the exit of the tunnel) (De
Krom et al., 1987). Thus the median nerve flattens during its course through
the carpal tunnel. This may be to easily pass through the tunnel and to
accommodate the accompanying flexor tendons (Allmann et al., 1997).
Similar findings have also been established using US scan by Buchberger and
colleagues in 1991. The increase in the area of the nerve is due to increased
density of the intraneural connective tissue especially within the epineurial
layers (Castelli et al., 1980). There is also an increase in the thickness of the
arteriole wall and the venules due to endo proliferation (Armstrong et al.,
1984). This change to the vessel wall is regarded as an adjunct protective

feature that opposes increased intra-tunnel pressure during wrist movements
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and reduces the chances of vascular collapse (Castelli et al., 1980). Figure

1.11 shows the different layers of the peripheral nerve.
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1.14  Structures superficial to the Carpal Tunnel

The tendon of Palmaris Longus (PL) passes over the flexor retinaculum to
continue as the palmar aponeurosis. The palmar cutaneous branch of the
median nerve, which innervates skin over base of thenar eminence, arises a
short distance proximal to the flexor retinaculum. The superficial branch of
the radial artery also runs superficial to the flexor retinaculum and ends by
anastomosing with the deep branch of the ulnar artery thus completing the
superficial palmar arch. The ulnar neurovascular bundle lies superficial to the

carpal tunnel as they enter the palm through the ‘Guyon’s canal’.

1.15 Structural changes in the Carpal Tunnel during wrist movements

An animation of the movements at the wrist joint is seen in the attached Power
Point presentation (Courtesy of Dr Alan Watson).

Movements such as normal flexion and extension of the wrist and fingers
affect the width and dynamic pressure within the carpal tunnel. Flexing the
wrist causes the flexor retinaculum to move closer to the radius which
considerably decreases the cross section of the proximal opening of the tunnel
and also the distal end of the capitate moves into the opening. In extreme
extension the lunate constricts the passage as it is pressed toward the interior

of the tunnel (Schmidt, 2004).

During ulnar deviation of the wrist, the triquetrum glides distally across the
hamate. This movement causes the triquetrum to move into extension
resulting in reduced height of the ulnar aspect of the wrist. In addition, during
this movement, the hamate approaches the ulnar styloid and the lunate rotates
antero-medially along with it into extension (Schmidt, 2004). During radial

deviation, the distal row of carpal bones migrate radially whilst the proximal
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row, mainly the scaphoid and lunate, move towards the ulnar styloid. The
capitate along with trapezoid moves more towards the radial styloid in relation
to the scaphoid and lunate movements (Kaufmann et al. 2005, Mac Conaill,

1941).

During forceful flexion of the fingers (such as when making a fist), the
lumbrical muscles migrate proximally into the carpal tunnel and increase the
pressure within the carpal tunnel from about 2.5 mmHg to 31 mmHg at the
most constricted part of the tunnel (at the level of hook of hamate) (Gelberman
et al., 1981). The cross sectional area (CSA) of the carpal tunnel is found to
increase during flexion of the wrist. This is to accommodate the lumbrical
muscles that move into the carpal tunnel during flexion. This adjustment
causes overall reduction in the space within the carpal tunnel and may result in
compression of the median nerve (carpal tunnel syndrome is discussed later in
this chapter). The other adjustments that occur during flexion of the wrist
include compression of the fat, flattening and displacement of the median
nerve, and pressure on the superficial and deep flexor tendons (Ham et al.,
1996). During wrist extension, the cross-sectional area of the carpal tunnel
increases at the level of the hook of hamate thus decreasing the pressure within

the tunnel (Horch et al, 1997).

1.16 Essential embryology

1.16.1 Upper limb

In humans, the upper limb develops by the end of the first month of
intrauterine life. At this stage, the limb bud appears as a mesenchymal core
(which is a type of undifferentiated loose connective tissue derived mostly

from the mesoderm - one of the three primary germ cell layer) covered by a
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thin layer of epithelium (Seyfer et al., 1989). The hands and the fingers are
well developed by the end of second month of intrauterine life. The
differentiation of the tendons at the end of muscle belly begins between the
seventh and eighth week (Ippolito, 1990). Limb fibroblasts and tenoblasts
(tendon cells) primarily originate from the somatopleura, which is formed
from the outer layer of the lateral plate mesoderm found at the periphery of the

embryo (Kienv and Chevallier 1979).

1.16.2 Development of flexor tendons and pulleys

Limb muscles are formed by myogenic precursor cells that migrate into the
limb buds and differentiate into myoblasts. The myogenic precursor cells are
derived from the dorsolateral muscle-forming region of the somites (which are
bilaterally paired segments of mesoderm that are arranged along the anterior-
posterior axis of the developing embryo) (Moore et al, 2008). In humans, they
migrate into the limb buds during the fourth week of development. Following
migration of the mesodermal cells into the limbs, the axons of the nerve from
the corresponding rami of the spinal cord follow them proximally to distally
(Sadler, 2000). These mesodermal cells unite into two common muscle
masses which later splits to form the extensor and flexor compartment
respectively. The myoblasts hypertrophy and fuse into myotubules; every
muscle is recognizable by seven weeks (Beatty, 2000). The basic embryology

of the limb is shown in Figure 1.12.

Shellswell and Wolpert (in 1977) demonstrated that tendons (which are
somatopleuric in origin) develop independent of the muscle bellies. The

tendinous and muscle blastemae (the formative, undifferentiated material from
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which muscles and tendons develop) start to develop separately from one
another and join up secondarily. In chick embryo study, it has been found that
the tendons start to develop earlier and anterior to the future forearm muscles,
despite the absence of these muscles. However, for their maintenance and
further development the tendons require connection to at least one muscle
belly or the whole muscle group. Further to this observation, experiments by
Kieny and Chevallier (1979) demonstrated that if the dorso-ventral axis of the
limb were to be inverted the tendons developed normally but joined with the
wrong muscles i.e., ventral tendons matched with dorsal muscle group and
vice versa. This is illustrated in Figure 1.13. This establishes that the
attachment to a muscle is necessary for the further development of the tendon.
The pulley system is recognised by week nine as condensing mesenchyme.
The pulleys are well-developed by the 12" week of intra-uterine life
(Linscheid, 2000) and are identifiable around the flexor tendon in positions

similar to that found in the adult hand (Sbernardori et al., 2000).
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1.17 Work Related Musculoskeletal Disorders (WRMD)

Work related musculoskeletal disorders cause pain, disability and loss of
employment for workers in many occupations (Silverstein et al., 1986).
Musculoskeletal problems are considered significant health factors for
performing artists, especially instrumentalists. Use of the hand in continuous
and repeated activities such as typing, playing string- or key-based musical
instruments places an increased degree of stress and strain on the soft tissue
structures including the tendons. In the long-term, this can lead to reduced
functional efficiency of the involved digits and/or the hand, resulting in
inability to perform the task that requires a very high degree of dexterity. The
symptoms of this condition include pain, weakness of the hand, tingling and
stiffness (Zaza et al., 1998), which might be related to the tendonitis,
tenosynovitis or carpal tunnel syndrome (Hiner et al., 1997). Common
playing-related musculoskeletal disorders (PRMDs) of musicians include
overuse problems, such as tendonitis, and peripheral nerve entrapment

syndromes (Zaza, 1997).

In musicians, repetitive movements at the wrist such as flexion, extension,
radial and ulnar deviation of the wrist may cause tenosynovitis of the long
flexor tendons, which in the long-term contribute to the formation of tendinous
interconnections mainly within the carpal tunnel (Leijnse et al., 1997a). These
interconnections can either be fine tendinous linkages or strong adherent
sheets of tenosynovium, both of which may be very resistant to stretch.
Tenosynovium helps with the smooth gliding of the tendon with the least

amount of friction. Interconnections at the level of tenosynovium act as
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adhesions that prevent movements of the tendon and causes tension during
finger movements. Whilst playing a musical instrument, these may become
the potential sites for pain and inflammation (Leijnse et al., 1992). The
postulated pathophysiology for development of tendinous interconnection is

discussed in detail in subsequent sections.

The risk factors that have been identified for PRMD include the type of
instrument that the musician frequently plays, their gender, age, duration and
intensity of playing, and individual physical characteristics such as the hand
size (Brandfonbrener, 2003). Abréu-Ramos and colleagues (2007)
demonstrated that PRMD is more common in adult musicians (mean age: 22-
29 years) than in adolescents as this age group played the musical instrument
for longer hours and with fewer breaks in between playing (28.7 hours/week).
Similarly, in 1992, Pratt and colleagues identified that the prevalence of
PRMD was approximately 39% to 47% in adults compared to 17% in
secondary school music students. They also found that PRMD is more
common in female string- and keyboard players compared to their male
counterparts. Some of the proposed theories concerning the difference are
smaller hand size along with decreased arm strength and more flexibility and
joint laxity of the hand in females. However, these theories have not been
investigated sufficiently to derive concrete conclusions (Brandfonbrener,
1990; Chong and Chesky, 2001). There is strong evidence to suggest that the
musicians who play an instrument for more than four hours a day and more
than 60 minutes without a break are more prone to clinical signs and

symptoms of PRMD (Roach et al., 1994; Bruno et al, 2008).
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PRMD results in loss of speed, precision and grip such that the musician loses
their ability to play the instrument effectively (Caldron et al., 1986).
Furthermore, symptoms may get aggravated soon after playing the instrument
due to the gradual build-up of inflammatory material in the tenosynovium
leading to transient tenosynovial swelling (Winspur and Parry, 1997; Hansen
et al., 2006). PRMD can be physically, emotionally and financially
distressing for the musicians since it can hamper their ability to play the
instrument either professionally or as a leisure pursuit (Zaza et al., 1998; Zaza

1998).

Prevention of PRMDs includes recognition of both internal (e.g., musicians
strength and flexibility of the musician’s body) and external factors involved
(e.g., anatomical and functional position whilst playing an instrument,
instrument size and techniques of holding the instrument involved); that is, the
interface between the musicians, their instruments and the playing
environment (e.g., rest breaks or hours of practice) (Foxman et al., 2006,

Miller et al., 2002).

1.18 Common types of tendinous interconnections in musicians

In 1979, Richard Linburg and Brian Comstock identified an anomalous
interconnection between the FPL and FDP of index finger at the level of
carpal tunnel that restricted independent flexion of these digits. The patient
presented with pain in the distal forearm. Now popularly known as the
Linburg-Comstock anomaly, it is characterised by simultaneous flexion of the
distal IP joint of the index finger with flexion of the IP joint of the thumb and

the inability to actively flex the IP joint of the thumb without simultaneously
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flexing the distal IP joint of the index finger (Spaepen et al., 2003). Linburg-
Comstock syndrome causes functional impediment in musicians (Karalezi et
al., 2006a) by reducing the independent movement of the FDP (index) when
the thumb is flexed (Hamitouche et al., 2000). The presence of these
interconnection and similar anomalies have been subsequently identified and
reiterated by a number of studies both amongst musicians and non-musicians

(Leijnse et al., 1997a; Allieu et al., 1998; Miller et al., 2003).

Any movement against interconnection causes pain (usually of tearing in
nature) on the palmar aspect of the hand, radial side of the wrist or in the distal
part (mainly the distal one-thirds) of the forearm (Miller et al., 2003). These
interconnections have been identified just proximal to the radiocarpal joint or

the distal forearm (Karalezli et al., 2006c¢).

Miller and colleagues (2002 and 2003) have classified the manifestations of
FPL and FDP interconnections. This classification is based on the level of the
interconnection and the degree of mechanical impediment. These are: (1)
synkinesis (involuntary movement of hand or muscles associated with a
voluntary movement) (2) synkinesis and positive Linburg-Comstock test
results (i.e., pain and discomfort during flexion of the thumb to the base of the
little finger while the index finger is held in extension by the examiner), and
(3) pain and deformity following continuous use. They also observed that
amongst string players, the symptoms were more prevalent in the left hand and
this tended to decrease from the radial to the ulnar side of the hand. This is
due to the fact that the left hand is involved in free finger and thumb

movements when playing bowed or string instruments. The static thumb
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posture with active finger movements, as in string instrument players, leading
to tenosynovitis over time has been suggested to lead to this anomalous

interconnection (Miller et al., 2003).

1.19 Pathogenesis of tendinous interconnections

The recognized concept of a synovial sheath (tenosynovium) is that of a two-
layered structure surrounding the tendon with the presence of lubricating fluid
between these layers. The inner layer holds on to the tendon, and is attached
by areolar tissue to the outer layer that adheres to the surroundings. These
layers slide relative to each other and the loose connective tissue sandwiched
between them is stretched only with larger than physiological tendon
displacements. The purpose of the sheaths is to reduce friction of the tendons
relative to the environment or other tendons, and they are constructed in a
manner that allows nerves and vessels to reach the tendons undamaged.
However, within the carpal tunnel, the synovial sheaths comprise many layers
of thin membranes (in contrast to the ‘classical’ two layered tendon sheaths
arrangement (e.g., in the digits), the synovial mass in the carpal region will be
referred to here as ‘synovial membranes’ (Leijnse et al, 1997a). These
membranes enclose all flexor tendons (FDS, FDP and FPL) collectively as
well as the individual tendons. Synovial membranes, in general, do not adhere
to the superficial tendons, except sometimes in the case of those of the little
finger as numerous thin tendon strands (Leijnse et al, 1997a). However,
within the carpal tunnel they often adhere strongly to the deep flexor tendons.
When they are attached to two adjacent tendons, they may form

interconnections.
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There are differences in the morphology of the superficial and deep flexor
tendons. The superficial flexor tendons have tightly packed tendon strands
giving it a round and smooth appearance, while the deep flexor tendons
(especially, the three on the ulnar side) are a collection of loosely packed
tendon strands. However, distal to the distal border of the flexor retinaculum
where the lumbrical muscles originate, the deep flexor tendons assume a round
and smooth appearance. In the carpal tunnel where the deep flexor tendons
are loosely packed tendon strands, the synovial membrane gets trapped
between the individual tendon strands predisposing to the formation of
interconnections (Leijnse et al., 1997a) (Figure 1.14). The interconnection
between the tendons of FPL and FDP (index) might be due to the anatomic
proximity coupled with the large mean PCSA of the FDP tendons. In
addition, although the FPL and FDP tendons are independent of each other,
due to the common mesodermal mass from which these tendons are derived,
the interconnection could occur as a congenial anomaly (Mangini, 1960;
Kaplan, 1984). These tendinous interconnections together with adhesive
synovial membranes may provide strength to resist the in vivo forces that
generate the opposite displacements of the connected tendons (Leijnse et al.,

1997a).

In musicians, repetitive trauma would expose the musculoskeletal tissue
frequent to low-magnitude forces that might result in damage at the
microscopic level. In chronic tendon disorders, the structure of the tendon is
disturbed by the collagen fibres gliding past one another, leading to rupture of
their cross-linked structure and denaturising of the collagen. Clinically, this

may present as inflammation, oedema and pain. Consequently, frequent
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clinically identifiable manifestations of overuse tendon injury are tendonitis

and tenosynovitis (Kannus, 1997).
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1.20 Genetic basis for tendinous interconnections

There is no study, to date, that relates genetic factors predisposing to the
formation of tendinous interconnections. Thus, it was worthwhile to look at
genetic links to other inherited connective tissue disorders such as Ehler-Danlos
syndrome (EDS) (also known as hypermobility syndrome). Tendon disruptions
(including complete loss of flexor tendon or some tendons appearing small and
rudimentary) have also been described in patients with EDS in which there is
mutation of collagen | gene (COL1A1) (Mao and Bristow, 2001). Collagens
are molecules that give structure and strength to connective tissues throughout
the body. COL1AL provide instructions for making proteins that are used to

assemble different types of collagen.

Collagens begin as pro-collagen molecules. Each pro-collagen molecule
consists of three rope like chains: two pro-al(I) chains and one pro-a2(I) chain.
The two pro-al(I) chains are produced from the COL1AL gene, while the pro-
a2(I) chain is produced from the COL1A2 gene. Mutation to COL1AL gene
leads to lack of production of a pro-al(I) chain. The absence of this segment
interferes with the assembly, processing and basic structure of type I collagen
molecules thus forming a weaker collagen chain. Tissues such as skin, bones,
and tendons, which are rich in Type 1 collagen are most affected by this
change. These defects weaken connective tissues such as bones and tendons (in
classical EDS) resulting in the characteristic features of this condition including

hyper mobility and frequent dislocations (Mao and Bristow, 2001).
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It is thought that the scleraxis (Scx) gene, encoding a basic helix—loop-helix
(bHLH) transcription factor, is a distinct marker for tendon and ligament
progenitors (Cserjesi et al., 1995). Experiments on mice with mutant Scx gene
(Scx™) have shown disruption in differentiation or complete loss of the flexor
tendons thus leading to the limited use of the forelimb paw including lack of
grip power and decreased force transmission as the dorsal extension is not
counteracted by the flexor tendon activity due to complete absence, or smaller
and rudimentary FDP tendons (Murchison et al., 2007). In humans, although
this may not be life-threatening it may compromise the health related quality of
life. It could manifest as a disability to carry out day-to-day activities involving
grip such as writing, buttoning, combing hair and feeding. It may also affect

their professions if their job involves activities that require grip and precision.

Scx’causes lack of differentiation of the tendons thus predisposing to tendinous
interconnections (Murchison et al, 2007). Scx™also leads to disruption of the
histology of the tenosynovium of the tendons including the FDP. Normally, the
tenosynovium is made up of continuous layer of flat cells enmeshed with
filamentous fibrils while following mutation the cells appear greatly
disorganised and fail to form a continuous layer (D’Souza and Patel, 1999).
Due to the break in the tenosynovium, it may get trapped between the individual
FDP tendon strands predisposing to the formation of interconnections (Leijnse

et al., 1997b).

The extracellular matrix protein tenascin C plays an important role in collagen
fibre alignment and orientation. Lack of tenascin C in patients with EDS

mimics microtrauma to the tendon, leading to disruption in the orientation of

73



the collagen fibres thus predisposing to tendinous interconnections (Murchison

etal., 2007).

Thus the individuals with mutation of collagen I gene (COL1AL1) or those with
Scx™ or lack of tenascin C protein may present with EDS as these genes and
protein help with organisation, alignment and orientation of the tenosynovium
and the collagen fibres. Lack of Scx” and tenascin C protein also predisposes
the individual to tendinous interconnections as they form discontinuity of the
flat layered orientation thus causing breaks in the tenosynovium which may
cause the individual tendon strands to get trapped in these breaks. Thus these

patients may present with congenital or hereditary tendinous interconnections.

1.21 Tenosynovitis and Carpal Tunnel Syndrome in musicians

The synovium that wraps the flexor tendons contains a lubricant fluid that aids
in the smooth movement of the tendon within the sheath. Constant and
repetitive movement at the wrist causes tendonitis and tenosynovitis
(inflammation of the synovium). As a response to injury, there is an increase in
collagen fibre size, fibroblast density, and vascular proliferation within the
tendon (Ettam et al.,, 2004). This leads to the enlargement of the tendon
(Biundo et al., 1997). As an inflammatory change, the fluid within the
synovium becomes viscous and affects the smooth sliding of the flexor tendons.
This leads to increased friction of the tendon-sheath complex which prompts
more inflammation. The enlargement of the tendon-sheath complex exerts
pressure upon the median nerve in the uncompromising tunnel resulting in

symptoms of carpal tunnel syndrome (Jameson et al., 1998).
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The second cause of CTS in musicians is the misalignment of the carpal bones
that form the boundary of the carpal tunnel. This can occur following the
contraction and relaxation of the forearm flexors and intrinsic hand muscles
(hypothenar and thenar muscles) that are attached to the pisiform, scaphoid and
the tubercle of the trapezium carpal bones. Repeated and overuse of the thumb
and other fingers, as in string- and key-based players, may lead to misalignment
of the carpal bone and thus compression of the median nerve (Jameson et al.,

1998).

1.22 Common variations in and around the Carpal Tunnel

Anatomical variations may occur in the carpal tunnel region. These include
anomalous origin muscles, presence of accessory muscle bellies and tendons,
proximal origin of the lumbricals, and variation in the course and branches of
the neurovascular bundle in its vicinity. Accessory muscles are anatomical
variants representing additional distinct muscles that are encountered along
with the normal muscles. Although these accessory muscles may remain
asymptomatic, they can lead to clinical symptoms due to compression of the
adjacent structures such as nerves, vessels, or tendons (Sooker et al., 2008).
Awareness of these variations within the carpal tunnel is important both
during the clinical examination and during its release as failure to identify
them can result in inadequate decompression (Puroshothaman et al., 2009).
Some of the important and recognised variations are discussed in the section

below.
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1.22.1 Nerve Anomalies

Although ulnar nerve runs in the Guyon’s canal, on rare occasions, the nerve
may lie within the carpal tunnel. The patient may present with symptoms of
both CTS and ulnar nerve compression including wasting of the small muscles
of the hand and paresthesia along the little finger and the ulnar half of the ring
finger (Papanastasiou et al., 2004 and Galzio et al., 1987). Small muscle
wasting along with weakness of the hand can affect the speed, power and fine
motor movements of the fingers that affect the musician’s ability to play string

or key-based instruments (Caldron et al., 1986).

1.22.2 Muscle anomalies
The lumbrical to the index finger may originate proximally on the FDP within
the carpal tunnel. Thus, these can mimic space occupying lesion and can lead

to median nerve compression and symptoms of CTS (Butler et al, 1971).

1.22.3 Flexor muscle variation

The accessory head of FPL (Gantzer's muscle) has been described in 52% of
population. In the study by Al-Qattan and colleagues (1996), the authors
identified that the Gantzer's muscle arises from the medial humeral epicondyle
in 85% and had a double origin from the epicondyle and coronoid process in
the rest. In some cases, the accessory head of FPL also arose from beneath the
FDS. Compression of the anterior interosseous nerve can lead to spastic
contraction of the deep muscles of the forearm (Hemmady et al, 1993). Such
spastic contraction can cause clawing of the middle and index fingers thus

affecting the musician’s ability to play the instrument efficiently.

76



Another variation consists of the FDS muscle including a digastric muscular
component with a part of the muscle located in the forearm and another part
located in the palm. In these cases involving a digastric component, extension
of the middle phalanx causes the FDS muscle belly of the forearm to be pulled
to the carpal tunnel thus causing compression of the median nerve (Elias et al,
1985, Christensen, 1977). Kono (2003) documented the presence of an
accessory muscle belly of FDS (index) that extends into the carpal tunnel. In
these patients, symptoms of CTS may be due to compression of the median

nerve by the accessory muscle belly.

1.22.4 Variations of muscles of hand

Accessory ADM occurs in approximately 24% of general population (Zeiss et
al., 1996). It may originate from the inter-compartmental septum on the
medial side of the forearm just proximal to the wrist joint, coursing anterior to
the ulnar neurovascular structures in the Guyon canal and inserting into the
ADM or separately onto the ulnar aspect of the base of the proximal phalanx
(Wahba et al., 1998). Alternatively, the accessory muscle may originate from
the palmaris longus tendon in the lower third of the forearm. The presence of
the accessory muscle presents with symptoms associated with the compression
of the ulnar nerve thus leading to wasting of small muscles of the hand
consequently affecting fine motor skills that are required for playing musical

instruments (Sooker et al., 2008). Figures 1.15 (A-C) illustrate a few common

variations and interconnections (indicated with *) that have been recorded in
the dissection room at the School of Biosciences, Cardiff University (courtesy

of Mr. Robert Colliver).
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1.22.5 Tendon Anomalies

Rennie and colleagues (1998) found tendinous connections between FPL and
FDS tendons in 25% of subjects unilaterally and in 6% bilaterally. Although
this interconnection is rarely problematic, it may mimic symptoms of carpal
tunnel syndrome by causing median nerve compression through the

development of tendonitis.

1.22.6 Arterial Anomalies

Median Artery

The median artery usually regresses after the eighth week of intrauterine life,
but in some cases it may persist into adulthood (Natsis et al., 2009). It passes
through the carpal tunnel of the wrist, accompanying the median nerve and
may terminate at one or more of the palmar arches. It is thought to occur in
about 5-8% of individuals (Rodriguez-Niedenfiihr et al., 1999). Several
studies have reported the occurrence of carpal tunnel syndrome due to an
anomalous and persistent median artery (Eid et al., 2011, Boughton et al.,

2010, Pierre-Jerome et al., 2009).

1.23 Relevant pathologies involving the flexor tendons

1.23.1 Non-pyogenic flexor tenosynovitis

Non-pyogenic flexor tenosynovitis is an inflammatory process affecting the
flexor tendon system that leads to disruption of the normal flexor tendon
function in the hand. In musicians, repetitive flexion and extension of the
fingers result in microtrauma to the tendon and tendon sheath. The protective
inflammatory process within the tendon sheath interferes with the gliding

mechanism, leading to adhesions and scarring. Chronic non-pyogenic flexor
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tenosynovitis may predispose to trigger finger (Fulcher et al., 1998; Verdon,

1996).

1.23.2 Trigger finger

Trigger finger is characterised by locking of the involved flexor tendon at the
finger. The common clinical presentations include pain, dysfunction and
difficulty in flexing or extending the involved digit (classically ‘locking’).
This condition commonly involves the Al pulley (first annular pulley - arises
from volar plate of MP joint, beginning 5 mm proximal to the MP joint and
ending at the base of the proximal phalanx) due to the disparity in size
between the flexor tendon and the surrounding retinacular pulley system. The
condition is labeled so because when the finger unlocks, it pops back

suddenly, as if releasing a trigger on a gun (Makkouk et al., 2008).

1.24 Relevant pathologies in and around the wrist

1.24.1 Carpal Tunnel Syndrome (CTS)

CTS is a collection of characteristic symptoms and signs that occurs following
entrapment or compression of the median nerve within the carpal tunnel. This
can occur due to a number of different conditions. As the area of the wrist
through which the median nerve passes is very narrow, any swelling
(tumours), accumulation of fluid in the area (related to obesity, pregnancy,
hypothyroidism), change in the bony wall of the tunnel (arthritis and fractures

of the carpal bones) and inflammation of the tendon (tendonitis or
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tenosynovitis) which increases the flexor tendon size and leads to pressure on
the median nerve. This pressure will ultimately interfere with the nerve's
ability to function normally (Katz et al., 2002). The condition is more
prevalent in women (10:1) due to a lower average cross sectional area of the
carpal tunnel (Dekel et al., 1980). The common clinical presentations include
tingling and numbness, paresthesia, and pain along the distribution of the
median nerve territory. These symptoms may or may not be accompanied by
objectively determinable changes in sensation and strength of median-
innervated muscles in the hand especially the APB (Atroshi et al, 1990). In
musicians, the symptoms may not be apparent on initial clinical examination
but may appear after a period of playing due to swelling of the tendon sheaths

(Winspur and Parry, 1997).

1.24.2 Guyon’s canal syndrome

Guyon’s canal syndrome is a nerve compression affecting the ulnar nerve as it
passes through the Guyon’s canal. Presenting symptoms may vary from mild
paraesthesia in the ring and little finger to clawing of these digits and severe
intrinsic muscles atrophy (Zimmerman et al., 2009). The patient may
complain of pain at the wrist that radiates into the hand. Early fatigue or
weakness may be noticed if work requires repetitive hand motions
(Dunselman et al., 2008). The risk factors for Guyon’s canal syndrome
include fractures of the hamate, rheumatoid arthritis, and overuse of the wrist
including flexion and extension as often seen in musicians who play string

instruments such as violin and guitar. During hyperextension of the wrist, the
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ulnar nerve is pulled taut across the carpal bones, thus aggravating the

symptoms (Ginanneschi et al., 2008).

1.25 Physiological Cross-sectional Area (PCSA)

The mechanical effects of a muscle are associated with its mass and its
position relative to the joint it acts on. For more than a century, researchers
have evaluated muscle mass and the force it produces by calculating its PCSA.
Muscle mass (and therefore any expression of PCSA) varies significantly from
person to person, even in individuals of similar weight and height (Brand et
al., 1986). PCSA is calculated by using the equation: (m.cosa)/lp where ‘m’ is
the muscle mass in grams, ‘o’ is the average angle of pennation for the muscle
fibre in degrees, ‘I’ is the length of the muscle fibre in centimetres and ‘p’ is
the muscle density in g.cm-3. It is a significant anatomical measurement
because the maximum force that a muscle can generate is directly related to its
PCSA and the tendon cross-sectional area (Leijnse et al., 1997)

PCSA describes the area of the transverse section of the muscle. The
maximum force that a muscle can generate is directly related to its PCSA (van
Eijden et al., 1995; Bamman et al., 2000). Thus, bigger the muscle, bigger the
tendon cross sectional area and thus there are more chances of the tendon to
rub against each other in a confined space such as the carpal tunnel. The
recurring trauma of constant rubbing with each other during movements may
cause the collagen fibres to glide past one another, causing a split of their
cross-linked structure and thus abnormal tendon interconnections (Kannus,

1997).
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The properties of a muscle depend not only on its individual fibres, but also on
the architectural arrangement within muscle. The cross sectional areas of
muscle are directly dependent on the number of muscle fibres (lkai and
Fukunaga, 1968). Fibres seldom run the whole length of the muscle, tending
rather to slant at an angle to the muscle's central tendon thus forming an angle
called the angle of pennation. Due to this arrangement, more muscle fibres
can be accommodated thus producing larger force with smaller range of
movement (Gans, 1982; Otten, 1998). During muscle contraction, the
pennated fibres pull the central tendon at an angle to create a force. The force
exerted on the tendon can be calculated by cosine of the angle of insertion.
During rest, the angle of insertion is less than 10° which does not have a
marked effect on the force produced. The angle of pennation needs to be
calculated to find which muscle is more forceful during contraction and
produces the greatest muscle fibre shortening (Roy and Edgerton, 1992).
Brown and colleagues (2003) noted that the muscles with long fibres have low
pennation angles while those with short fibres had larger angle of pennation.
The muscles with larger angle of pennation (short fibres) contracted slowly
and produced more force during contraction and thus were more powerful

muscles (Mc Ardle et al., 1996).

The velocity of contraction generated by the muscle is directly proportional

to the mean fibre length and PCSA (Lieber, 1992). The PCSA indicates the

probable tension the muscle can generate (An et al., 1991).
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1.26 Tendon Cross-sectional Area (TCSA)

Tendons transmit force generated by the skeletal muscles that are essential in
all voluntary movement. Such movement can influence the gross morphology
of tendon depending on the action of the tendon across the joint (Heinemeier,
et al., 2011). An and colleagues (1991) concluded following live human
volunteer study that the TCSA of the muscle is directly proportional to its
PCSA. Higher muscle mass may be due to the type of work they perform
across the joint, or the power the muscle generates or may be due to
hypertrophy of the muscle fibre. Heavier and bulkier the muscle, greater is the
TCSA and thus the greater the risk for these tendons to abrade against each
other, especially in a congested space such as the carpal tunnel. Constant and
repetitive movements at the wrist would expose the musculoskeletal tissue to
low-magnitude trauma that might result in structural damage to both the
epitendineum and tenosynovium (Stevens et al., 2005). As tendinous tissue is
relatively avascular, injury to the tendon results in tendinosis, delayed healing

and repair (Bunata et al., 2007).

Light microscopy studies have established that repair following tendon injury
is associated with changes within the collagen, matrix and tenocytes (Ja rvinen
et al., 1997; Khan et al., 1999). Some collagen fibres separate and lose their
parallel orientation, with a decrease in fibre diameter and in overall density.
Collagen micro tears also occur, and these tears may be surrounded by red
blood cells and fibrin deposits. Within the matrix, the collagen fibres become
unequal and show irregular crimping with an increased waviness. This

arrangement is in contrast to the normal tight, parallel, bundled appearance
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(Movin et al., 1998, Khan et al., 1999). All these pathological changes results
in denaturising of the collagen and may predispose to tendinous

interconnections (Kannus, 1997).

TCSA may increase following pathology such as tenosynovitis where in the
TCSA would increase and could in turn lead to the compression of the median

nerve (Katz et al, 2002).

1.27 Investigative strategies that can be used to study tendinous
interconnections

1.27.1 Previous studies

The tendon architecture and the hypothesis for interconnecting strands
between the tendons have been mainly established by macroscopic dissection
of arms in cadavers, measuring the cross-section of wrists at the level of carpal
tunnel on human volunteers and by designing finger models (Leijnse et al.,
1992; Leijnse, 1997). Karalezli and colleagues (2006) carried out clinical
examinations on live subjects presenting with pain and restricted movements
of the fingers as a method to establish the interconnections. Currently,
however, there is no established method to accurately determine the
anatomical extent and nature of these interconnections. Neither is there a

method to establish the associated loss of function and long-term morbidity.

1.27.2 Human cadaveric dissection
Cadaveric dissection has been the cornerstone in the understanding of the

human body, and, consequently, an essential component of medical training
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since the Renaissance (Parker, 2002). Dissection of the bodies provides one of
the best methods to identify and evaluate tendinous interconnections in general
population. In live humans however, exploratory surgery is rarely an option
for determining the presence of anomalous tendinous interconnections. The
following imaging methods are frequently used to study and locate these

interconnections.

1.28 Aims of this dissertation

e To record the tendinous interconnections in and around the Carpal
Tunnel in cadavers

e In the light of the possibility that increase in tendon diameter may
increase the susceptibility to CTS, to calculate and analyse the relation
between the PCSA and TCSA

e To evaluate anatomical variations of different muscles of the forearm
and hand in human cadavers

e To investigate the efficacy of MRI and USS as a means to identify

tendinous interconnections in affected hands of human subjects.

1.29 Hypothesis
It could be hypothesised that:

e tendinous interconnections are more prevalent in females

o heavier muscles would have a larger PCSA and TCSA. Thus, the muscles
with larger TCSA have more chance to abrade against each other in
congested spaces such as the carpal tunnel predisposing to tendinous

interconnections
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the TCSA of FDP (index) finger would be greater than all the other FDP
tendons. A direct relationship may exist between the TCSA of FPL and
FDP (index). This would reduce the space between the FDP (index) and
FPL and predispose to tendinous interconnections

the area of median nerve increases as it travels through different
anatomical points within the carpal tunnel

PCSA is inversely proportional to muscle fibre length. This arrangement
would allow more muscle fibres to be packed into a smaller unit space thus
influencing the PCSA

PCSA is directly proportional to the angle of pennation.
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Chapter 2

MATERIALS AND METHODS
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2.1 Introduction

This chapter outlines the materials and methods that were employed in recording and
calculating the PCSA, and associated components such as mass, angle of pennation,
fibre length and density. It also summarises how the calculations were undertaken to
study the angle of flexion of the MCP and IPJ of the thumb in relation to the
dependent fingers. Finally, the usage of MRI and the USS scan on volunteers to study

the tendinous interconnection are also discussed.

2.2 Dissection of cadavers

The foremost part of the research included cadaveric dissection and examination. The
bodies (mean age of 86.25 years in females and 78.7 years in males) were bequeathed
following a complete informed consent prior to death. Once the bodies were
bequeathed, the bequethal officer brought the bodies to the Anatomy Department at
Cardiff University. The dissection was carried out in the dissecting room under the
regulation of the Human Tissue Act (2004) which strictly governs the dissected

materials.

These cadavers were largely used by the medical, dental and the basic science
students in their dissection. This study was commenced subsequent to their dissection
of the upper limb. Finer dissection and recording of the measurements were carried
out. Although forty bodies were obtained by the department, dissection could be
carried out in only thirty upper limbs (which included the dental, medical and the
basic sciences cadavers), since in the remaining, either (i) the bodies were poorly
dissected by the students, or (ii) the hands were dried significantly and presented with
claw which could not be stretched, or (iii) some of the hands had to be used for other

teaching purposes.
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2.3 Categorising the muscles

The muscles FCU, FCR, FPL, FDS and FDP were identified on the 15 cadavers (30
upper limbs) — (denoted as C1-C15 in the appendices tables). These muscles were
categorised as unipennate, bipennate or multipennate according to the macroscopic
arrangement of the muscle fiber (Figure 2.1). Unipennate muscle is defined as a
muscle whose muscle fibres are attached or inserted at an angle (obliquely) to one
side of the tendon. Bipennate muscle is defined as a muscle which has a central
tendon on to which the muscle fibres converge from either side. A multipennate
muscle is defined as a muscle with several intermediate tendons joining onto form a
central tendon. The muscle fibres converge on to these tendons. Out of the muscle
under study, FPL and FCU were categorised as unipennate muscles; FCR was

bipennate while FDP and FDS were multipennate muscles.

92



93



2.4 Instruments, measurements and calculations

A Vernier calliper (with an error of + 0.02 millimetres) was used measure the tendon
width and thickness while a Crocraft digital Vernier Calliper was used to measure the
the thickness of the tenosynovial interconnection. To record the angle of pennation
both helix and ordinary protractors (with an error of £ 3°) were used, to record the
length of the muscle and the muscle fibre and a flexible tape (error of £ 0.02 cms) was
used a 300 ml capacity cylindrical beaker (error of £ 2.0ml) was used to calculate the
density. The muscles were weighed on an electronic digital scale, which had an error

of £ 0.001 grams.

2.5 ldentifying the flexor tendons

The fibrous band running over the wrist joint was identified to be the flexor
retinaculum and the space underneath as the carpal tunnel. Once the carpal tunnel
was recognised, the long flexors of the fingers were either traced form the tunnel to
their insertion (proximal to distal approach) or from their insertion (on to the
phalanges) to the carpal tunnel (distal to proximal approach). The FPL tendon was
identified by dissecting the distal phalanx of the thumb. Once the tendon was
identified, the tendon was traced back on to the carpal tunnel. In the same manner,
the tendon of FDS and FDP were identified by tracing back from their insertion at the
middle or distal phalanx of the respective fingers. The relative inferior anatomical
relation of FDP to the FDS tendons was used to confirm the tendons at the palm of the
hand. FCU was identified by passive flexion of the wrist and by following the muscle
belly and the tendon up to its insertion onto the pisiform bone. The same method was
followed for identifying the tendon of FCR with its insertion onto the base of second
and third metacarpals. Figure 2.2 shows the anatomical relations of these five

tendons.
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Further to identifying these tendons, the width, thickness and the distance between the
FPL and FDP of index finger before, at, and after the carpal tunnel were recorded

with the hand held in anatomical position using a wooden board and strings.

2.6 Calculating the TCSA

For the calculation of TCSA, the cross sectional shapes of the tendons were taken to
be elliptical (based on their gross appearance) and the formula below was used.

Area of ellipse = m x 1/2 (width x thickness)

For those muscles tendons that crosses the carpal tunnel and reach the hand (FPL,
FDS for middle, ring and little fingers, FDP for middle, ring and little fingers) the
width and thickness were recorded two centimetres above the carpal tunnel. While
for FCU and FCR the cross sectional area was calculated two centimetres above their

insertion.

2.7 ldentifying the median nerve

At the proximal wrist, the median nerve was identified by its relation between the
tendons of FDS and FCR before entering the carpal tunnel as seen in Figure 2.3. The
shape of the nerve before, at, and after the tunnel was noted and the cross sectional
area calculated. The shape of the nerve was taken to be elliptical (based on gross
appearance) and the formula below was used to calculate its cross sectional area.

Area of ellipse = m x 1/2(width x thickness)
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2.8 Calculating the tendon length

The tendon lengths of all these muscles were documented. The tendon length was
accurately measured from the distal end of insertion of the muscle onto the tendon
(Figure 2.4) to the bony insertion of the tendon. For FCU and FCR, the tendon
lengths were measured from the point it exits the muscle to the point of insertion. For
multipennate muscles such as the FDS and FDP, the mean of each tendon from the
distal end of insertion of the muscle onto the tendon until its entry to the tunnel was
recorded (Figure 2.5). The whole tendon length for FDS, FDP and FPL (until its
insertion onto their respective phalanges) could not be recorded as in many of the

hands the tendons were removed or destroyed by the student dissectors.

2.9 Calculating the angle of pennation

The angle of pennation was recorded with the muscles in situ at the midpoint of the
muscle belly (midpoint between the origin and the distal end of the muscle belly). If
the muscle is multipennate — mean of the all the lateral and medial side angles were
taken (shown in Figure 2.6). This point was determined by using a flexible measuring
tape. The angle of pennation is defined as the angle formed between the direction of
the muscle fibres and the direction of the line connecting the muscle’s point of
attachment. This angle was recorded with an instrument (Figure 2.7) designed by the
principal investigator. Named the ‘pennator’, it consists of an elastic band with pins
attached at two ends ‘A’ and ‘B’. A thread runs from the pin ‘B’. A thin cardboard is
slipped underneath the muscle, the pin ‘A’ is fixed at the beginning of the muscle
while the pin ‘B’ is inserted at the lower end of the muscle. The thread is adjusted
along the angle of pennation of the fibre. Once the angle of the fibre is adjusted, the
pin is inserted through the muscle fibre such that the pin would leave a mark on the

cardboard underneath. This point is taken as ‘C’. The cardboard is withdrawn once
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the recording of the angle is complete. The three points are joined and the angle of

pennation measured with a protractor.

The angle of pennation was evaluated by a protractor with a precision of + 3°. The
angle was recorded for individual muscle according to the arrangement of the muscle
fibre. In case of FDS and FDP, the angle of pennation was taken to be the mean of all
the angles of the fibres on the medial and lateral side inserting at each intermediate

tendon.
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2.10 Weighing the muscle

Once the cross sectional area of the tendon and the angle of pennation were
calculated, the muscles of the forearm were identified at their origin and removed
meticulously taking care to preserve all the muscle tissues. All the extra tendinous
tissue was discarded (leaving the inter and the intramuscular tendon intact) and each
muscle weighed (Figure 2.8). The following muscles were investigated: FDS, FDP,
FCU, FCR and FPL. Each muscle was weighed with an electronic digital scale with a
measurement precision of + 0.001gms. FDS and FDP were weighed in groups

whereas FCU, FPL and FCR were weighed individually.

2.11 Calculating the fibre length

For evaluating muscle fibre length, the muscles were immersed overnight in plastic
containers with warm Biocide solution. This helped to dissolve the fat and separate
the muscle fibre thus making it easier to dissect. Just prior to dissection, the muscles
were dabbed dry using tissue paper. A small bundle of muscle fibre was dissected
from the main muscle using a pair of forceps. The muscle fibre length was measured
by placing the muscle bundle against the flexible measuring tape. Mostly, the muscle

fibres were uniform but if they were non-uniform, the mean length was calculated.

2.12 Calculating the volume and density

Muscle density for each muscle was calculated by using the Archimedes principle (an
object immersed in a fluid is buoyed up by a force equal to the weight of the fluid
displaced by the object). This is:

Density =mass/volume

where, mass is the weight of the muscle in grams and volume (in centimetres?).
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Muscle volume was determined using a submersion method, whereby the apparent
weight of an object immersed in water decreases by an amount equal to the weight of
the volume of the water displaced. As 1 ml of water has a mass of approximately 1 g,
the difference between the two masses (in grams) equals the volume (in ml) of the

immersed muscle (Archimedes’ Principle) (Brown et al., 2003).

With all the above data, the PCSA was calculated using the formula:
PCSA=(m.cosa)/lp)

Where, ‘m’ is the muscle mass in grams, ‘o’ is the average angle of pennation of
muscle fibres in degrees, ‘I’ is the muscle fibre length in centimetres and ‘p’ is the

muscle tissue density in g.cm-3.

The summary of the dissection procedures are shown in Table 2.1 and Figure 2.9.
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2.13 Ultrasound Scans (USS)

Ultrasound imaging is based on the principles that when a sound wave strikes an
object, it bounces back or echoes. By measuring these echo waves it is possible to
determine how far away the object is and its size, shape, and consistency. Ultrasound
travels freely through fluid and soft tissues but is reflected by more solid or dense
surfaces. For example, the ultrasound will travel freely though blood in a heart
chamber, but when it hits a valve, a lot of the ultrasound echoes back. Thus, when
ultrasound ‘hits' different structures in the body of different density, it sends back
echoes of varying strength (Robertson and Baker, 2001). Echo signals that are sent
back are amplified electronically and displayed on a monitor in shades of grey (from
black to white), stronger reflectors appear as brighter shades of grey and appear white
(such as tendons) in an image while those with no echoes (such as muscle) will appear

black (Sprawls, 1993).

For this study, ultrasound scanner with a resolution of 0.3-1.0 mm and a 12-14 MHz
variable frequency probe was used as this is the standard resolution used to study the

musculoskeletal system.

2.14 Magnetic Resonance Imaging (MRI)

Magnetic Resonance Imaging, developed in the late 1980s, works on the principle that
many atomic nuclei exhibit the property of spin (i.e., they are constantly turning
around an axis). Upon application of an external static magnetic field, the protons of
water molecules will be aligned with the magnetic field. When they are disturbed by
a second alternating magnetic field, at certain radio frequency, they begin to resonate.
When a person is in the scanner, the hydrogen nuclei (i.e., protons), found in

abundance in the human body in water molecules and align with the strong magnetic
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field. Since protons in different tissues of the body (e.g., fat, muscle, bone, and
tendons) realign at different speeds, the different tissues of the body can be

distinguished (Young, 1998).

Although the sensitivity of the MRI machine was 2mm-10mm thick slices, 3.5 mm
thick slice was used during pilot study. These are the standard specifications used to

study any musculoskeletal pathology.

2.15 Advantages of USS over MRI

Ultrasound has certain advantages over MRI scans as it is non-invasive, less
expensive, portable and is well tolerated by most patients (even the patients with
cardiac pacemakers and metallic implants as it does not have strong magnetic field
like MRI scan). Furthermore, it is useful in patients who are claustrophobic to the

MRI setting.

The dynamic, real-time nature of sonography allows personal interaction with the
patient, often resulting in a more directed examination, specific for each individual
(Alder et al., 1999). The live images allow the patient to carry out movements and
stress the structure under study thus making it possible to localise and visualise the
pathology and locate the cause of pain as in muscle or tendon tear (Robertson and
Baker, 2001). Samuels and colleagues in 2010 concluded that the diagnosis and study
of the pathology may be quicker and can be conveniently performed at the bedside or
in clinic. A comparison with the other limb can also be undertaken in the same

sitting.
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2.16 Advantages of MRI over USS

MRI has an advantage over ultrasound in studying pathologies of the bones.
Ultrasound has difficulty in penetrating the bones and thus can only visualise the
outer surface of the bone. Thus for the study of pathologies that arise or affect the
internal structures of bones or certain joints MRI is commonly used. As the clarity of
the USS images are hazy, the final diagnosis and understanding of the pathology is

highly subjective and observer dependent.

2.17 Volunteer study

To study the tendinous interconnection, volunteers were selected by asking them to
perform pertinent movements such as flexion, extension; adduction, abduction and
opposition of the thumb in relation to other fingers and the palm of the hand. The
extent of restricted hand movements and flexion of the dependent digit(s) at proximal
or distal phalanx(s) were observed. Following the movements, they were selected to
enter the study if the angle of flexion of the IPJ of the thumb was >40° (on gross
observation) and if this angle of flexion was accompanied by the dependent flexion of
the DIPJ of the index and/or middle fingers. Using these criteria 12 volunteers with a
mean age of 18.6 years (females) and 20.5 years (males) (referred to as volunteer 1 —
volunteer 12 in appendices) were identified from the 2009-10 batch of year one
medical course. Following informed consent, a series of photographs of the affected
hand / hands were taken in two planes (supination and mid-prone) and four positions
(rest, early movement, mid-position and fully flexed). The camera was set at a fixed
height of five feet (eye level of the principle observer) at a distance of one meter from
the hands of the volunteer and an angle of approximately 45 ° (Figure 2.10). Once
the photographs were taken, they were downloaded and placed on a grided

PowerPoint slide. Following printing, the angles of flexion were drawn on these
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photographs. Both the planes were used to measure the angle of flexion at the MCPJ
and the IPJ of the thumb and the dependent fingers. The choice of the joint and the

plane was made depending on the clarity of the printed image.

The summary of criterion for volunteer selection is shown in Table 2.2.

To study the angle of flexion of the IPJ of the thumb, a baseline was drawn passing
vertically through the IPJ crease. Another line was drawn horizontally passing
through the top of the IPJ and another point was drawn from the midpoint of the tip of
the thumb. The angle of flexion of the IPJ was determined by joining these points.
To study the angle of flexion of the MCP joint of the thumb, a baseline was drawn
vertically through the skin crease of the MCP joint. Another horizontal line was
drawn horizontally through the top of the MCP joint and the third line was drawn
through the point of flexion of the thumb at the MCP joint. The angle of flexion of
the DIPJ of the fingers was studied by drawing a vertical line along the crease of the
DIPJ of the affected index or middle finger. Another horizontal line was drawn along
the base of the DIP and the third line was drawn along the middle of the finger. The
volunteer hands showing how these angles are measured is shown below in

Figures 2.11 and 2.12.
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2.18 USS study

Ultrasound scan was performed by a single operator, using an Toshiba ATL HDI 5000
model ultrasound scanner which has a spatial resolution (ability of the scan to
differentiate two structures as separate) of 0.3-1.0 mm, penetration depth (how much
the ultrasound waves can penetrate into the body and get reflected) of 6cms and a 12—
14 MHz variable frequency probe. The probe was placed sagittally, axially or
obliquely distal (+ 0.4-0.8 cms) to the distal transverse line on the flexor side of the
wrist as this line corresponds to the proximal border of the flexor retinaculum. The

scanner used conventional greyscale to detect the tendinous interconnections.

Depending on the angle measurement from the printed photographs, volunteers whose
angle of flexion at the MCPJ of the thumb between 30-45°, IPJ of thumb between 45-
55°and flexion of DIP of dependent finger between 20-45" were accepted for the USS
study (n=4). Interconnections were found on the left hand of three volunteers while

the result remained inconclusive in one volunteer.

2.19 MRI study

For the pilot study Artoscan 0.2T dedicated MR scanner was used. This machine had
the following specifications: sensitivity of the machine was 2 mm-10 mm thick slices
although 3.5 mm thick slice was used during pilot study. TR (Repetition Time) (the
time between repetitions of the basic sequence in an imaging sequence) which was
400.0 seconds. TE (Echo Time) (represents the time in an imaging sequence between
the initial pulse and the maximum in the echo) which was 16.0 milliseconds. These

are the standard specifications used to study any musculoskeletal pathology.

2.20 Repeatability and reliability
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2.20.1 Cadaveric study

(Cadavers are referred to as R1-R4 in the appendices)

The above instruments and methods were followed to check the repeatability and
reliability of the experiment using for calculating the factors influencing the PCSA.
Dissection was carried out on eight upper limbs of the cadavers (two males and two
females). The mean age of the male cadavers were 79.8years while of the females

were 82.6 years.

The principle observer dissected on one male and one female cadaver while a first
year medical student volunteered to dissect on the other male and the female cadaver.
Both the summary, pictoral representation of the procedure and the word document of
the material and method were made available to the volunteer. Prior to dissection the

volunteer was briefed on how to use the Vernier callipers.

The exact procedure was followed meticulously and the results are discussed in

Chapter 3.

2.20.2 Confirming reliability of the cadaveric results using Image Pro-Plus

The five flexor tendon (FCU, FCR, FPL, FDS and FDP) and median nerve from RI
cadaver was used to study the accuracy of the results of the cross sectional area. The
tendons of were cut and removed at the exact site were the TCSA was measured
(2cms above the insertion of FCU and FCR and 2cms above the carpal tunnel for
FDS, FDP and FPL) seen in Figure 2.13. For median nerve, the samples were taken
from three anatomical points: before, at and after the carpal tunnel. The cut tendons
and the nerve were mounted vertically on a box and photographs were taken with a
measuring tape in the background (Figure 2.14). The TCSA and the nerve cross

sectional area were calculated using the Image Pro-Plus software.  During
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measurement it was confirmed that the cross section of these structures were

elliptical. The results are discussed in Chapter 3.
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2.20.3 Volunteer study

(Referred to as VR1-VR3 in the appendices)

To study the repeatability and reliability of the materials and methods used,
volunteers were selected by asking them to perform pertinent movements such as
flexion, extension; adduction, abduction and opposition of the thumb in relation to
other fingers and the palm of the hand. The extent of restricted hand movements and
flexion of the dependent digit(s) at proximal or distal phalanx(s) were observed.
Following the movements, they were selected to enter the study if the angle of flexion
of the IPJ of the thumb was >40° (on gross observation) and if this angle of flexion
was accompanied by the dependent flexion of the DIPJ of the index and/or middle
fingers. Using these criteria three volunteers (two females and one male with a mean
age of 19.5 years and 19 years respectively) was identified from the 2012-13 batch of

year one medical course.

The original (mentioned in session 2.17) materials, methods, criteria and strategies
were used. The procedure was repeatable but the reliability was enhanced by using

fixed reference points while positioning the hand. The method is discussed overleaf.
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2.20.3.1 Methodology using fixed reference points

Angle of flexion was conducted by a volunteer under the supervision of the principle
observer. The volunteer’s hand was held against a graduated background. The hand
was held in anatomical position such that the crease of the MCPJ of the thumb
corresponding to 0° (Point C) at the scale on the background. The ulnar side of the
hand rested against the baseline (Point A) and the middle finger placed corresponding
to point B as seen in Figure 2.15 and attached video. The MCPJ and the IPJ of the
thumb and the DIPJ of the dependent fingers were highlighted with skin marker pens.
The distance between the volunteer’s hand and the camera was maintained
consistently at one meter and 45° inclination. The angles of flexion are shown in
Figures 2.16 and 2.17.

These movements of the thumb and dependent fingers were compared against a

control hand (seen in attached video).

Following informed consent, a series of photographs of the affected hand / hands were
taken in two planes (supination and mid-prone) and four positions (rest, early
movement, mid-position and fully flexed). Once the photographs were taken, they
were downloaded and placed on a grided PowerPoint slide. Following printing, the
angles of flexion were drawn on these photographs. Both the planes were used to
measure the angle of flexion at the MCPJ and the IPJ of the thumb and the dependent
fingers. The choice of the joint and the plane was made depending on the clarity of

the printed image.
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2.20.4 Volunteer study and ultrasound

The same ultrasound machine used in the initial study was used for this repeatability
and reliability study. The probe was placed sagittally, axially or obliquely distal (£
0.4-0.8 cms) to the distal transverse line on the flexor side of the wrist as this line
corresponds to the proximal border of the flexor retinaculum. The scanner used
conventional greyscale to detect the tendinous interconnections. Volunteer 1 (VR1)
was accepted on to the USS study and a tendinous interconnection was localised in

the left hand.
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Chapter 3

RESULTS
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3.1 Introduction

The results obtained from the following studies are outlined in this chapter:

1.

Initial cadaveric dissection study comprising of 30 upper limbs from 15
cadavers (seven males and eight females; mean age 84.8 years and 89.5 years
respectively).

Volunteer study involving 12 volunteers with tendinous interconnections (10
females and two males; mean age 18.6 years and 20.5 years respectively).

USS study of four volunteers with interconnections (all females; mean age
18.6 years).

Studies that undertook factors influencing the PCSA such as TCSA, mean
mass, mean tendon length, mean density and angle of pennation.

Relations and significance of the data obtained from the cadaveric study were
analysed by using simple linear regression and one-way ANOVA test.

Results obtained during the repeatability and reliability test by the dissection
of eight upper limbs from four cadavers (two males and two females; mean
age 79.8 years and 82.6 years respectively).

Results obtained from Pro-Image Plus software were used to confirm the
shape and cross sectional area of the flexor tendons and median nerve.

Results obtained during the repeatability and reliability study of three
volunteers with tendinous interconnections (two females and one male; mean
age 19.5 years and 19 years respectively).

Result of USS study of the male volunteer (mean age 19 years) from the above

study.

3.2 Interpretation of the results

3.2.1 Calculating the simple linear regression
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To calculate the relation between various variable, simple linear regression graph was

plotted.

Simple linear regression is a simple statistical tool that is used to study the relation

and dependency of one or more descriptive variables. This type of linear regression

attempts to find a straight line that best fits the data, where the variation on the real

data above and below the line is minimised.

The significance of data is interpreted on the following observations:

« R —represents the degree of the relationship between the two variables.

» R2 js the measure of the variability that can be accounted for between the two
variables. Closer the R? value to 1, significant the data.

« Probablity value (p value) —states that the values are not derived by chance. If
p<0.05, there is a significant relationship between the variables in the linear

regression model (Bowker and Randerson, 2007).

3.2.2 Calculating with one-way ANOVA test

One-way ANOVA test was considered to find whether there are any significant
differences between the means of independent (unrelated) data. As the one-way
ANOVA compares the means between the groups and determines whether any of
those means are significantly different from each other. In this dissertation, it was
used to find the significance of the mean area of the median nerve at three anatomical
points as it passes through the carpal tunnel (i.e., before, at and after the tunnel). It
was also used to find the significance between the mean mass and the mean PCSA of

the individual muscles.

3.2.3 Calculating the area of the tendon and median nerve using the Pro-Image

Plus

129



The cross sectional area of the median nerve and the long flexor tendons were
confirmed using the Image Pro-Plus. The software was used to confirm the shape and
area of the cross sections of median nerve and flexor tendons.

3.3 Cadaveric details

Males (n=7) Females (n=8)
Mean age 84.8 89.5
Interconnections 6 5
Side of interconnection Right =9 Left=2
Muscles and tendons | FPL, FCU, FCR, FDS | FPL, FCU, FCR, FDS
dissected and FDP and FDP
3.4 Results for PCSA
PCSA in
cm? FPL FDS FCR FCU FDP
Mean 0.52 1.11 0.69 1.02 2.08
STDEV 0.17 0.33 0.30 0.23 0.23
SEM 0.03 0.06 0.05 0.04 0.04

Thus, the mean PCSA for FPL was the least while FDP had the highest PCSA. As a
result the muscles arranged in the order of increasing PCSA are: FPL, FCR, FCU,

FDS and FDP. The raw data is shown in Figure 3.1 and Appendices table: 3.1A

3.5. Analysis of the relationship between the PCSA and mean mass
The comparative analyses of the relationship between the mean PCSA and mass of

the different flexor muscles are shown in Figure 3.2 and Table 3.2B of appendices.

Mean mass

in gms FPL FDS FCR FCU FDP
Mean 4.30 14.31 5.31 5.54 17.59
STDEV 0.56 1.03 0.80 0.87 0.98

SEM 0.10 0.18 0.14 0.15 0.18

The muscles arranged in the increasing order of weight are as follows: FPL, FCR,

FCU, FDS and FDP. Thus, FPL was the lightest muscle of the five flexors; while

FDP was the heaviest.

130




PCSA in

cm? FPL FDS FCR FCU FDP
Mean 0.52 1.11 0.69 1.02 2.08
STDEV 0.17 0.33 0.30 0.23 0.23
SEM 0.03 0.06 0.05 0.04 0.04

Thus, the mean PCSA for FPL was the least while FDP had the highest PCSA.

With the help of regression graph it was concluded that there was a direct relationship

between the PCSA and the mean mass as p was 0.02 and R2 was 0.95.

3.5.1 Statistical significance

Using one way ANOVA test it was concluded that the area of the mean mass and

PCSA were statistically. (Table:3.3C of appendices)

131



132



3.6. Analysis of relationship between the mean TCSA and mean mass
The comparative analyses of relationship between the mean TCSA and mean mass of

the different flexor muscles are shown in Figure 3.3 and Table 3.4D of appendices.

TCSAincm? | FPL FDS FCR FCU FDP
Mean 0.02 0.12 0.05 0.10 0.18
STDEV 0.01 0.01 0.02 0.02 0.01
SEM 0.00 0.00 0.00 0.00 0.00

Thus, the mean TCSA for FPL was the least while FDP had the highest.

Mean mass

in gms FPL FDS FCR FCU FDP
Mean 4.30 14.31 5.31 5.54 17.59
STDEV 0.56 1.03 0.80 0.87 0.98
SEM 0.10 0.18 0.14 0.15 0.18

The muscles arranged in the increasing order of weight are as follows: FPL, FCR,

FCU, FDS and FDP. Thus, FPL was the lightest muscle of the five flexors; while

FDP was the heaviest.

With the help of regression graph it was concluded that there is a direct relation

between the TCSA and the mean mass as p was 0.01 and R? was 0.96.

3.7. Analysis of relationship between the mean PCSA and mean fibre length
The comparative analyses of relationship between the mean PCSA and fibre length of

the different flexor muscles are shown in Figure 3.4 and Table 3.5E of appendices.

PCSA in

cm? FPL FDS FCR FCU FDP
Mean 0.52 1.11 0.69 1.02 2.08
STDEV 0.17 0.33 0.30 0.23 0.23
SEM 0.03 0.06 0.05 0.04 0.04

Thus, the mean PCSA for FPL was the least while FDP had the highest PCSA.

| Mean fibre | FPL | FDS | FCR | FCU | FDP
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length

Mean 6.19 151 717 4.26 413
STDEV 0.17 0.21 0.47 0.34 0.42
SEM 0.03 0.03 0.08 0.06 0.07

Thus, the FDP had the shortest muscle fibre while FCR the longest muscle fibre.

With the help of regression graph it was concluded that there is no direct relation

between the PCSA and the mean fibre length as p was 0.06 and R? was 0.10.
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3.8. Analysis of the relationship between PCSA and the mean density
The comparative analyses of the relationship between the PCSA and mean density in

the different flexor muscles are shown in Figure 3.5 and Table 3.6F of appendices.

PCSA in

cm? FPL FDS FCR FCU FDP
Mean 0.52 1.11 0.69 1.02 2.08
STDEV 0.17 0.33 0.30 0.23 0.23
SEM 0.03 0.06 0.05 0.04 0.04

Thus, the mean PCSA for FPL was the least while FDP had the highest PCSA.

Mean

density in

gcm-3 FPL FDS FCR FCU FDP
Mean 1.006 1.007 1.047 0.991 1.007
STDEV 0.084 0.019 0.059 0.076 0.027
SEM 0.015 0.003 0.010 0.013 0.004

Thus the mean density of FCU was the least while FCR was the highest.

With the help of regression graph it was concluded that there is no direct relation

between the PCSA and the mean density as p was 0.46 and R was 0.28.

3.9. Analysis of the relationship between the mean mass and mean fibre length
The comparative analyses of the relationship between the mass and the fibre length of

the different flexor muscles are shown in Figure 3.6 and Table 3.7G of appendices.

Mean mass

in gms FPL FDS FCR FCU FDP
Mean 4.30 14.31 5.31 5.54 17.59
STDEV 0.56 1.03 0.80 0.87 0.98
SEM 0.10 0.18 0.14 0.15 0.18

Thus, FPL was the lightest muscle of the five flexors; while FDP was the heaviest.

Mean fibre
length in
cms FPL FDS FCR FCU FDP
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Mean 6.19 151 717 4.26 413
STDEV | 017 0.21 0.47 0.34 0.42
SEM 0.03 0.03 0.08 0.06 0.07

Thus, the FDP had the shortest muscle fibre while FCR the longest muscle fibre.

With the help of regression graph it was concluded that there is no direct relation

between the mean mass and the mean fibre length as p was 0.38 and R? was 0.37.
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3.10. Analysis of relationship between the mean fibre length and mean density
The comparative analyses of relationship between the mean fibre length and density

of the different flexor muscles were are shown in Figure 3.7 and Table 3.8H of

appendices.
Mean fibre
length in
cms FPL FDS FCR FCU FDP
Mean 6.19 1.51 7.17 4.26 4.13
STDEV 0.17 0.21 0.47 0.34 0.42
SEM 0.03 0.03 0.08 0.06 0.07

Thus, the FDP had the shortest muscle fibre while FCR the longest muscle fibre.

Mean

density in

gcm-8 FPL FDS FCR FCU FDP
Mean 1.006 1.007 1.047 0.991 1.007
STDEV 0.084 0.019 0.059 0.076 0.027
SEM 0.015 0.003 0.010 0.013 0.004

Thus the mean density of FCU was the least while FCR was the highest.

With the help of regression graph it was concluded that there is no direct relation

between the PCSA and the mean density as p was 0.79 and R2 was 0.04.

3.11. Analysis of relationship between PCSA and mean angle of pennation.
The comparative analyses of mean angle of pennation of the different flexor muscles

are shown in Figure 3.8 and Table 3.91 of appendices.

PCSA in

cm? FPL FDS FCR FCU FDP
Mean 0.52 1.11 0.69 1.02 2.08
STDEV 0.17 0.33 0.30 0.23 0.23
SEM 0.03 0.06 0.05 0.04 0.04

Thus, the mean PCSA for FPL was the least while FDP had the highest PCSA.

139



Angle of

pennation
(in degrees)

FPL | FDS FCR FCU FDP
Mean 15.16 | 7.13 13.06 2.5 11.5
STDEV 255 [0.03 0.58 0.46 0
SEM 0.467 | 0.00 0.10 9.93 0

Thus, FPL had the highest angle of pennation while FDS had the lowest.

With the help of regression graph it was concluded that there is no direct relation

between the PCSA and the mean angle of pennation as p was 0.08 and R2 was 0.02.
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3.12. Analysis of relationship of tendon cross-sectional area of FDP (Index) and

FPL at carpal tunnel
The comparative analysis of the relationship of area of FDP (index) and FPL at carpal

tunnel are shown in Figure 3.9 and Table 3.10J of appendices.

TCSAincm? | FPL FDP (index)
Mean 0.13 0.10
STDEV 0.02 0.02
SEM 0.00 0.00

Thus following a linear regression graph it was concluded that TCSA of FDP (index)

is directly proportional to the TCSA of FPL as p was 0.07 and R2 was 0.87.

3.13. The area of median nerve before, at and after the carpal tunnel
The area of median nerve before, at and after the carpal tunnel was calculated. A

graph was plotted in this relation (Figure 3.10 and Table 3.11K of appendices)

| Before the After the tunnel

E/Irﬁzan area N\ tynnelincm2 | At the tunnel incm? | in cm?

0.14 0.16 0.20
Mean

0.02 0.04 0.05
STDEV

0.00 0.00 0.01
SEM

Thus the area of the median nerve increased at it passes through the carpal tunnel.

3.13.1 Statistical significance

Using one way ANOVA test it was concluded that the area of the median nerve is
statistically significant after the tunnel while not significant before and at the tunnel

(Table:3.12L of appendices)
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3.14. Relationship between TCSA and PCSA of different flexor tendons
The TCSA of different flexor tendons (FPL, FDS, FCR, FCU, FDP) are shown in

Figure 3.11 and Table 3.13M of appendices.

Mean TCSA and | FPL FDS FCR  |FCU FDP
PCSAInCm® | oosa | pcsa | PCsa | PCSA PCSA
Mean 0.52 111 0.69 1.02 2.08
STDEV 0.17 0.33 0.30 0.23 0.23
SEM 0.03 0.06 0.05 0.04 0.04
Mean TCSA and | FPL FDS FCR  |FCU FDP
PCSAInem® | rosa | Tcsa | Tcsa | Tcsa TCSA
Mean 0.02 0.12 0.05 0.10 0.18
STDEV 0.01 0.01 0.02 0.02 0.01
SEM 0.00 0.00 0.00 0.00 0.00

The order of TCSA in the increasing order is as follows: FPL, FCR, FCU, FDS and

FDP and the mean PCSA for FPL was the least while FDP had the highest PCSA.

Thus with the help of a simple linear regression graph it was concluded that TCSA is

directly proportional to PCSA as the R2 was 0.94 while p was 0.03.

3.15. Relation between PCSA and the mean tendon lengths of different flexor

tendons

The comparative relationship between PCSA and tendon length are shown in Figure

3.12 and Table 3.14N of appendices

PCSA in

cm? FPL FDS FCR FCU FDP
Mean 0.52 1.11 0.69 1.02 2.08
STDEV 0.17 0.33 0.30 0.23 0.23
SEM 0.03 0.06 0.05 0.04 0.04

The mean PCSA for FPL was the least while FDP had the highest PCSA.
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Tendon
length in
cms

FPL FDS FCR FCU FDP
Mean 5.24 5.46 8.763 6.373 2.55
STDEV 0.789 0.795 1.34 1.252 0.918
SEM 0.144 0.145 0.245 0.228 0.167

Thus, FCR had the longest tendon while FDP had the shortest.

Thus with the help of a simple linear regression graph it was concluded that PCSA is

related to tendon length as the Rz was 0.87 while p was 0.04.
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3.16: Thickness of cadaveric tendinous and tenosynovial interconnections
The mean tendon thickness of the cadaveric tendinous interconnection was 0.33 cm

(SEM 0.04: SD + 0.23). One of the cadavers had tenosynovial interconnection with a

thickness of 0.09 cm® The information is shown in Appendices Table 3.150

Hand with Tendon
Age in years Sex interconnection | thickness(in cm)

93 F R 0.32

94 F L 0.55

81 M R 0.50

81 M L 0.31

90 F R 0.34

92 F R 0.24

89 M R 0.34

95 M R 0.02

78 M R 0.03

85 F R 0.82

Mean 0.33
Standard Deviation 0.23

Standard error of
mean 0.04
R (Tenosynovial
85 M interconnection) 0.09
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3.17 Conclusion of the dissection results

« The muscles in the increasing order of PCSA and TCSA are FPL, FCR, FCU,
FDS and FDP. It was established that PCSA is directly proportional to TCSA.
It was also established that mass has a direct relation with TCSA and PCSA.

« There was a direct relation between PCSA and the tendon length of different
flexor tendons.

« At the carpal tunnel, TCSA of FPL was directly proportional to the TCSA of
FDP (index) and the area of the median nerve increased at it passes through
the tunnel.

« There was no conclusive relation between PCSA and the mean fibre length,
mean density, the mean fibre length of the muscle, mean tendon length and the

mean angle of pennation.

3.18. Tendinous interconnection established during dissection
Thirty forearm and hands were dissected and eleven were found to have
interconnections or anatomical variations. The details of the age, sex, involved upper

limb, extend and dimensions of interconnections can be seen in Table 3.16P of

appendices. The observed interconnections (indicated with * ) extended between:

the right FDS (ring) and right FDS (little) fingers in the hand(Figure

3.13)

+ the right FDS (index) and the first right lumbrical in the hand (Figure
3.14)

+ the right FPL and the right FDP (index) in the forearm (Figure 3.15)

* between main belly of right FDP and right FPL in the forearm (Figure

3.16)
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the right FDS (ring) and right FDS (index) in the forearm (Figure
3.17)

the main bellies of left FDS and FDP in the forearm (Figure 3.18)
Figure 3.19 demonstrates an intermediate tendon in the right FDS
(index) in the forearm

the left pronators teres and left FDS in the forearm (Figure 3. 20)

the right Extensor Carpi Radialis Brevis and Abductor Pollicis Brevis
in the forearm (Figure 3.21)

the right FCU and FDS in the forearm (Figure 3.22)

the right flexor retinaculum and FDS in the forearm (Figure 3.23)
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3.19 Analysis of results of volunteer study
Volunteer details

Total student’s studied (n)=200

Number of males with interconnections | Number of females with

(n=2) interconnections (n=10)
Male:female=1:5

Mean age 20.5 years Mean age 18.6 years

Right hand interconnection 8 volunteers

Left hand interconnection 7 volunteers

Bilateral interconnections 3 volunteers

3.19.1 Analysis of the general information of the volunteers: (Appendices [Table
3.17Q))

To study the tendinous interconnection, 200 first year medical students (2009-10
batches) were randomly picked by asking them to perform pertinent movements such
as flexion, extension; adduction, abduction and opposition of the thumb in relation to
other fingers and the palm of the hand. The extent of restricted hand movements and
flexion of the dependent digit(s) at proximal or distal phalanx(s) were observed.
Following the movements, they were selected to enter the study if the angle of flexion
of the IPJ of the thumb was >40° (on gross observation) and if this angle of flexion
was accompanied by the dependent flexion of the DIPJ of the index and/or middle
fingers. Out of these, 12 (10 females and 2 males with average age of 18.60 years and
20.50 years respectively) were identified to have tendinous interconnection between
the FPL and FDS of other fingers. Of these 12 volunteers, three presented with
bilateral tendinous interconnection (25%) while nine (75%) presented with unilateral
interconnection. Ten out of the twelve volunteers played musical instruments for an
average of 3.7 hours/week (average of half an hour/day). Most of the volunteers were
right handed (10 volunteers) while one was ambidextrous and the other was left
handed. Majority of the right handed volunteers (8 volunteers) played string
instruments while one played wind instrument and the other did not play any
instruments. Table 3.1 shows the general statistics of the volunteers.
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3.19.2 Analysis of clinical examination of volunteers (Right hand): (Appendices

[Table 3.18R)

. Five (one male and four females) volunteers had interconnection between the
FPL (thumb) and FDP (index) finger on the right hand. They played the musical
instrument (drums and violin) for an average of 3 hours/week.

. One female volunteer presented with interconnection between the FPL
(thumb) and FDP (middle) finger. She played the piano for an average of 3
hours/week.

. One male and one female volunteer presented with interconnection between

the FPL (thumb) and the FDP (index and middle) fingers. They also played

(saxophone and guitar) for an average of 3 hours/week.
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3. 19.3. Analysis of clinical examination of the volunteers (Left hand):
(Appendices [Table 3.19S])

1. Three female volunteers had interconnection between the FPL (thumb) and FDP
(index) finger on the left hand. They played the musical instrument (harp and violin)
for an average of 2.80 hours/week.

2. Three volunteers (one male and two females) presented with interconnection
between the FPL thumb and the FDP (middle) finger. They played the musical
instrument (piano and guitar) for an average of 2.50 hours/week.

3. Two female volunteers presented with interconnection between the FPL (thumb)
and the FDP (index and middle) fingers. They also played (piano and guitar) for an
average of 2.5 hours/week.

3. 19.4 Analysis of angle of flexion between the thumb and the dependent fingers
for all the volunteers are inserted below (Appendices [Table 3.20T]) and Figure
|3;.02ILIlowing analysis of angle of flexion between the thumb and the dependent fingers,
it was concluded that the angle of flexion increases with the flexion of the thumb at
the distal interphalangeal joint (DIP). The angle of flexion was maximum when the

thumb was flexed at the metacarpophalangeal (MCP) joint. Video of the movements

and angle of flexion of the fingers are also attached.
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3.19.5 Overall conclusion concerning the interconnections in the right and the
left hands

Out of all these 12 volunteers, seven presented with right hand interconnections
between the thumb and other dependent fingers (index and middle). These volunteers
spend an average of 3 hours/week playing the musical instrument compared to 2.5

hours/week by the volunteers with tendinous interconnections in the left hand.

3.19.6 Overall conclusion for gender based interconnection in both cadavers and

live volunteers
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3.20 Results for the ultrasound scan
Depending on the angle measurement from the printed photographs, volunteers whose

angle of flexion at the MCPJ of the thumb between 30-45°, IPJ of thumb between 45-
55°and flexion of DIP of dependent finger between 20-45" were accepted for the USS
study (n=4). Four female volunteers (two with bilateral tendinous interconnection
and two with interconnection on the left hand) were chosen and imaged by USS as
they had very clear evidence of interconnection. Out of the two volunteers with
bilateral interconnections, one played the piano and the other played no musical
instrument while out of the other two volunteers with left tendinous interconnection,

one played the violin and the other played the piano.

USS (oblique view) just distal to the carpal tunnel demonstrated interconnections in
the left hand of three volunteers who played a musical instrument while no such
interconnection was identified in the volunteer who did not play an instrument. In
two volunteers (2 and 3) it was concluded that there was a tenosynovial
interconnection due to hypo-echogenic (black) band between FDP and FPL (index).
While for volunteer 12 there was a clear tendinous interconnection as there was a
hyperechogenic patch (white) between the FPL and FDP (index). For volunteer 9, the
results were inconclusive as the probable musculo-tendinous interconnection had
hypo-echogenicity which was characteristic of muscle and on close examination
muscle fibres could be seen clearly. It is therefore thought that this might be an
accessory muscle belly from either FPL or FDS (index) rather than a tendinous

interconnection.

The ultrasound images of the volunteers are shown in Figures 3.25- 3.28. The labels
on these images were provided by the radiologist while the line indicating the

interconnection was added later on (with exception to volunteer 9 —whose label was
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added on to the power point slide with the consultation of the radiologist). The

dimensions of the tendinous interconnections are shown in Appendices Table 3.21U.

Thickness of the tendinous

interconnection (cm?

Volunteer 2 0.2
Volunteer 3 0.1
Volunteer 12 0.2
Volunteer 9 0.2

Mean 0.175

STDEV 0.05

SEM 0.025
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3.21 Problem encountered during volunteer study
Prior to obtaining ethical approval, the working condition of the small bore MRI

machine was evaluated and was found to be satisfactory. When the pilot study was
carried out (in normal hands), the images were clear and the quality was considered
sufficient for the purpose of this study (Figure 3.29). After careful consideration of
the working of the MRI machine and evaluation of the quality of images (it
generated), ethical approval was obtained from Cardiff University and The Institute of
Medical Engineering and Medical Physics. Following ethical approval, attempt was
made to carry out the study on the volunteer with Linburg-Comstock anomaly. The
volunteer with bilateral Linburg-Comstock anomaly was identified by a series of
simple tests that included movements of the thumb and index finger at different
planes and angles. The volunteer agreed to take part in the MRI study at the Institute
of Medical Engineering and Medical Physics, School of Engineering, Cardiff

University.

However, when the study on the volunteer was undertaken, unfortunately, the quality
of images generated by the MRI machine was poor with numerous artefacts. It was
not possible to differentiate the tendon from the muscle (Figure 3.30). Hence it was
felt that this MRI machine was not suitable to undertake this study. No other MRI
machines were available in the department. It was not possible to identify another
MRI machine in the university for the purposes of this study and obtaining an MRI
machine from the National Health Service (NHS) would have taken long time due to
the lengthy ethical application process involved. After a careful consideration of the
options, it was decided to abandon MRI evaluation for the study and was decided to
substitute them with USS study and images. This whole process resulted in

unforeseen delay in the completion of this study.
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3.22 Problems encountered during obtaining photographs
Twelve volunteers in whom the angle of flexion of the IPJ of the thumb was >40°nd

angle of flexion of the IPJ of the thumb was accompanied by the dependent flexion of
the DIPJ of the index and/or middle finger were chosen for further study such as

taking series of photos.

To study the angle of flexion, series of photographs were taken in two planes - in mid-
prone and in supine positions and printed to draw the different angles of flexion. The
volunteers were comfortable with the movements at the mid-prone position; however,
they found it hard to flex their phalanges in the supine position. This may be due to
the fact that were tired or had become conscious of the being constantly monitored.
These reflected as variations in angle of flexion, artefacts and artificial movements
due to conscious flexion of other fingers. The movements were further exacerbated

when the volunteers were asked to repeat even after a break of 15 minutes.

The volunteers also found it difficult to flex the thumb naturally at MCPJ. This was
clearly seen in volunteer number ‘4’ (seen in the video). In supine position, there
was flexion of the left little finger that was not seen in any other views. When taking
images in supine position, volunteer number ‘5’ could not rest her hand in anatomical

position at image ‘0’ but could do so with initial movement.

These artefacts and artificial movements are evident during the finger movements of
volunteer number ‘6’ wherein there was constant flexion of the DIPJ of the middle
finger on flexion of the IPJ of the thumb. After much effort, the volunteer was unable
to flex the thumb at the MCP joint and this brought about conscious flexion of the
other fingers. The volunteer also found it difficult to keep the hand steady and had to

constantly shake the hand before and after the images were taken in each view.
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Volunteer number ‘9’ was conscious of the exercise that there is clear voluntary

flexion of the little finger in supine position which is absent in mid-prone position.
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3.23 Reliability and repeatability
The following sections outlines the results obtained during the repeatability and

reliability test obtained by the dissection of eight upper limbs from four cadavers (2
males and 2 females with a mean age of 79.8 years and 82.6 years respectively). It
also discusses the results of the three volunteers who were studied for tendinous
interconnections (two females and one male with a mean age of 19.5 years and 19
years respectively). Finally, the result of USS study of the male volunteer (mean age

of 19 years) is discussed.

3.24 Interpretation of the results
3.24.1 Simple linear regression and one way ANOVA test

The relation results were calculated using the linear regression graphs while the one
way ANOVA test was used to calculate the significance of the mean area of the
median nerve at three anatomical points as it passes through the carpal tunnel (i.e.,
before, at and after the tunnel). It was also used to find the significance between the

mean mass and the mean PCSA of the individual muscles.

3.24.2 Calculating the area of the tendon and median nerve using the Pro-Image
plus
The cross sectional shape and area of the median nerve and the long flexor tendons

were confirmed using the Image Pro-Plus software.

3.25 Dissection based

3.25.1 Cadaveric dissection
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Cadaveric dissection using the same procedure discussed in chapter 2 was followed
and dissection was carried out on eight upper limbs of two male and two female

cadavers (R1-R4). The mean age of the male cadavers were 79.8years while for the

females were 82.6 years.

Males (n=2) Females (n=2)
Mean age 79.8 years 82.6 years
Interconnections None None
Muscles and tendons | FPL, FCU, FCR, FDS | FPL, FCU, FCR, FDS
dissected and FDP and FDP
The results are as follows:
3.25.2 Results for PCSA
PCSA in
cm? FPL FDS FCR FCU FDP
Mean 0.38 1.00 0.68 0.80 2.20
STDEV 0.22 0.31 0.35 0.05 0.17
SEM 0.07 0.11 0.12 0.02 0.06

Thus, the mean PCSA for FPL was the least while FDP had the highest PCSA. As a
result the muscles arranged in the order of increasing PCSA are: FPL, FCR, FCU,

FDS and FDP. The data is shown in Figure 3.31 and appendices Table 3.21a
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3.25.3 Analysis of the relationship between the PCSA and mean mass
The comparative analyses of the relationship between the mean PCSA and mass of

the different flexor muscles are shown in Figure 3.32 and appendices Table 3.22b.

The results of the one-way nova test are in Appendices table 3.23c:

Mean mass

in gms FPL FDS FCR FCU FDP

Mean 4.69 13.77 5.88 4.99 17.55
STDEV 0.70 0.93 0.62 0.62 0.57

SEM 0.24 0.32 0.22 0.22 0.20

The muscles arranged in the increasing order of weight are as follows: FPL, FCR,

FCU, FDS and FDP.

Thus, FPL was the lightest muscle of the five flexors; while FDP was the heaviest.

PCSA in

cm2 FPL FDS FCR FCU FDP
Mean 0.38 1.00 0.68 0.80 2.20
STDEV 0.22 0.31 0.35 0.05 0.17
SEM 0.07 0.11 0.12 0.02 0.06

Thus, the mean PCSA for FPL was the least while FDP had the highest PCSA.

With the help of regression graph it was concluded that there was a direct relationship

between the PCSA and the mean mass as p was 0.02 and R was 0.89.
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3.25.4 Analysis of relationship between the mean TCSA and mean mass
The comparative analyses of relationship between the mean TCSA and mean mass of

the different flexor muscles are shown in Figure 3.33 and Table 3.24d of

appendices.
TCSAincm? | FPL FDS FCR FCU FDP
Mean 0.09 0.12 0.25 0.15 0.18
STDEV 0.01 0.01 0.01 0.01 0.00
SEM 0.25 0.43 0.21 0.22 0.27
Thus, the mean TCSA for FPL was the least while FDP had the highest.
Mean mass
in gms FPL FDS FCR FCU FDP
Mean 4.69 13.77 5.88 4.99 17.55
STDEV 0.70 0.93 0.62 0.62 0.57
SEM 0.24 0.32 0.22 0.22 0.20

The muscles arranged in the increasing order of weight are as follows: FPL, FCR,

FCU, FDS and FDP. Thus, FPL was the lightest muscle of the five flexors; while

FDP was the heaviest.

With the help of regression graph it was concluded that there is a direct relation

between the TCSA and the mean mass as p was 0.04 and R? was 0.92.
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3.25.5 Analysis of relationship between the mean PCSA and mean fibre length
The comparative analyses of relationship between the mean PCSA and fibre length of

the different flexor muscles are shown in Figure 3.34 and Table 3.25e of

appendices.
PCSA in
cm? FPL FDS FCR FCU FDP
Mean 0.38 1.00 0.68 0.80 2.20
STDEV 0.22 0.31 0.35 0.05 0.17
SEM 0.07 0.11 0.12 0.02 0.06

Thus, the mean PCSA for FPL was the least while FDP had the highest PCSA.

Mean fibre

length FPL FDS FCR FCU FDP
Mean 6.35 3.95 6.95 4.47 1.42
STDEV 0.19 0.51 0.48 0.18 0.18
SEM 0.06 0.18 0.17 0.08 0.06

Thus, the FDP had the shortest muscle fibre while FCR the longest muscle fibre.

With the help of regression graph it was concluded that there is no direct relation

between the PCSA and the mean fibre length as p was 0.08 and R was 0.54.
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3.25.6 Analysis of the relationship between PCSA and the mean density
The comparative analyses of the relationship between the PCSA and mean density in

the different flexor muscles are shown in Figure 3.35 and Table 3.26f of

appendices.
PCSA in
cm? FPL FDS FCR FCU FDP
Mean 0.38 1.00 0.68 0.80 2.20
STDEV 0.22 0.31 0.35 0.05 0.17
SEM 0.07 0.11 0.12 0.02 0.06

Thus, the mean PCSA for FPL was the least while FDP had the highest PCSA.

Mean

density in

gcm-3 FPL FDS FCR FCU FDP
Mean 0.97 0.96 0.98 0.95 0.97
STDEV 0.14 0.05 0.06 0.05 0.04
SEM 0.05 0.01 0.02 0.01 0.01

Thus the mean density of FCU was the least while FCR was the highest.

With the help of regression graph it was concluded that there is no direct relation

between the PCSA and the mean density as p was 0.36 and Rz was 0.56.
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3.25.7 Analysis of the relationship between the mean mass and mean fibre length
The comparative analyses of the relationship between the mass and the fibre length of

the different flexor muscles are shown in Figure 3.36 and Table 3.27g of

appendices.
Mean
mass in
gms FPL FDS FCR FCU FDP
Mean 4.69 13.77 5.88 4.99 17.55
STDEV | 0.70 0.93 0.62 0.62 0.57
SEM 0.24 0.32 0.22 0.22 0.20

Thus, FPL was the lightest muscle of the five flexors; while FDP was the heaviest.

Mean fibre

length in

cms FPL FDS FCR FCU FDP
Mean 6.35 3.95 6.95 4.47 1.42
STDEV 0.19 0.51 0.48 0.18 0.18
SEM 0.06 0.18 0.17 0.08 0.06

Thus, the FDP had the shortest muscle fibre while FCR the longest muscle fibre.

With the help of regression graph it was concluded that there is no direct relation

between the mean mass and the mean fibre length as p was 0.47 and Rz was 0.45.
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3.25.8 Analysis of relationship between the mean fibre length and mean density
The comparative analyses of relationship between the mean fibre length and density

of the different flexor muscles were are shown in Figure 3.37 and Table 3.28h of

appendices.
Mean  fibre
lengthincms | FPL FDS FCR FCU FDP
Mean 6.35 3.95 6.95 4.47 1.42
STDEV 0.19 0.51 0.48 0.18 0.18
SEM 0.06 0.18 0.17 0.08 0.06

Thus, the FDP had the shortest muscle fibre while FCR the longest muscle fibre.

Mean

density in

gcm-3 FPL FDS FCR FCU FDP
Mean 0.97 0.96 0.98 0.95 0.97
STDEV 0.14 0.05 0.06 0.05 0.04
SEM 0.05 0.01 0.02 0.01 0.01

Thus the mean density of FCU was the least while FCR was the highest.

With the help of regression graph it was concluded that there is no direct relation

between the PCSA and the mean density as p was 0.08 and R2 was 0.35.
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3.25.9 Analysis of relationship between PCSA and mean angle of pennation
The comparative analyses of mean angle of pennation of the different flexor muscles

are shown in Figure 3.38 and Table 3.29i of appendices.

PCSA in

cm2 FPL FDS FCR FCU FDP
Mean 0.38 1.00 0.68 0.80 2.20
STDEV 0.22 0.31 0.35 0.05 0.17
SEM 0.07 0.11 0.12 0.02 0.06

Thus, the mean PCSA for FPL was the least while FDP had the highest PCSA.

Angle of
pennation
(in degrees)

FPL FDS FCR FCU FDP
Mean 155 7.31 12.87 9.25 11.5
STDEV 2.67 0.45 0.64 2.96 0
SEM 0.94 0.16 0.22 1.04 0

Thus, FPL had the highest angle of pennation while FDS had the lowest.

With the help of regression graph it was concluded that there is no direct relation

between the PCSA and the mean angle of pennation as p was 0.06 and R2 was 0.56.
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3.25.10 Analysis of relationship of tendon cross-sectional area of FDP (Index)

and FPL at carpal tunnel
The comparative analysis of the relationship of area of FDP (index) and FPL at carpal

tunnel are shown in Figure 3.39 and Table 3.31j of appendices.

TCSAincm? | FPL FDP (index)
Mean 0.14 0.108
STDEV 0.00 0.00

SEM 0.00 0.00

Thus following a linear regression graph it was concluded that TCSA of FDP (index)

is directly proportional to the TCSA of FPL as p was 0.03 and R2 was 0.94.

3.25.11 The area of median nerve before, at and after the carpal tunnel

The area of median nerve before, at and after the carpal tunnel was calculated. A

graph was plotted in this relation (Figure 3.40 and Table 3.32k of appendices)

] Before the After the tunnel
Median nerve | ¢ nnelincmz | At the tunnel incm? | in cm?
area in mmg2
0.14 0.15 0.18
Mean
0.03 0.04 0.03
STDEV
0.00 0.00 0.00
SEM

Thus the area of the median nerve increased at it passes through the carpal tunnel.
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3.25.11.1 Statistical significance
One-way ANOVA test identified that the change in cross-sectional area of the median

nerve during its course in the carpal tunnel was not statistically significant. Following

the consultation with the statistician, it was concluded that this might be due to the

small sample size (n=8) since the minimum sample size required was 30 in order to

give sufficient power to the study and eliminate the Type | error. This is seen in

(appendices Table:3.331)

3.25.12 Relationship between TCSA and PCSA of different flexor tendons

The TCSA of different flexor tendons (FPL, FDS, FCR, FCU, FDP) are shown in

Figure 3.41 and Table 3.34m of appendices

PCSA in
cm2 FPL FDS FCR FCU FDP
Mean 0.38 1.00 0.68 0.80 2.20
STDEV 0.22 0.31 0.35 0.05 0.17
SEM 0.07 0.11 0.12 0.02 0.06
TCSA incm? | FPL FDS FCR FCU FDP
Mean 0.09 0.12 0.25 0.15 0.18
STDEV 0.01 0.01 0.01 0.01 0.00
SEM 0.25 0.43 0.21 0.22 0.27

directly proportional to PCSA as the R? was 0.90 while p was 0.03.

FDP and the mean PCSA for FPL were the least while FDP had the highest PCSA.

The order of TCSA in the increasing order is as follows: FPL, FCR, FCU, FDS and

Thus with the help of a simple linear regression graph it was concluded that TCSA is
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3.25.13 Relation between PCSA and the mean tendon lengths of different flexor

tendons

The comparative relationship between PCSA and tendon length are shown in Figure

3.42 and Table 3.35n of appendices

PCSA in

cm? FPL FDS FCR FCU FDP
Mean 0.38 1.00 0.68 0.80 2.20
STDEV 0.22 0.31 0.35 0.05 0.17
SEM 0.07 0.11 0.12 0.02 0.06

The mean PCSA for FPL was the least while FDP had the highest PCSA.

Tendon
length in
cms

FPL FDS FCR FCU FDP
Mean 4.56 5.13 8.91 6.83 2.47
STDEV 1.03 0.59 1.09 1.24 0.87
SEM 0.36 0.20 0.38 0.43 0.30

Thus, FCR had the longest tendon while FDP had the shortest.

Thus with the help of a simple linear regression graph it was concluded that PCSA is

directly related to tendon length as the Rz was 0.85 while p was 0.03.

194



195



3.25.14 Conclusion of the dissection results for repeatability and reliability test

The results for the repeatability and reliability test was exactly the same as the
original test and are as follows:

The dissection findings following repeatability and reliability test was the same
as the initial experiment. Thus it can be concluded that the procedure
undertaken were both reliable and repeatable. The results are as follows:

The muscles in the increasing order of PCSA and TCSA are FPL, FCR, FCU,
FDS and FDP. It was established that PCSA is directly proportional to TCSA.
It was also established that mass has a direct relation with TCSA and PCSA.
There was a direct relation between PCSA and the tendon length of different
flexor tendons.

At the carpal tunnel, TCSA of FPL was directly proportional to the TCSA of
FDP (index) and the area of the median nerve increased at it passes through the
tunnel.

There was no conclusive relation between PCSA and the mean fibre length,
mean density, the mean fibre length of the muscle, mean tendon length and the

mean angle of pennation.
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3.25.15 Confirmation of cross sectional area using Image Pro-Plus software
3.25.15.1 Confirmation of TCSA and area of median nerve using Image Pro-

Plus software

Tendons and median nerve Cadaver R1 was used

Tendons

dissected FPL

FDS

FCR

FCU

FDP

TCSA by 1.81
Image Pro-

Plus

1.8

2.65

2.93

2.1

TCSAby |09

dissection

1.2

2.5

1.5

1.8

These results confirm that the crosses sectional shape of the tendon is elliptical and

the results derived are accurate.

3.25.15.2 Confirmation of the area of the median nerve by Image Pro-Plus

software

Cadaver R1 was used

Tendons dissected Before the After the
tunnel (cm?) | At the tunnel | tunnel

Cross sectional area by

Image Pro-Plus 0.14 0.20 0.21

Cross sectional area by

dissection 0.14 0.15 0.18

197




3.26 Volunteer study

Total number of volunteers (n)=3

Number of male with interconnections | Number of female with

(n=1) interconnections (n=2)

Mean age in male 19 years Mean age in females 19.5 years
Male:female=1:2

Right hand interconnection 2

Left hand interconnection 1

Following analysis of angle of flexion between the thumb and the dependent fingers,
it was concluded that the angle of flexion increases with the flexion of the thumb at
the DIP joint. The angle of flexion was maximum when the thumb was flexed at the
MCP joint. The graph showing these results is seen in Figure:3.43 and Table 3.360

of appendices.
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3.26.1 USS imaging of the volunteer’s hand

Depending on the angle measurement from the printed photographs, volunteer whose

angle of flexion at the MCPJ of the thumb was >30-45°, IPJ of thumb between >45-

55° and flexion of DIP of dependent finger was between >20-45° was accepted on to

the USS study. One male volunteer (with unilateral tendinous interconnection and on

the left hand) was chosen and imaged by USS.

The dimension of the tendinous interconnection is below:

Thickness of the tendinous interconnection
(cm)

Volunteer 1 | \ean 0.2
STDEV 0.0
SEM 0.0

USS (oblique view) just distal to the carpal tunnel demonstrated interconnections in

the right hand. This is seen in Figure 3.44.
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Chapter 4

DISCUSSION
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4.1 Introduction

This chapter discusses the results observed during the study of tendinous
interconnections following cadaveric dissection and trials in live volunteers. It also
evaluates the limitations and problems encountered whilst undertaking these studies.
The current study has tried to establish the relation between TCSA and PCSA. In the
light of the possibility that increase in tendon diameter may increase the
susceptibility to CTS due to compression and pressure on the median nerve. In
addition, it reviews the literature comparing the imaging options available to study
upper limb tendinous interconnections, and also discusses the advantages of using US

scan in calculating the angle of pennation in vivo and thus the PCSA.

4.2 Tendon healing and interconnections

Table 4.1 shows the pathophysiology of tendon healing and how scarring can lead to
tendinous interconnections.  Factors that influence tendon healing include the
anatomical location, extend of injury, vascularity and amount of rest. Ingraham and
colleagues (2003) identified that micro trauma to the tendon leads to disruption of the
normal parallel alignment of the collagen fibre. This results in activation of the
tenocytes from the epitenon and endotenon layers of the tendon. During proliferative
stage of tendon healing, there is an increase in the size of the tenocytes and
proliferation of the capillaries leading to an increase in the TCSA. Sharma and
colleagues (2005) described that an increase in the tendon cross sectional area would
lead to recurrent injury to the tendon due to constant abrasion with the adjacent
tendon(s). This in turn inhibits the remodelling phase of healing leading to scarring

and subsequent interconnections.
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4.3 Proven hypotheses

4.3.1 Interconnections are more prevalent in females

In the volunteer study, two males and ten females presented with interconnections
(5:1). This finding concurred with the literature that reports a higher incidence in
women compared to men (3:1) (Hamitouche et al., 2000). Although the reason
remains unknown it is thought that in musicians, it might be due to smaller hand size
along with decreased arm strength and more flexibility and joint laxity. This may
lead to stretching of the flexor tendons while performing string instruments such as
the violin. Overstretching and frequent movements at the wrist would lead to trauma
and tearing of the tenosynovium, predisposing to tendinous interconnections.
However, these theories have not been investigated sufficiently to derive concrete

conclusions (Brandfonbrener, 1990; Chong and Chesky, 2001)

4.3.2 Relation between PCSA, TCSA and tendinous interconnections

TCSA is the cross sectional area of the tendon. From the present study, it can be
concluded with the help of a linear regression graph that TCSA of individual muscle
tendons are directly proportional to the corresponding PCSA. This finding is in
accordance with previous reports in the literature (An et al.,, 1991). Thus the
hypothesis made in chapter 1 has been proven. This relationship is important for
understanding the aetiologies of acquired tendinous interconnections at the carpal
tunnel as muscles with larger PCSA would have larger TCSA thus creating a greater
change for these tendons to rub against each other. At the carpal tunnel, the deep
flexors tendons of the fingers consist of loosely arranged tendon strands.
Consequently, the tenosynovium may get trapped between these individual tendon
strands and predispose to the formation of tendinous interconnections (Leijnse et al.,

1997a). This may result in carpal tunnel syndrome as these interconnections may
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behave like space occupying lesions (Rennie and Muller, 1998; Rotman et al., 2002).
This postulation was established by Linburg and Comstock in 1979 (four cases) and
by Lombardt and colleagues in 1988 (33 cases). In the above two studies, surgical
excision of the anomalous tendinous interconnections resulted in resolution of the

patient’s symptoms.

4.3.3 Relation between TCSA of FDP (index) and FPL

The data gathered from the cadaveric dissection were analysed using simple linear
regression and it was concluded that the TCSA of FDP (index) and FPL were directly
proportional. Thus it may be espied that as the TCSA of FDP (index) increase the
TCSA of FPL also increases, which would in turn reduce the space between the two
tendons within the carpal tunnel. Thus during constant and repetitive wrist
movements the tendons may rub against each other causing micro trauma.
Furthermore, following injury, there may be an increase in the collagen fibre size,
fibroblast density and vascular proliferation within the tendon and tendon sheath,
which further increases the TCSA. This in turn increases the pressure within the
carpal tunnel leading to the compression of the median nerve (Crevier-Denoix et al.,
1998, Ettem et al., 2004 and Yoon et al., 2005). Thus the hypothesis made in chapter

1 has been proven.

4.3.4 Relation between mean mass and PCSA

Following the study, it was established that the muscles FPL, FCR, FCU, FDS and
FDP — had PCSA, and mean mass in the increasing order i.e FDP having the highest
PCSA and mean mass while FPL the least. Thus it was recognized that PCSA is
directly proportional to the mass of the muscle. Thus, FDP was the heaviest muscle

with the largest PCSA, while FPL had the lowest mean weight with lowest PCSA.
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Therefore FDP is a stronger muscle than FPL as the strength of each muscle is
proportional to the PCSA (An et al., 1991). Hence, a thick muscle with large PCSA
can produce great amount of force (MaclIntosh et al., 2006). Based on this study, the
hypothesis made in chapter 1 that the mean mass of the muscle has a direct effect on

the PCSA has been proven.

4.3.5 Relation between mean tendon length and PCSA

From the results of the current study, it can be concluded that the FDP had the longest
tendon while FPL had the shortest. The study also concluded that there is a direct
relation between the PCSA, TCSA, mean mass and tendon length. Previous studies
suggest that long and tendinous muscles can form pulley systems thus allowing large
external movement like grasping with the fingers with relatively small movements of
the muscles and tendons (Maclintosh et al., 2006). Thus muscles such as FDS and
FDP are used for finer movements such as writing and sewing in association to other

intrinsic muscles of the hand.

4.3.6 Mean cross sectional area of median nerve

The cross sectional area of the median nerve was calculated at three points during its
path along the carpal tunnel. The cross sectional area of the median nerve was the
smallest before it entered the tunnel and largest as the nerve exit the tunnel. Thus
during the course of the median nerve through the carpal tunnel, it flattens out and
increases in area. This may be to easily pass through the tunnel and to accommodate
the other flexor tendons that pass with it (Allmann et al., 1997). In the past, these

findings have been established by USS scan (Buchberger et al., 1991)

4.4 Null hypotheses
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4.4.1 No relation between mean fibre length and PCSA

Previous studies have shown that PCSA has an inverse relation to the fibre length,
thus, the longer the muscle fibre, smaller the PCSA of the muscle. It may be due to
the fact that longer the muscle fibre, fewer muscle fibre would be accommodated in a
given unit area and this would reduce the PCSA (Alexander et al., 1975). But
following this study it was noted that there is no relation between the mean fibre
length and the PCSA. Although Lieber in 1992 suggested that muscle velocity is
proportional to muscle fibre length thus it could be concluded that FCR produced a

high velocity of contraction compared to other muscles that were studied.

4.4.2 No relation between mean density and PCSA

The density of the muscle had no bearing on the PCSA of the muscle, nor was there
any bearing between the muscle fibre length. Brown and colleagues (2003) reported
the density for all the muscles were taken to be a constant of 1.075 g.cm?®. Therefore

when used in the formula for PCSA it do not seem to influence the final results.

4.4.3 No relation between mean angle of pennation and PCSA

In a pennated muscle (such as FPL, FDS, FDP, FCU and FCR), the muscle fibres are
inserted to the central tendon at an angle. Within the muscle, the fibres are arranged
parallel to the central tendon. Due to this arrangement, more muscle fibres can be
accommodated thus producing larger force with smaller range of movement (Otten,
1998). During muscle contraction, the pennated fibres pull the central tendon at an
angle to create a force. The force exerted on the tendon can be calculated by cosine of
the angle of insertion. During rest, the angle of insertion is less than 10° which does
not have a marked effect on the force production. To find out which muscle is

powerful and contracts the most, the angle of pennation needs to be calculated during
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muscle contraction as the angle changes considerably during contraction (Roy and
Edgerton, 1992). Alexander and colleagues in 1975 and Narici and colleagues in
1992 found that in the pennated muscles, PCSA is always larger than TCSA while in
this study it was directly proportional. Brown and colleagues in 2003 noted that the
muscles with long fibres has low pennation angles while those with short fibres were
highly pennated while in this study there was no relation between the angle of
pennation and the length of the individual muscle fibre nor with PCSA. Thus the
theory regarding pennated muscle fibre arrangement and force created cannot be
concluded following this study as it would involve active movements of the respective

muscles and the joints.

4.5 Limitations of dissection study

4.5.1 Technical difficulties

4.5.1.1 Problem due to embalming techniques

The first part of this study involved cadaveric dissection and collection of
morphometric data from the long flexor muscles that act at the wrist and fingers. The
cadavers were preserved with formaldehyde-based embalming fluid, resulting in the
tissues becoming hard, rigid and often difficult to dissect; similar difficulty has been
encountered by other researchers (MacBride 1998). Previous studies have identified
that following embalming the cadaveric muscle may shrink thus affecting the PCSA

(Narici et al., 1996, Cutts, 1998).

In 1995 Narici and colleagues studied the PCSA and force generated by human
gastrocnemius in live volunteers. PCSA was calculated using the formula =
(m/pLf)cos® where ‘m’ is muscle mass, ‘p’ is muscle density (1.050 g cm-3), ‘V’ is

muscle volume, ‘0’ is the angle of pennation and ‘Lf” is fibre length. The parameters
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for the formula were calculated using both MRI and US scan. Following the above
study they concluded that the angle of pennation, fibre length and PCSA changed
from rest to contraction thus affecting the PCSA. The PCSA increased (while
contracting) by 34.8%. Taking into account the fact that PCSA changes during rest

and contraction, the PCSA derived from cadavers may not be accurate.

Suggested improvements

Similar to the above study and from the results observed in this dissertation it can be
stated that the cadaveric study may not be the best method for calculating the PCSA.
This is because parameters such as angle of pennation, fibre length change with
movements and passive movements cannot be undertaken in the cadaver. Likewise,
recording the movements with an US or MRI scan is not possible. Thus imaging
techniques such as US and MRI scans are better at calculating the PCSA and in

understanding the relation between PCSA, muscle force and muscle strength.

4.5.1.2 Analysing muscle fibre length and angle of pennation

In cadavers, the muscle fibre lengths and angles of pennation were only measured at
selected and specific sites within each muscle and these locations were consistent
within the same muscles in all the limbs. Furthermore, the variability in muscle fibre
length and angle of pennation expressed as one standard deviation (SD) from the
mean reflects measurement error variability based on measurement location within a
muscle and variability among limbs. For example, the deep digital flexor muscle

displayed a large SD in fibre length this error being attributable to the range of muscle

209



fibre lengths recorded across various locations within the muscle. The other
limitation relates to the measurement of tendon length at rest. The length of tendon of
each muscle was measured from the muscle’s distal fibres to its insertion, and no
account was made of the intra muscular tendon that can extend far into the muscle
belly. Adding the length of the intra muscular tendon to measured tendon length at
rest would lead to a considerable increase in overall tendon length at rest and this

factor ought to be taken into consideration (Brown et al., 2003).

Cutts (1998) documented the effects of formaldehyde-based embalming methods on
muscle architecture. He stated that formaldehyde-based solutions are most likely to
cause shrinkage of the muscle fibre. The muscle fibre length may vary from live
volunteers as the cadaveric muscle is fixed when they are in a state between relaxation
and contraction. Thus, results of cadaveric studies cannot accurately reflect what
would be found in living subjects (Thompson et al., 2002). Sacks and Roy (1982)
stated that the shortening or elongation of muscle tissue due to chemical fixation can
be expected to be less than 5%. However in this study, the muscle fibre length was
measured after they were removed from the muscle and this might have caused some
changes to the muscle fibre length mainly the shortening of the muscle fibre as the

fibre may have been destroyed during removal.

The final limitation of this study was the potential lack of adequate perfusion of the
muscles by the embalming fluid. As some of the FDP muscles were not adequately
perfused with the embalming fluid, the fibres tore easily when teased. Although 1
could isolate single fibres to measure fibre lengths, it was difficult to confirm with

certainty their intactness (whole length). This affected the accuracy of the muscle
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fibre length and thus the PCSA. A similar problem was encountered by Friedrich and

Brand (1990) while recording the muscle fibre architecture in the human lower limb.

Studies on human tibialis anterior and medial gastrocnemius muscles in live
volunteers by Herbert and colleagues (2002) using US scan showed that with passive
movement of these muscles, the muscle fascicles underwent much smaller changes in
length than whole muscle-tendon units (i.e, origin-to-insertion length). Thus when
resting muscles are stretched (e.g, by contraction of their antagonists) much of the
increase in muscle-tendon length occurs in the tendon. The intramuscular and the
intermediate tendons also undergo changes (such as shortening) during contraction.
This is due to the presence of elastin in the extracellular matrix (elastin causes
stretching and shortening of the tendon) (Lieber et al., 2000). The above studies also

concluded that the angle of pennation also decreased during muscle contraction.

Suggested improvements

In the cadavers the muscles are in a partially contracted state and some of the tendons
in the hand were curled up. Thus it was difficult to establish the exact tendon length
in the relaxed state nor was it possible to note the changes of angle of pennation
during various movements across the joints. Thus imaging techniques (such as MRI
and USS) are much better at recording, comparing the tendon length (both intra and
extra muscular) and in studying the changes in angle of pennation during rest and

during active and passive movements across the joints.

4.5.1.3 Age of the cadavers and lack of specific cadaveric information
Narici and colleagues (2003) found that the muscle architecture is significantly altered

by aging. The age-related changes include shortening of muscle fibre length and
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decrease in angle of pennation (Narici, 1998). The decrease in angle of pennation is
due to decrease in fibre number secondary to disuse atrophy (Lexell, 1988). As the
fibre number and angle of pennation influences the TCSA and PCSA, it was not
possible to compare the dissection results with that of a younger cadaver as the mean
age of the cadavers studied were between 78.7 (male) and 86.2 (female) years. In this
dissertation, pertinent medical history couldn’t be obtained nor was any information
available to indicate possible fibre atrophy, hypertrophy or development anomalies;

the accuracy of PCSA thus could not be substantiated.

Needless to say, studies using cadaver muscles are usually from an older age group
and hence it is not practical to accurately evaluate the fibre number and angle of
pennation in young individuals (from cadaver studies). This limitation has been
previously highlighted by Friedrich and colleagues (1990) who identified the
challenge to be further related to unknown health histories, varying methods of
fixation and shrinkage in muscle volume following death. Furthermore, as the
cadavers may have had muscle wasting following a period of inactivity due to their
age or illness before death, the PCSA would be lesser than in active, healthy subjects
(Cutts et al., 1991). Locke and colleagues (2010) also encountered this problem when

they studied the muscle fibre cross sectional area in cadavers with claw toes.

There is an increase in fat and connective tissue, and corresponding reduction in
muscle mass (due to motor neuron unit degeneration as a result of degeneration of
nerves) and decreased activity in the elderly (>80 years old) (Inokuci et al., 1975).
Hooper and colleagues (1983) recorded that there is a variation in the fibre size in an
ageing muscle due to atrophy that leads to muscle fibre degeneration and loss of

muscle fibre. This process of atrophy is followed by compensatory hypertrophy
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wherein the remaining muscle fibre increases in size to compensate for the loss of
function brought on by the atrophied muscle fibre. This may be due to decreased
perfusion of the tissues due to compromised arterial supply secondary to
atherosclerosis. Lack of blood supply affects the healing of the muscle fibre which
may be injured even following moderate physical activity, resulting in the loss of the
muscle fibre. In order to carry out the same activity, there would be compensatory

hypertrophy of the existing muscle fibres. These factors can affect PCSA.

In the study by Morse and colleagues (2005), cross sectional area of lateral head of
gastrocnemius muscle of the elderly (mean age of 73.8 years) were studied in vivo to
find the effect of ageing on muscle force and PCSA. The formula used to calculate
PCSA in vivo was muscle volume/fascicle length. Muscle volume was calculated by
multiplying anatomical cross sectional area (derived by the use of complex scanning
and imaging software) by slice thickness (obtained by taking series of slices eight mm
thickness and gap of two mm from origin to the insertion of the lateral head of

gastrocnemius muscle using MRI).

Suggested improvements

As the estimation of force requires active dynamic movement of the joint and
simultaneous recording using MR and US scans, it was not possible to undertake this
experiment in this study that used cadavers. In addition, apart from the presence of
live volunteer and the chance to inquire relevant medical history, in vivo studies using
MRI and US scans have the added advantage of sophisticated software for data

gathering and analysis, and the possibility of using other limb as a control.

4.5.1.4 Change in the area and shape of the tendons and median nerve
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In the current study the cross sectional area of the flexor tendons and the median
nerve were taken to be elliptical. This is in accordance to previous studies done by
Ikeda and colleagues (1996). It is thought that the tendons and nerves tend to flatten
especially if they pass through congested space such as the carpal tunnel. The shape

of these structures also depends on the position of the wrist during embalming.

Suggested improvements

USS studies by and Henderson colleagues in 2012 found that the shape and position
of the median nerve and the flexor tendons change with wrist movements. These
include the movement of the flexor tendons superiorly towards the palm while the
median nerve moves radially from flexion to extension. Zeiss and colleagues (1989)
noted that during flexion of the wrist, the nerve lies anterior to the FDS (index) tendon
and during extension the nerve became interposed between the superficial flexor
tendons of the index finger and FPL of the thumb or between the FDS of the middle
and ring fingers. It was also noted that the area of the nerve changed with wrist
movements. During flexion the nerve flattened antero-posteriorly whilst it became
rounded during extension. Thus USS studies are found to be superior to other
imaging techniques in recording the changes to the TCSA and cross sectional area due

to their dynamic nature.

4.6. Significance of tendinous interconnection in the palmar surface of the hand
and wrist in volunteers

4.6.1. Introduction

The prevalence of Linburg-Comstock anomaly amongst general population is highly
variable. According to some reports, the occurrence of the interconnection is around

20% (Miller et al., 2003) while others have described a higher incidence of around
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30-32% (Linburg et al., 1979, Slater, 2001; Puroshothaman et al., 2009; Old et al.,
2010). These studies were carried out in Caucasian population of varying ages and
both genders. All the above studies used clinical examination (active flexion of the
IPJ of the thumb resulting in passive simultaneous flexion of the DIPJ of the index
finger) to determine the anomaly and this relatively subjective assessment may
explain the wide range in the observed prevalence. However, the lower incidence
noted by Miller and colleagues (2003) could be due to the fact that they took
associated symptoms into consideration (pain or discomfort during flexion of the

thumb while the examiner held the index finger in extension).

4.6.2 Limitations of the volunteer study

Out of 200 first year medical students at the School of Biosciences, Cardiff
University, 12 (bilateral in three) were identified to have tendinous interconnection
between the FPL and FDP of index or middle fingers. Thus the results from this
study demonstrate that six percent of the population in this age group (mean age of
18.6 years) have Linburg-Comstock anomaly although a selection of arbitrarily
selected medical students might not be a true reflection of the general population.
This is because the students entering professional studies in science might have had
different exposure in their formative years to those pursuing a mechanical or
vocational degree. Nevertheless, this study might have, perhaps serendipitously,
provided information on the prevalence of Linburg-Comstock anomaly in a

professional student population.

4.6.3 Limitations of obtaining photographs and measuring angle of flexion
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To study the angle of flexion, a series of photographs were taken in two planes - in
mid-prone and in supine position. The volunteers could do the movements at the mid-
prone position without difficulty. However, when the study was done with the hand
in supine position, it was observed that most volunteers found demonstration of the
different finger movements difficult either because their hands were tired or they were
more conscious of the being constantly monitored. This resulted in artefacts and
artificial movements, which in turn affected the variation in the angle of flexion
between the fingers and the thumb. The movements were exacerbated when the

volunteers were asked to repeat after a break of 15 minutes.

For measuring the angle of flexion of the IPJ, MCP of the thumb and DIPJ of the
fingers, lines were drawn on the skin creases made by these joints thus they are not
fixed reference points and are not same for all the volunteers. These points may vary
according to the different views of the photograph and the clarity of the image and
prominence of these joints in each image. As the angle of flexion of MCPJ of the
thumb and the IPJ of the thumb and fingers were not measured against a fixed plane

or against a fixed reference point, this may have affected the overall angle of flexion.

Similar problems with unclear reference points on the skin were faced by Fioretti in
1994 wherein the hand and finger movements were observed from the outside (with
the help of cameras) to create a 3D hand kinetics model. Also by Fischer and
colleagues in 1998 while attempted to visually measure the joint angles of the fingers
while building a robotic hand using data from human hand movements. All the above
studies, however, suffer from the problem that they do not use fixed reference points
on the hand, but rather use a specific point on the skin as a stable reference point.

From the above studies it can be postulated that all of the methods using markers on
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the hand are therefore rather imprecise; rather than measuring the motion of the whole
finger, they measure the motion of one or more points on the skin, being subject to

both active and passive influences (Stillfried and van der Smagt, 2010).

Suggested improvements

The limitations brought on by using reference points on the skin were overcome
during the ‘repeatability and reliability’ test that was carried out on the hands of three
volunteers with tendinous interconnections. In this test, three reference points were
used and the hand held against these points, which made the reading reliable and
accurate. The IPJ and MCPJ of the thumb, and the DIP of the index and middle
fingers were highlighted with skin marker pens. This made it easier to measure the
angle of flexion and greatly improved the accuracy as well as eliminating the
limitations caused by the clarity of the photography. As this appears to be first study

using the above method, no reference to this could be found in the literature.

Stillfried and van der Smagt (2010) overcame the above limitations when they
obtained a static in vivo bony reference point to study the movement of the bones in
the hand using high resolution (0.38 mm)3 MRI machines to create 3D images of the
different joint movements of the fingers. Thus it can be concluded that MRI is the

viable method to precisely measure hand and finger kinematics.

Conclusion

MRI scan has an advantage over US scan in measuring the angle of flexion of
phalangeal joints for the following reasons:

Q) MRI scan images can be evaluated objectively (US scan is operator

dependent)
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(i) In MRI scan, the bony prominences can be used as a fixed reference points in
the generated images

(i) Images from MRI scan have higher clarity and resolution

(iv) A fixed position of the hand can be obtained (as opposed to movements in

position of the hand during an US study)
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4.7 Future studies

4.7.1 Possible hereditary/genetic link to tendinous interconnections

Incidentally, it was observed that two volunteers (both females) reported their mothers
to have similar interconnection. As one of the volunteer did not play any musical
instrument, it is enticing to postulate that there might be a hereditary element to this

condition but this remains merely speculative with no corroborative studies.

4.7.2 Embryological basis for tendinous interconnections

Studies of chick embryos indicate that the limb muscles and tendons are derived
from the dermomyotome of somites, (Christ et al., 1977; Kieny and Chevallier,
1979; Kardon, 1998, Ordahl and Le Douarin, 1992). The dermatomyotome consists
of medial and lateral lip. Proliferation and elongation of cells along the medial lip
gives rise skeletal muscles of the back while proliferation of the lateral lip
dermatomyotome gives rise to body wall and limb musculature (Ordahl and Le

Douarin, 1992).

The limb bud (precursor of limb) is a protrusion of somatic mesoderm (which
develops into muscles, nerves, and blood vessels) and lateral plate mesoderm (which
develops into bone, cartilage, and tendon) into the overlying ectoderm. Almost
immediately after the establishment of the limb bud, chondrogenesis core (cartilage
precursor cells) accumulate in the center, and precursors of tendons and muscles

accumulate in the periphery (Johnson and Tabin 1997).
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Morphogenesis of tendon is the least understood aspect of musculoskeletal
development. Pretendinous mesenchymal cells (also known as tendon blastema- are
derived from the somatopleuric cells) condense on the mesenchymal lamina (a
glycoprotein rich extracellular matrix which develops beneath the ectodermal layer)
both dorsally and ventrally to the chondrogenic rays (precursor to cartilages). The
extensor tendons develop from the dorsal tendon primordial while the flexor tendons

develop from the ventral tendon primordial (Al-Qattan et al., 2009).

Similar to the pretendinous mesenchymal cells, premyogenic mesenchymal cells
derived from the dermomyotome condenses on the mesenchymal lamina to form
dorsal and ventral muscle masses. These muscle masses split later to form the
muscles of the extensor and flexor compartments, respectively (Seyfer et al.,1989).
By the seventh week of intrauterine life, upper limb muscle is identifiable and
contains muscle fibres. The differentiation of the tendons at the end of muscle belly

begins between the seventh and eighth week (Ippolito, 1990).

Every muscle is identifiable by seven weeks of intra-uterine life. In the flexor
compartment of the forearm muscles are arranged in superficial and deep groups.
The superficial flexor compartment consists of pronator teres, FCR, palmaris longus,
FDS and FCU while the deep group consists of FDP, FPL and pronator quadratus
(Standring, 2005). The deep flexor muscles are more extensive and thicker than the
superficial group. The differentiation of the flexor muscles of the forearm occurs
from superficial to deep and from distal (from the digits) to proximal (towards the
carpal bones). As FDP and FPL are located in the deep forearm and as they more

extensive and thicker than the superficial muscles these are amongst the last ones to
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differentiate.  Presence of interconnections (both tendinous and muscular) is
common at the site of carpal tunnel as the distal to proximal differentiation may fail

to complete at this level (Lewis, 1910, Jones et al., 1997).

As the long flexors of the fingers and the wrist are derived from a common
mesodermal mass, a tendinous connection can exist between them presenting as a
congenital anomaly (Mangini 1960, Kaplan 1984). There is very limited literature
to support the existence of congenital tendinous interconnections as they mostly

remain asymptomatic (Rennie et al., 1998).

Conclusion
In this dissertation, as the results are based on cadaveric dissection, it was not possible
to establish whether the interconnections were congenital or acquired as the relevant

family history or occupational history were not available.

4.7.3 Genetic basis for tendinous interconnections

Although, there is evidence of genetic link for the development of tendinous
interconnection in conditions such as EDS such investigations were not within the
limit of this study. However, exploration of the genetic basis for tendinous
interconnections should be considered if opportunity permits to undertake similar

studies in the future.

4.7.4 Measurement of angle of flexion
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In the future studies, the angle of flexion of the MCPJ and the IPJ of the thumb and
the dependent fingers could be measured with the help of goniometer. This would

eliminate the limitations caused by clarity of the photographs.

4.8 . USS versus MRI to diagnose musculoskeletal pathologies

Musculoskeletal ultrasound scan uses high-frequency sound waves to image soft
tissues (such as muscle, tendons) and bony structures in the body for the purposes of
diagnosing pathology (Smith et al., 2009). Technological advances, improved
portability and reduced costs have made US scans affordable and useful over MRI
scans. Modern day US scan machines provide exquisitely detailed images of the
musculoskeletal system, delivering sub-millimeter resolution that is superior to
comparative MRI scans (Kremkau, 2002 and Smith et al., 2009). US provide hands
on, dynamic, real time and interactive examination with instant patient feedback
(Khoury, 2007). Ultrasound is generally unaffected by metallic artefacts and delivers
no radiation to patient or the user, an important consideration while evaluating
females of child bearing age group. Unlike radiographs, CT and MRI, ultrasound can
be readily used to complete a comparative examination of the contralateral extremity
when clinically indicated. Ultrasound provides a very high quality picture of a

relatively small area (Smith et al., 2009).

Disadvantages of ultrasound include limited resolution at greater depths and inability
to penetrate bones (Kremkau, 2002). Unlike MRI, US scan is operator dependent and
to successfully integrate diagnostic or interventional musculoskeletal ultrasound into
clinical practice, the practitioner must acquire the necessary training (Smith et al.,

2009).
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MRI has an advantage over ultrasound in that it can cover a wider anatomical area.
The area covered depends on the specifications of the machine and the magnetic bore
used. For example, hand imaging uses a bore diameter of 33cms (length) x 16 cms

(height) while whole body imaging uses a bore of 205cms x 50cms.

In the current study the ultrasound scan was performed by a single operator with a
12-14MHz variable frequency probe, which had a spatial resolution of 0.3-1.0 mm
(ability of the scan to differentiate two structures as separate) and penetration depth of
6 cms (how much the ultrasound waves can penetrate into the body and get reflected
back). During dynamic movements of the wrist the tenosynovium could be
distinguished from the flexors tendons. The structures that moved less during wrist
and finger movements were recognised to represent tenosynovium (which is usually <
1mm thick), while the flexor tendons moved more with movements (Bruno et al.,

2006).

In US scan, the tendons appear as markedly hyper-echoic (white) fibrillar structure
inside a thick hypo-echoic (grey/black) sheath depending on the acoustic interface of
the structure. Acoustic interface is the amount of sound wave energy that is reflected
back while some of it passes through the structure. If a large amount of sound wave
energy is reflected back (as in bones and tendons) the structure appears brighter
(white) whereas, if the wave pass through the structures (as in synovium and body
fluids) they appears darker (grey or black) (Kremkau, 2002).

Fornage (1989) concluded that a high resolution US probe is sensitive to identify both
tendinous and tenosynovial interconnections that are <lmm thick. It was hence

established that the tendinous and tenosynovial interconnections that were dissected

223



during cadaver study would be adequately imaged as their mean thickness was

0.33cm (SEM 0.042: SD + 0.23) and 0.02cm for tenosynovial interconnection.

Another advantage of US scan over MRI is that it can be used to calculate the angle of
pennation of muscle fibre in vivo. The angle of pennation is calculated by drawing
along the orientation of the muscle fibre. Muscle fibres are hypoechoic (black)
appearance. The perimysium creates interfaces between the fibres that appear as
linear echogenic grey or white reflections within a black muscular background
(Middleton et al., 2001). Thus, the angle of pennation is drawn along the central
tendon with the perimysium joining the tendon at varying angles (mostly acute,
usually ranging from 6 — 18 degrees). All studies that calculated either PCSA or cross
sectional areas of the muscle in vivo have used US scans to document angle of

pennation (Rutherford 1992, Aagaard et al., 2001, Brorsson 2008).

Previously, Karalezi and colleagues (2006) used a 1.5T MRI machine scan capable of
2.5 mm to 3 mm slice thickness to identify and localise Linburg-Comstock anomaly.
Although the above scanner would localise the cadaveric tendinous interconnections
(mean 3.3mm), if employed for the current study, it would have failed to image the
cadaveric tenosynovial interconnection as the mean thickness was only 0.9 mm and
also volunteer interconnections as the mean thickness 1.75 mm. The MRI scan used
during the pilot study was capable of slicing images at 2 mm thick. Since US scan
can record interconnections <1 mm thick, this investigative modality was found to be
superior to identify them. Coupled with its sensitivity and dynamic imaging, US scan
was the method of choice for studying interconnections in this dissertation since MRI
scan, if used, would have missed the tenosynovial interconnection. Currently, a MRI

spatial resolution (slice thickness) of <Imm is used to study soft tissue tumours (e.g.,
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breast malignancies) but there is no literature that specifies the resolution to study

tendinous/tenosynovial interconnections.

Based on the available evidence, it can be concluded that US is the investigation of

choice to study musculoskeletal- tendinous pathologies.
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Chapter 5

CONCLUSION
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This dissertation has proven that parameters such as TCSA, mean tendon length and
mean muscle mass influence the PCSA. The mechanical effects (such as force
generated and strength) of a muscle are related to the size (bulk) of the muscle and to
its relative location to the joint it crosses. Thus, PCSA is an important anatomical
parameter in calculating the maximum force that a muscle can produce. In future
studies, it may be worthwhile to compare the factors influencing PCSA in cadavers
and compare the same parameters on live volunteers to see the effect of PCSA on
muscle strength and force generated. The current study also demonstrated that the
TCSA of FDP (index) and FPL are directly proportional and FDP has the largest
PCSA. Bigger the muscle, bigger the tendon cross sectional area and thus more
chance for the tendon to abrade against each other. The recurring micro-trauma of
steady abrasion with each other during movements may cause the collagen fibres to
glide past one another, causing a split of their cross-linked structure and thus

abnormal tendon interconnections.

The precise microscopic basis for tendinous interconnections in the palmar surface of
the hand is not established yet and the exact sequence of development of the
interconnection remains a matter of conjecture at present. However, its macroscopic
presence and its strong predilection in the hands of musicians playing string
instruments cannot be disputed. In the current study, following the cadaveric
dissection and linear regression analysis it was concluded that PCSA has a direct
relation to TCSA and muscle mass. The TCSA of FDP (index) was found to be
directly proportional to the TCSA of FPL. Thus in an anatomically congested space
such as the carpal tunnel, the proximity of large muscles such as the FDP and FPL
could result in constant rubbing of the tendons during repetitive wrist and finger

movements. This may cause micro trauma to the tendon sheath thus predisposing to

227



tendinous interconnections. Although the tendinous interconnection appears to be an
acquired condition, the role of any causative genetic or hereditary factors cannot be
discounted and may be the subject of future investigative strategies. This dissertation
has established US scan to be the investigation of choice in localising and identifying
tendinous interconnections. It should thus be the first choice of investigation while

managing patients presenting with this condition.

228



REFERENCES

229



. Aagaard P, Andersen JL and Dyhre-Poulsen P,. A mechanism for increased
contractile strength of human pennate muscle in response to strength
training: changes in muscle architecture. The Journal of Physiology, 2001,

534: 613-623.

. Abréu-Ramos, Antonio M and Micheo William F. Lifetime Prevalence of

Upper-body Musculoskeletal Problems in a Professional-level Symphony
Orchestra: Age, Gender, and Instrument-specific Results.  Medical
Problems of Performing Artists, 2007; 22(3):97.

. Adler RS. Future and new developments in musculoskeletal ultrasound.

Radiologic Clinic of North America, 1999; 37:623-631

. Alexander R, Mc N and Vernon A. The dimensions of knee and ankle

muscles and the force they exert. Journal of Human Movements Studies,

1975; 1:115-123

. Allieu Y, Hamitouche K, Roux JL and Beaton Y The Musician’s Hand: A

clinical Guide; London: Martin Dunitz, 1998: 143-148

. Allmann KH, Horch R, Uhl M, Gufler H, Altehoefer C, Stark GB and

Langer M. MR Imaging of the carpal tunnel. European Journal of
Radiology, 1997; 25(2):141-5

. Al-Qattan MM. Gantzer's muscle. An anatomical study of the accessory
head of the flexor pollicis longus muscle. Journal of Hand Surgery, 1996;
21(2):269-70

. Al-Qattan MM, Yang Y and Kozin SH. Embryology of the Upper Limb.
Journal of Hand Surgery, 2009; 34A:1340-1350

Amadio PC. Anatomic variations of the median nerve within the carpal

tunnel. Clinical Anatomy, 1988; 1:23-31.

230


http://jp.physoc.org/search?author1=Per+Aagaard&sortspec=date&submit=Submit
http://jp.physoc.org/search?author1=Per+Aagaard&sortspec=date&submit=Submit
http://jp.physoc.org/search?author1=Jesper+L+Andersen&sortspec=date&submit=Submit
http://jp.physoc.org/search?author1=Poul+Dyhre-Poulsen&sortspec=date&submit=Submit
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Allmann%20KH%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Horch%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Uhl%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Gufler%20H%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Altehoefer%20C%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Stark%20GB%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Langer%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22al-Qattan%20MM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus

10.

11.

12.
13.
14.

15.

16.

17.

An KN, Linscheid RL and Brand PW. Correlation of physiological cross-
sectional areas of muscle and tendon. Journal of Hand Surgery, 1991;

16(1) :66-67 “
An KN, Chao EYS, Kaufman KR. Analysis of muscle and joint loads.
Basic orthopaedic biomechanics; 1997; 1:1-35.

Armstrong TJ, Castelli WA, Evans FG, Diaz-Perez R. Some histological
changes in carpal tunnel contents and their biomechanical implications.
Journal of Occupational Medicine, 1984; 26(3):197-201

Ashraf Aziz M, James C. Mckenzie, James S, Wilson, Robert J, Cowie,
Sylvanus A, Ayeni, Barbara K. Dunn, The human cadaver in the age of
biomedical informatics. The Anatomical Record, 2002; 269:20-32

Atroshi I, Gummesson C, Johnson R. Prevalence of carpal tunnel syndrome
in a general population. Journal of American Medical Association, 1999;
282(2): 153-154

Bamman MM, Newcomer BR, Larson-Meyer DE, Weinsier RL,
Hunter GR: Evaluation of the strength-size relationship in vivo using
various muscle size indices. Medicine and Science in Sports and
Exercise, 2000; 32:1307-1313

Biundo JJ Jr, Mipro RC Jr and Fahey P. Sports-related and other soft-tissue
injuries, tendinitis, bursitis, and occupation-related syndromes. Current
Opinion in Rheumatology, 1997; 9(2): 151-4.

Boughton O, Adds PJ and Jayasinghe JA. The potential complications of
open carpal tunnel release surgery to the ulnar neurovascular bundle and its

branches: A cadaveric study. Clincal Anatomy. 2010; 23(5): 545-51.

231



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Bozkurt MC, Tagil SM, Ersoy M and Tekdemir I. Case Report Muscle
variations and abnormal branching and course of the ulnar nerve in the
forearm and hand. Clinical. Anatomy, 2004; 17:64-66

Brand RA, Pedersen DR and Friederich JA. The sensitivity of muscle force
predictions to changes in physiologic cross-sectional area. Journal of
Biomechanics, 1986; 19(8):589-596

Brandfonbrener AG: The epidemiology and prevention of hand and wrist
injuries in performing artists. Hand Clinics, 1990; 6:365-377.
Brandfonbrener AG. Musculoskeletal problems of instrumental musicians.
Hand Clinics, 2003; 19(2):231-9

Brown NAT, Kawcak CE, Mciiwraith W and Pandy MG. Architectural
properties of distal forelimb muscles in horses, equus caballus. Journal of
morphology, 2003; 258: 106-114.

Bruno S, Lorusso A, Caputo F, Pranzo S and L'Abbate N. Musculoskeletal
disorders in piano students of a conservatory. Journal of Occupational
Environmental Medicine, 2006; 28(1):25-9.

Bruno S, Lorusso A, and L'Abbate N. Playing-related disabling
musculoskeletal disorders in young and adult classical piano students.
International Archives of Occupational and Environmental Health, 2008;
81(7):855-60.

Buchberger W, Schon G, Strasser K and Jungwirth W. High resolution
ultrasound of the carpal tunnel, Journal of Ultrasound Medicine; 1991;
10:531-537

Bunata RE, Brown DS and Capelo R. Anatomic factors related to the cause
of tennis elbow. Journal of Bone and Joint Surgery, 2007; 89:1955-1963
Bunnell S. Repair of tendons in the fingers and description of two new

instruments. Surgical Gynecology and Obstetretrics, 1918; 26:103-10.

232


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Brand%20RA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Pedersen%20DR%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Friederich%20JA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Brandfonbrener%20AG%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Bruno%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Lorusso%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Caputo%20F%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Pranzo%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22L'Abbate%20N%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
javascript:AL_get(this,%20'jour',%20'G%20Ital%20Med%20Lav%20Ergon.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bruno%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lorusso%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22L'Abbate%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/18210148

28.

29.

30.

31.

32.

33.

34.

35.

Butler B and Bigley EC. Aberrant index lumbrical tendinous origin
associated with carpal-tunnel syndrome. A case report. Journal of Bone and
Joint Surgery, 1971; 53A: 160-2.

Caldron PH, Cacabrese LH, Clough JD, Williams G and Leatherman J. A
survey of musculoskeletal problems encountered in high level musicians.
Medical Problems of Performing Artists, 1986; 1(4):136-139

Castelli WA, Evans FG, Diaz-Perez R and Armstrong TJ. Intraneural
connective tissue proliferation of the median nerve in the carpal tunnel.
Archives of Physical Medicine and Rehabilitation, 1980; 61: 418-422.
Chong H. and Chesky PK. Prevalence of Hand, Finger, and Wrist
Musculoskeletal Problems in Keyboard Instrumentalists: The University of
North Texas Musician. Medical Problems of Performing Artists, 2001,
16:1-17

Christ B, Jacob H J and Jacob M. Experimental analysis of the origin of the
wing musculature in avian embryos. Anatomy and Embryology, 1977; 150:
171-186.

Christensen S. Anomalous muscle belly of the flex-or digitorum superficialis
in two generations. Hand, 1977; 9: 162-164

Cohen MJ and Kaplan L. Histology and ultrastructure of the human flexor
tendon sheath. Journal of Hand Surgery, 1987; 12(1):25-9.

Crevier-Denoix N, Collobert C, Sanaa M, Bernard N, Joly C and Pourcelot
P. Mechanical correlations derived from segmental histologic study of the
equine superficial digital flexor tendon, from foal to adult. American

Journal of Veterinary Research. 1998; 59: 969-77.

233



36.

37.

38.

39.

40.

41.

43.

44,

45.

46.

Crowninshield RD and Brand RA. A physiologically based criterion of
muscle force prediction in locomotion. Journal of Biomechanics, 1981; 14:
793-801

Cserjesi P, Brown D, Ligon KL, Lyons GE, Copeland NG, Gilbert DJ,
Jenkins NA and Olson EN. Scleraxis: a basic helix-loop-helix protein that
prefigures skeletal formation during mouse embryogenesis. Development,
1995; 121:,1099 -1110.

Cutts A. Shrinkage of muscle fibres during the fixation of cadaveric tissue.
Journal of Anatomy, 1988; 160:75-78.

Cutts A, Alexander RM, and Ker RF. Ratios of cross-sectional areas of
muscles and their tendons in a healthy human forearm. Journal of Anatomy,
1991, 176: 133-137.

Dekel S, Papaioannou T, Rushworth G and Coates R. Idiopathic carpal
tunnel syndrome caused by carpal stenosis. British Medical Journal, 1980;
280: 1297-1299

De Krom MC, Kester AD and Knipschild PG. Risk factors for carpal tunnel
syndrome. 1990; 132(6):1102-10.De Krom MC, Rensema JW and Lataster
LMA. The connective tissue apparatus in the region of carpal tunnel. Verh Anat
Ges, 1987; 81: 335-336

Doyle JR. Anatomy of the flexor tendon sheath and pulley system: a current
review. Journal of Hand Surgery, 1989a;14: 349-51

Doyle JR. Anatomy of the flexor tendon sheath and pulley system: a current
review. Journal of Hand Surgery, 1989b; 14(2):349-51

Doyle JR. Anatomy of the finger flexor tendon sheath and pulley system.
Journal of Hand Surgery, 1988; 13(4):473-84

Doyle JR and John A. Palmar and digital flexor tendon pulleys. Clinical

Orthopaedics and Related Research, 2001; 383: 84-96

234


http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Cutts%2BA%5bauth%5d
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Alexander%2BRM%5bauth%5d
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Doyle+JR%22%5BAuthor%5D

47.

48.

49.

50.

51.

52.

53.

54,

55.

Drake RL, Vogl W and Mitchell AWM. Grey’s anatomy for students, 2"
Edition, London UK, Elseveir Churchill Livingstone publication; 2007a:
709

Drake RL, Vogl W and Mitchell AWM. Grey’s anatomy for students, 2™
Edition, London UK, Elseveir Churchill Livingstone publication; 2007b:
721

Drake RL, Vogl W and Mitchell AWM. Grey’s anatomy for students, 2"
Edition, London UK, Elseveir Churchill Livingstone publication; 2007c:
700-702

Drake RL, Vogl W and Mitchell AWM. Grey’s anatomy for students, 2"
Edition, London UK, Elseveir Churchill Livingstone publication; 2007d:
719

Drake RL, Vogl W and Mitchell AWM. Grey’s anatomy for students, 2"
Edition, London UK, Elseveir Churchill Livingstone publication; 2007e:
718

Drake RL, Vogl W and Mitchell AWM. Grey’s anatomy for students, 2"
Edition, London UK, Elseveir Churchill Livingstone publication; 2007f; 705
Drake RL, Vogl W and Mitchell AWM. Grey’s anatomy for students, 2"
Edition, London UK, Elseveir Churchill Livingstone publication; 2007g:
697

Drake RL, Vogl W and Mitchell AWM. Grey’s anatomy for students, 2"
Edition, London UK, Elseveir Churchill Livingstone publication; 2007h:
701

D'Souza, D. and Patel, K. Involvement of long- and short-range signalling
during early tendon development. Anatomy and Embryology, 1999; 200:

367 -375.

235



56.

S7.

58.

59.

60.

61.

62.

63.

Dunselman HH and Visser LH. The clinical, electrophysiologic and
prognostic heterogeneity of ulnar neuropathy at the elbow. Journal of
Neurology Neurosurgery and Psychiatry, 2008; 79:1364-1367

Dyer GSM and Thorndike MEL. Quidne mortui vivos docent? The
evolving purpose of human dissection in medical education. Academic
Medicine, 2000; 75: 969-979

Eid N, Ito Y, Shibata MA and Otsuki Y. Persistent median artery: cadaveric
study and review of the literature. Clincal Anatomy, 2011; 24(5): 627-33.
Elias LS and Schulter-Ellis FP. Anomalous flexor superficialis indicis: two
case reports and literature review. Journal of Hand Surgery, 1985; 10:
296-299.

Ettem AM, Amadio PC and Zhao C. A histological and
immunohistochemical study of the subsynovial connective tissue in
idiopathic carpal tunnel syndrome. Journal of Bone Joint Surgery
Amsterdam, 2004; 86-A: 1458-66.

Ettem AM, Amadio PC and Zhao C. Changes in the functional structure of
the tenosynovium in idiopathic carpal tunnel syndrome: a scanning electron
microscope study. Journal of Plastics and Reconstructive Surgery 2006
118(6):1413-22.

Fahrer M. Considérations sur les Insertions d'Origine des Muscles
Lombricaux: Les Systemes Digastriques de la Main. Semaine des Hopitaux
de Paris, Annales de Chirurgie, 1975, 29: 979-982

Fernandez-Garcia S, Pi-Folguera J and Estallo-Matono F. Bifid median
nerve compression due to a musculotendinous anomaly of FDS to the

middle finger. Journal of Hand Surgery, 1994; 19B: 616—7.

236



64.

65.

66.

67.

68.

69.

70.

71.

72.

Fischer M, van der Smagt P and Hirzinger G. Learning techniques in a
dataglove based telemanipulation system for the DLR hand. Transactions
of the IEEE International Conference on Robotics and Automation, 1998, 1:
1603-1608

Friedrich JA and Brand RA. Muscle architecture in the human lower limb.
Journal of Biomechics, 1990. 23: 91-95.

Fornage BD. Soft tissue changes in the hand in rheumatoid arthritis:
evaluation with ultrasound. Radiology, 1989; 173: 735-737

Foxman | and Burgel BJ. Musician health and safety: Preventing playing-
related musculoskeletal disorders. American Association of Occupation
Health nurses, 2006; 54(7):309-16.

Fulcher SM, Kiefhaber TR and Stern PJ. Upper-extremity tendinitis and
overuse syndromes in the athlete. ne, 1998; 17(3): 433-48.

Gans C. Fiber architecture and muscle function. Exercise and Sports Science
Reviews, 1982; 10:160-207

Gatton, Michelle L., Pearcy, Mark J, Pettet and Graeme J. Difficulties in
Estimating Muscle Forces From Muscle Cross-Sectional Area: An Example
Using the Psoas Major Muscle. Spine, 1999; 24(14):1487

Galzio RJ, Magliani V, Lucantoni D and D’Arrigo C. Bilateral anomalous
course of the ulnar nerve at the wrist causing ulnar and median nerve
compression syndrome. Journal of Neurosurgery, 1987; 67: 754-6
Gelberman RH, Hergenroeder PT, Hargens AR, Lundborg GN and Akeson
WH: The carpal tunnel syndrome: A study of carpal tunnel pressures.

Journal of Bone and Joint Surgery 1981; 63:380-383.

237


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Foxman%20I%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Burgel%20BJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus

73.

74.

75.

76.

77.

78.

79.

80.

Ginanneschi F, Milani P and Rossi A. Anomalies of ulnar nerve conduction
in different carpal tunnel syndrome stages. Muscle nerve, 2008;
38(3):1155-60.

Goss BC and Agee JM. Dynamics of intracarpal tunnel pressure in patients
with carpal tunnel syndrome. Journal of hand surgery, 2010; 35(2):197-
206.

Gutowski KA, Oliver WA, Mehrara BJ and Friedman DW. Arteriovenous
malformation of a persistent median artery with a bifurcated median nerve.
Plastics and Reconstructive Surgery, 2000; 106: 1336-9.

Ham SJ, Kolkman WFA, Heeres J, den Boer JA' and Vierhout AM.
Changes in the carpal tunnel due to action of the flexor tendons:
Visualization with magnetic resonance imaging The journal of hand
surgery, 1996 ;21 (6):997-1003

Hamitouche K, Roux JL, Baeten Y and Allieu Y. Linburg-Comstock
syndrome. Epidemiologic and anatomic study, clinical applications.
Chirugie de la Main (French), 2000; 19(2): 109-15

Hansen P and Reed K. Common Musculoskeletal Problems in the
performing artist. Physical Medicine and Rehabilitation Clinics of North
America, 2006; 17: 789-801

Hart MG and Hooper G. Clinical associations of Dupuytren's disease.
Postgraduate Medical Journal, 2005; 81(957): 425-8.

Heinemeier KM and. Kjaer M, In vivo investigation of tendon responses to
mechanical loading. Journal of Musculoskeletal Neuronal Interaction,

2011; 11(2):115-123

238


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Goss%20BC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Agee%20JM%22%5BAuthor%5D

81.

82.

83.

84.

85.

86.

87.

88.

89.

Hemmady MV, Subramanya AV and Mehta IM. Occasional head of flexor
pollicis longus muscle: a study of its morphology and clinical significance.
Journal of Postgraduate Medicine, 1993; 39(1): 14-6

Henderson MHM, van der Molen Mink AB, An K-N and Amadio PC.
Transverse Plane Tendon and Median Nerve Motion in the Carpal Tunnel:
Ultrasound Comparison of Carpal Tunnel Syndrome Patients and Healthy
Volunteers. Journal Plos, 2012; 7(5):1

Hollister A and Giurintano DJ. Thumb movements, motions, and moments.
Journal of Hand Therapy, 1995; 8(2):106-14.

Hooper ABC. Length, Diameter and Number of Ageing Skeletal Muscle
Fibre. Gerontology, 1981; 27:121-126

Horch RE, Allmann KH, Laubenberger J, Langer M and Stark GB. Median
nerve compression can be detected by magnetic resonance imaging of the
carpal tunnel Neurosurgery, 1997;41(1):76-82.

Ikai M and Fukunaga T. Calculation of muscle strength per unit cross-
sectional area of human muscle by means of ultrasonic measurement.
Internationale Zeitschrift Angew Physiologie, 1968; 26(1):26-32.

Ikeda K, Haughton VM, Ho KC and Nowicki BH. Correlative MR-anatomic
study of the median nerve. Journal of Roentgenology, 1996; 167(5):1233-6.
Ingraham JM, Hauck RM and Ehrlich HP. Is the tendon embryogenesis
process resurrected during tendon healing? Plastics and Reconstrctive
Surgery. 2003, 112(3):844-54.

Inokuchi S, Ishikawa H and Iwamoto S. Age-Related Changes in the
Histological Composition of the Rectus Abdominis Muscle of the Adult

Human. Human Biology, 1975; 47:231-249.

239


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hemmady%20MV%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Subramanya%20AV%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mehta%20IM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/8295137
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Horch%20RE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Allmann%20KH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Laubenberger%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Langer%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Stark%20GB%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/9218298
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Ikai%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Fukunaga%20T%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus

90.

91.

92.

93.

94.

95.

96.

97.

98.

Ippolito E, Embryology, anatomy and congenital malformations. The
tendons, 1986; 1: 1-106

Jameson and Timothy J. Repetitive Strain Injuries: The Complete Guide to
Treatment and Prevention. 1% Edition, New Canaan, Connecticut: Keats
Publishing, 1998, 78-81.

Ja’rvinen M, Jozsa L and Kannus P. Histopathological findings in chronic
tendon disorders. Scandinavian Journal of Medical Science and Sports,
1997, 7:86— 95.

Jinrok O, Zhao C, Amadio PC, An KN, Zobitz ME and Wold LE. Vascular
pathologic changes in the flexor tenosynovium (subsynovial connective
tissue) in idiopathic carpal tunnel syndrome. Journal of Orthopaedics and
Research, 2004; 22:1310-5.

Johnson RL and Tabin CJ. Molecular models for vertebrate limb
development. Cell 1997 ;90: 979 —990.

Joines MM, Motamedi K, Seeger LL and DiFiori JP. Musculoskeletal
interventional ultrasound. Seminar in Musculoskeletal Radiology, 2007,
11(2):192-8

Jones M, Abrahams PH and Sanudo JR. Case report: accessory head of the
deep forearm flexors. Journal of Anatomy, 1997; 191: 313-314.

Jose RM, Bragg T and Srivastava S. Ulnar nerve compression in Guyon's
canal in the presence of a tortuous ulnar artery. Journal of Hand Surgery,
2006; (2):200-2

Joshi SS.; Joshi SD. and Kishve PS. Feathered Fibres of Human Soleus

Muscle. International journal of Morphology, 2010; 28(1):239-242

240


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Jose%20RM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Bragg%20T%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Srivastava%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
javascript:AL_get(this,%20'jour',%20'J%20Hand%20Surg%20%5bBr%5d.');

99. Kannus P. Etiology and pathophysiology of chronic tendon disorders in
sports. Scandinavian Journal of Medicine and Science in Sports. 1997;
7(2):78-85.

100. Karalezli N, Haykir R, Karakose S and Yildirim S. Magnetic

resonance imaging in Linburg-Comstock anomaly. Acta Radiologica , 2006a;

47(4):366-8

101. Karalezli N, Karakose S and Haykir R. Linburg-Comstock anomaly in
musicians. Journal of Plastics and Reconstructive Aesthetic Surgery, 2006b;
59(7): 768-771.

102. Karalezli N, Karakose S, Haykir R, Yagisan N, Kacira B and Tuncay |
Linburg-Comstock anomaly in musicians. Journal of Plastics and
Reconstructive Aesthetic Surgery, 2006c; 59(7):768-71.

103. Kaufmann R, Pfaeffle J, Blankenhorn B, Stabile K, Robertson D and
Goitz R. Kinematics of the midcarpal and radiocarpal joints in radioulnar
deviation: an in vitro study. Journal of Hand Surgery Amsterdam, 2005;
30(5):937-42.

104. Klarlund M, Ostergaard M and Lorenzen |. Finger joint synovitis in
rheumatoid arthritis: quantitative assessment by magnetic resonance
imaging. Rheumatology, 1999; 38 :66—72.

105. Katz, Jeffrey N.; Simmons and Barry P. Carpal Tunnel Syndrome. New
England Journal of Medicine, 2002; 346 (23): 1807-12.

106. Kaufman KR, An KN, Litchy WJ and Chao EYS. Physiological
prediction of muscle forces. I. Theoretical formulation. Neuroscience, 1991;
40:781-792

107. Kardon G. Muscle and tendon morphogenesis in the avian hind limb.

Development, 1998; 125: 4019-4032

241


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Kannus%20P%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Karalezli%20N%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Haykir%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Karakose%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Yildirim%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
javascript:AL_get(this,%20'jour',%20'Acta%20Radiol.');
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Karalezli%20N%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Karakose%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Haykir%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Yagisan%20N%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Kacira%20B%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Tuncay%20I%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus

108. Khan KM, Cook JL and Bonar F. Histopathology of common
tendinopathies. Update and implications for clinical management. Sports
Medicine, 1999; 27(6):393- 408.

109. KhouryV, Cardinal E and Bureau NJ. Musculoskeletal Sonography: A
Dynamic Tool for Usual and Unusual Disorders American Journal of
Roentgenology , 2007; 188 (1): 63-73.

110. Kieny M and Chevallier A Autonomy of tendon development in the
embryonic chick wing. Journal of Embryology and Experimental
Morphology, 1979; 49:153-65.

111. Kono H. Acute carpal tunnel syndrome caused by anomalous muscle
bellies: A case report. Journal of Hand Surgery, 2003; 8: 141-3.

112. Koussoulakos S. Vertebrate limb development: from Harrison's limb
disk transplantations to targeted disruption of Hox genes. Anatomy and
Embryology, 2004; 209(2):93-105.

113. Kremkau F. Diagnostic ultrasound: Principles and Instruments. 6"
edition. Philadelphia, PA: WB Saunders; 2002:428.

114, Lachowitzer MR, Ranes A and Yamaguchi GT. Musculotendon
parameters and musculoskeletal pathways within the human foot. Journal of
Applied Biomechanics, 2007;23(1):20-41.

115. Ledoux WR, Hirsch BE, Church T and Caunin M. Pennation angles of
the intrinsic muscles of the foot. Journal of Biomechanics, 2001, 34:399-
403.

116. Leijnse JN, Bonte JE and Landsmeer JM. Biomechanics of the finger
with anatomical restrictions--the significance for the exercising hand of the

musician. Journal of Biomechanics, 1992; 25(11): 1253-64.

242


http://www.ajronline.org/search?author1=%C3%89tienne+Cardinal&sortspec=date&submit=Submit
http://www.ajronline.org/search?author1=Nathalie+J.+Bureau&sortspec=date&submit=Submit
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Kieny%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Chevallier%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Koussoulakos%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Lachowitzer%20MR%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Ranes%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Yamaguchi%20GT%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Citation&term=%22Leijnse+JN%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Citation&term=%22Bonte+JE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Citation&term=%22Landsmeer+JM%22%5BAuthor%5D

117. Leijnse JN, Walbeehm ET, Sonneveld GJ, Hovius SE and Kauer JM.
Connections between the tendons of the musculus flexor digitorum
profundus involving the synovial sheaths in the carpal tunnel. Acta
Anatomica,1997a;160(2):112-22.

118. Leijnse JNAL. A generic morphological model of the anatomical
variability in the m. flexor digitorum profundus, m. flexor pollicis longus
and mm. lumbricals complex. Acta Anatomica ,1997b; 160 (1): 62-74

1109. Lieber RL, Jacobson MD, Babak M, FAzeli, Abrams RA and Botte
MJ. Original communications, Architecture of selected muscles of the arm
and forearm: anatomy and implications for tendon transfer. American
society for surgery of the hand, 1992; 17A(5): 787-798

120. Lieber R. Skeletal Muscle and Function: Implications for
Rehabilitation and Sports Medicine, Physical Therapy, 1993; 73:844-856.

121. Lexell J, Taylor CC, and Sjostrom M. What is the cause of the ageing
atrophy? Total number, size and proportion of different fiber types studied
in whole vastus lateralis muscle from 15- to 83-year-old men. Journal of the
Neurological Sciences, 1988; 84: 275-294.

122. Lieber RL, Leonard ME and Brown-Maupin CG. Effects of muscle
contraction on the load-strain properties of frog aponeurosis and tendon.
Cells Tissues Organs, 2000; 166:48-54.

123. Lieber RL. Skeletal Muscle, Structure, Function, and Plasticity. In:
The Physiological Basis of Rehabilitation, 3rd edition , 2010, pp. 2641
124, Lima KMM, da Matta TT' and de Oliveira LF. Reliability of the rectus

femoris muscle cross-sectional area measurements by ultrasonography

Clinical physiology and functional imaging, 2012; 3(32):221-226

243


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Leijnse%20JN%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Walbeehm%20ET%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Sonneveld%20GJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Hovius%20SE%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Kauer%20JM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus

125. Linburg RM and Comstock BE. Anomalous tendon slips from the
flexor pollicis longus to the flexor digitorum profundus. Journal of Hand
Surgery, 1979; 4(1): 79-83

126. Lindley SG, Jackson MS and Kleinert JM. Prevalence of anatomic
variations encountered in elective tunnel release. Journal of hand surgery,
2003; 28A:849-55.

127. Lluch AL. Thickening of the synovium of the digital flexor tendons:
cause or consequence of the carpal tunnel syndrome? Journal of Hand
Surgery, 1992; 17:209-12.

128. Locke J, Baird SA and Frankis J Preliminary observations of muscle
fibre cross sectional area of flexor digitorum brevis in cadaver feet with and
without claw toes Journal of Foot and Ankle Research, 2010; 3:32

129. Lockwood AH. Medical problems of musicians. New England Journal
of Medicine, 1989; 320(4): 221-7

130. Lombardi RM, Wood MB and Linscheid RL. Symptomatic restrictive
thumb-index flexor tenosynovitis: incidence of musculotendinous anomalies
and result of treatment. Journal of Hand Surgery. 1998, 13A: 325-328

131. Low TH, Tunku NAF and Ahmad S The linburg-comstock anomaly:
incidence in malaysians and effect on pinch strength. Journal of Hand
Surgery. 2012 ; 37 (5):930-2.

132. MacBridge RG. Potential Use of Embalmed Cadavers to study Mast
Cell Presence. The Anatomical Records, 1988; 250:117-120

133. Mac Conaill MA. The mechanical anatomy of the carpus and its
bearing on some surgical problems. Journal of Anatomy, 1941; 75: 166-175

134. Maclntosh B, Gardiner P and McComas A, Skeletal muscle- form and

function, Second Edition, Human Kinetics, 2006

244


http://lib.bioinfo.pl/auth:Low,TH
http://lib.bioinfo.pl/auth:Ahmad,TS
http://lib.bioinfo.pl/pmid:22386556
http://lib.bioinfo.pl/pmid:22386556
http://lib.bioinfo.pl/pmid/journal/J%20Hand%20Surg%20Am
http://lib.bioinfo.pl/pmid/journal/J%20Hand%20Surg%20Am

135. Malfait F, Symoens S, Coucke P, Nunes L, De Almeida S and De
Paepe A. Total absence of the alpha2(l) chain of collagen type | causes a
rare form of Ehlers-Danlos syndrome wit hypermobility and propensity to
cardiac valvular problems. Journal of Medical Genetics, 2006; 43(7):18-28

136. Maganaris CN, Baltzopoulos V Ball D and AJ Sargeant. In vivo
specific tension of human skeletal muscle. Journal of Applied Physiology,
2001; 3 (90): 865-872

137. Mangini U. Flexor pollicis longus muscle: its morphology and clinical
significance. Journal of bone and joint surgery, 1960; 42A: 467-470

138. Mao JR. and Bristow J. The Ehlers-Danlos syndrome: on beyond
collagens. Journal of Clincal. Investigations, 2001: 107,1063 -1065

139. Makkouk. Trigger finger: etiology, evaluation, and treatment. Current
Review in Musculoskeletal Medicine, 2008; 1 (2): 92-6

140. McArdle WD, Katch FL and Katch VL. Exercise physiology: Energy,
nutrition and human performance. Fourth Edition. Philadelphia: Lea and
Febiger, 1996

141. McMinn RMH, Last’s Anatomy, Ninth edition Churchill Livingstone,
1994

142. McNally EG. Ultrasound of the small joints of the hands and feet:
current status. Skeletal Radiology, 2008; 37(2):99-113

143. Miller G, Peck F, Brain A, and Watson S. Musculotendinous
anomalies in musician and nonmusician hands. Plastic and Reconstructive
Surgery, 2003; 112(7):1815-22

144, Miller G, Peck F and Watson JS. Pain disorders and variations in upper
limb morphology in music students. Medical problems of performing artists,

2002, 17 (4):169

245


http://jap.physiology.org/search?author1=Vasilios+Baltzopoulos&sortspec=date&submit=Submit
http://jap.physiology.org/search?author1=D.+Ball&sortspec=date&submit=Submit
http://jap.physiology.org/search?author1=Anthony+J.+Sargeant&sortspec=date&submit=Submit

145, Moore KL and Dalley AF, Clinically oriented anatomy, Fifth edition,
Lippincott Williams and Wilkins, 2006

146. Moore KL, Keith L; Persaud, TVN; Torchia, and PhiladelphiaPA.
Clinically oriented anatomy, Eighth edition, Saunders/Elsevier, 2008

147. Moore KL. Essentials of human embryology, 6™ Edition Mosby Inc,
1988

148. Morse ClI, Thom JM, Reeves ND, Birch KM and Narici MV. In vivo
physiological cross-sectional area and specific force are reduced in the
gastrocnemius of elderly men. Journal of Applied Physiology, 2005; 99(3):

a. 1050-5.

149. Movin T, Kristoffersen-Wiberg M and Shalabi A. Intratendinous
alterations as imaged by ultrasound and contrast medium enhanced magnetic
resonance in chronic achillodynia. Foot Ankle International, 1998; 19:311 —
7.

150. Murchison ND, Price BA and Conner DA. Regulation of tendon
differentiation by scleraxis distinguishes force-transmitting tendons from
muscle-anchoring tendons, Development, 2007; 134: 2697-2708.

151. Narici MV, Binzoni T, Hiltbrand E, Fasel J, Terrier F and Cerretelli P.
In vivo human gastrocnemius architecture with changing joint angle at rest
and during graded isometric contraction. Journal of Physiology 1996, 496
(1). 287-297

152. Narici MV and Capodaglio P. Changes in muscle size and architecture
in disuse-atrophy. In: Muscle Atrophy: Disuse and Disease, 1998, 55-63

153. Narici MV, Landoni L and Minetti AE. Assessment of human knee

extensor muscles stress from in vivo physiological cross-sectional area and

246


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Morse%20CI%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Thom%20JM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Reeves%20ND%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Birch%20KM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Narici%20MV%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://dev.biologists.org/search?author1=Nicholas+D.+Murchison&sortspec=date&submit=Submit
http://dev.biologists.org/search?author1=Brian+A.+Price&sortspec=date&submit=Submit
http://dev.biologists.org/search?author1=David+A.+Conner&sortspec=date&submit=Submit

strength measurements. European Journal of Applied Physiology &
Occupational Physiology, 1992, 65(5):438-444.

154, Narici MV, Maganaris CN, Reeves ND and Capodaglio P. Effect of
aging on human muscle architecture. Journal of applied physiology, 2003;
95:2229-2234

155. Nimbarte AD, Kaz R and Li ZM. Finger joint motion generated by
individual extrinsic muscles: A cadaveric study. Journal of Orthopaedic
Surgery, 2008; 3: 27.

156. Nourissat G, Chamagne P and Dumontier C. Reasons why musicians
consult hand surgeons. Rev Chir Orthop Reparatrice Appar Mot (French),
2003; 89(6):524-51

157. Ogihara N, Kunai T and Nakatsukasa M. Muscle dimensions in the
chimpanzee hand. Primates, 2005; 46(4):275-80

158. Old O, Rajaratnam V and Allen G. Traumatic correction of
Linburg-Comstock anomaly: a case report. Annals of the Royal College of
Surgeons of England, 2010; 92(4):1-3.

159. O’Rahilly, R and Gardner,E . The timing and sequence of events in the
development of the limbs in the human embryo. Anatomy and Embryology,
1975; 148:1-23

160. Ordahl CP and Le Douarin, NM. Two myogenic lineages within the
developing somite. Development, 1992; 114: 339-353.

161. Otten E. Concepts and models of functional architecture in skeletal
muscles. Exercise & Sports Science Reviews. 1998; 16:89-137.

162. Papanastasiou S and Sood M. Aberrant position of the ulnar nerve

within the carpal canal. Microsurgery, 2004; 24: 24-5.

247


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Ogihara%20N%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Kunai%20T%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Nakatsukasa%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
javascript:AL_get(this,%20'jour',%20'Primates.');

163. Parker LM. What’s wrong with the dead body? Use of the human
cadaver in medical education, Medical Journal of Australia, 2002;
176(2):74- 6.

164. Pierre-Jerome C, Smitson RD Jr and Shah RK. MRI of the median
nerve and median artery in the carpal tunnel: prevalence of their anatomical
variations and clinical significance. Surgical and Radiologic Anatomy,
2010, 32(3):315-22.

165. Pratt RR, Jessop SG and Niemann BK. Performance-related disorders
among music majors at Brigham Young University. International Journal of
Arts Medicine, 1992; 1:7-20.

166. Puroshothaman B and Powers D. A simple diagnostic test for
symptomatic Linburg-Comstock anomaly. The Internet Journal of Hand
Surgery, 2009; 2: 2

167. Raikova R. About weight factors in the non-linear objective functions
used for solving indeterminate problems in biomechanics. Journal of
Biomechanics, 1999; 32: 689-694.

168. Rennie WR and Muller H. Linburg syndrome. Canadian Journal of
Surgery, 1998; 41(4): 306-8

169. Roach KE, Martinez MA and Anderson N. Musculoskeletal pain in
student instrumentalists: a comparison with the general student population.
Medical Problems of Performing Artist, 1994; 9: 125-30.

170. Robertson VJ, Baker KG. Review of Therapeutic Ultrasound:
Effectiveness Studies. Physical Therapy, 2001;81(7):1339-50

171. Ros MA, Rivero FB, Hinchliffe JR. and Hurle JM. Immunological and
ultrastructural study of the developing tendons of the avian foot. Anatomy

and. Embryology, 1995, 192: 483-496.

248



172. Ross MH and Pawlina W. Histology- A text book and atlas, Fifth
Edition, London UK, by Lippincott Williams and Wilkins publication;
2006: 179

173. Rotman MB, Donovan JP Practical anatomy of the carpal tunnel.
Hand Clinic, 2002; 18(2):219-30.

174. Roy RR. and Edgerton VR. Skeletal muscle architecture and
performance. Strength and Power in Sport, Blackwell Scientific
Publications, 1992, 115-129.

175. Rutherford OM and Jones DA. Measurement of fibre pennation using
ultrasound in the human quadriceps in vivo. European journal of Applied
Physiology and Occupational Physiology. 1992; 65(5):433-7.

176. Sacks RD and Roy RR. Architecture of the hind limb muscles of cats:
Functional significance. Journal of Morphology, 1982, 173: 185-195.

177. Sadler TW. Langman's Medical Embryology, Eighth Edition.
Lippincott Williams & Wilkins (Baltimore), 2000.

178. Samuels J, Abramson SB and Kaeley GS. The use of musculoskeletal
ultrasound by rheumatologists in the United States. Bulletin of NYU hospital
for joint disease, 2010; 68(4): 292-8

179. Saunders J Jr and Reuss C. Inductive and axial properties of
prospective wing-bud mesoderm in chick embryo. Developmental Biology
1974, 38:4150

180. Sbernardori MC, Fenu G, Pirino A. The journal of hand surgery.
Journal of the British society of the surgery of the hand, 2000;25 (2): 175-

179

249


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Rotman%20MB%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Donovan%20JP%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Donovan%20JP%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Samuels%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Abramson%20SB%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kaeley%20GS%22%5BAuthor%5D

181. Schnall SB, Vu-Rose T and Holtom PD. Tissue pressures in pyogenic
flexor tenosynovitis of the finger. Compartment syndrome and its
management. Journal of Bone Joint Surgery, 1996: 78(5): 7

182. Seyfer AE, Wind G and Martin RR: Study of upper extremity growth
and development using human embryos and computer-reconstructed
models. Journal of Hand Surgery, 1989 ;14(6): 927-32

183. Shahar R and Milgram J. Morphometric and anatomic study of
forelimb of dog. Journal of morphology, 2005; 263:107-117

184. Sharma P and Maffulli N. Tendon injury and tendinopathy: healing
and repair. Journal of Bone and Joint Surgery, 2005, 87(1): 187-202

185. Shellswell and Wolpert: The Pattern of Muscle and Tendon
Development in the Chick Wing. In: Vertebrate Limb and Somite
Morphogenesis. Cambridge University Press, Cambridge, 1977: 71-86.

186. Silverstein BA, Fine LF and Armstrong TJ. Hand wrist cumulative
trauma disorders in industry. British Journal of Industrial medicine, 1986;
43:779-84.

187. Slater RR. Flexor tendon anomalies in a patient with carpal tunnel
syndrome. Journal of hand surgery, 2001; 26B: 4: 373-376

188. Smith J and Finnoff JT. Diagnostic and interventional musculoskeletal
ultrasound: part 1. Fundamentals. The journal of injury, function and
rehabilitation, 2009; 1(1):64-75

189. Sookur PA, Naraghi AM , Bleakney RR , Jalan R, Chan O and White
LM Accessory Muscles: Anatomy, Symptoms, and Radiologic Evaluation.

Radiographics, 2008; 28: 481-499.

250



190. Spaepen D, De Marteleire W and De Smet L. Symptomatic Linburg-
Comstock syndrome: a case report. Acta Orthopaedica Belica, 2003;
69(5):455-7.

191. Sprawls P. Physical Principle of Medical Imaging, Second edition.
Medical Physics Publishing. 1993

192. Steven A and Lowe J. Human Histology, Third Edition, London UK,
by Elseveir Mosby publication; 2005: 250

193. Standring S. Grays anatomy, The anatomical basis of clinical practice,
39th Edition, London UK, by Elseveir Churchill Livingstone publication;
2005a: 924

194, Standring S. Grays anatomy, The anatomical basis of clinical practice,
39th Edition, London UK, by Elseveir Churchill Livingstone publication;
2005b

195. Standring S. Grays anatomy, The anatomical basis of clinical practice,
39th Edition, London UK, by Elseveir Churchill Livingstone publication;
2005c

196. Standring S. Grays anatomy, The anatomical basis of clinical practice,
39th Edition, London UK, by Elseveir Churchill Livingstone publication;
2005d: 936

197. Standring S. Grays anatomy, The anatomical basis of clinical practice,
39th Edition, London UK, by Elseveir Churchill Livingstone publication;
2005e: 113

198. Strauch B and de Moura W. Digital flexor tendon sheath: an anatomic
study. Journal of Hand Surgery, 1985 ;10: 785-9

199. Moore and Persaud, The Developing Human, Clinically Oriented

Embryology, Seventh Edition, Blackwell Scientific publications, 2003

251


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Spaepen%20D%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22De%20Marteleire%20W%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22De%20Smet%20L%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus

200. Thomson CE, Campbell RH, Wood AR and Rendall CC: From Adult
Foot Disorders. In Neales Disorders of the foot Diagnosis and Management.
Sixth Edition. Edited by Lorimer D. Edinburgh: Churchill Livingstone,
2002.

201. Van de Wiel A and Rietveld B. Medical problems of musicians. Ned
Tijdschr Geneeskd, 2010;154:1143

202. Van Eijden TM, Koolstra JH and Brugman P. Architecture of the
human pterygoid muscles. Journal of Dental Research, 1995; 74(8):1489-
95.

203. Van Oudenaarde E. Structure and function of the abductor pollicis
longus. Journal of Anatomy, 1991; 174:221-227

204. Verdon ME. Overuse syndromes of the hand and wrist. 996; 23(2):
305-19.

205. Wakefield RJ, Conaghan PG, Jarrett S and Emery P. Noninvasive
techniques for assessing skeletal changes in inflammatory arthritis: imaging
technique. Current Opinion in Rheumatology, 2004; 16(4):435-42.

206. Wahba MY, Singh GD and Lozanoff S. An anomalous accessory flexor
digiti minimi profundus muscle: a case study. Clincal Anatomy, 1998; 11:
55-59.

207. Wheat J, Satherley L, Stephens S and Enoch S. Applied Surgical
Anatomy for MRCS OSCE. Doctors Academy Publication, First Edition,
20009.

208. William J. Larsen Essentials of Human Embryology. First Edition
Churchill Livingstone (New York), 1998

209. Williams PL, Warwick R, Dyson M and Bannister LH 1989 Gray’s

Anatomy 37" edition Edinburgh: Churchill Livingstone pp 631-632

252


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22van%20Eijden%20TM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Koolstra%20JH%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Brugman%20P%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus

210. Winspur and. Wynn Parry CB, The muscician’s hand, Journal of hand
surgery, 1997; 22b:433-440

211. Yoon JH and Halper J. Tendon proteoglycans: biochemistry and
function. Journal of Musculoskeletal Neuronal Interact. 2005; 5: 22—4

212. Zaza C Playing related musculoskeletal disorders in musicians: a
systemic review of incidence and prevalence. Canadian Medical
Association Journal, 1998; 158(8):1019-1025

213. Zaza C, Charles C and Muszynski A. The meaning of playing-related
musculoskeletal disorders to classical musicians. Social, Science and
Medicine, 1998; 47(12):2013-23

214, Zaza C and Farewell VT. Musicians' playing-related musculoskeletal
disorders: an examination of risk factors. American journal of Industrial
Medicine, 1997; 32(3):292-300.

215. Zeiss J, Skie M, Ebraheim N and Jackson WT. Anatomic relations
between the median nerve and flexor tendons in the carpal tunnel: MR
evaluation in normal volunteers. American Journal of Roentgenology,
1989; 153(3):533-6

216. Zeiss J and Guilliam-Haidet L. MR demonstration of anomalous
muscles about the volar aspect of the wrist and forearm. Clinical Imaging,
1996; 20: 219-221.

217. Zimmerman NB, Kaye MB, Wilgis EF, Zimmerman RM and Dubin
NH. Are standardized patient self-reporting instruments applicable to the
evaluation of ulnar neuropathy at the elbow? Journal of Shoulder Elbow

Surgery, 2009; 18(3): 463-8.

253


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Zaza%20C%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Charles%20C%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Muszynski%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus

APPENDICES 1

ETHICAL APPROVAL

254



Carddl Schygl of Engnesring

S oSkl Fofesnc bR D10MEs B My 20 L LS -Fang Lizrg HGE HE
Rersuiroh Ofiing

DepLiy Direzbar of Schecl-3zscarzh 1votagen . F 1 wiken RS Bl

PeL || W o VR L H [
PITER LR N TR

hz Farade

il ke di,

Mliabs LE

T A 20T AT

fs A0S 2097 2038
iwnsard Fanhlerging

mal ieId3sseanmt e JMoenk

ETHICAL APPROYAL

Titke of Projecl.  Anatoriical Vadstons and Physiolegical Aspecls Regarding Teadan
Wariaticng in the Hands of Musirians

Reeeanher: [2r Shiby Siephens

Supervigor: DO Alan Watson

n behalf of the Cardift Scheol of Enginestng Research Committes, | approve the
attsehed apzlication.

;{lélh\zv J{},JL,,

1
i
Profezser &, Porch . _
hair — EMGIN Researck Committea

20" September 2005

CONSENT FORM

The aim of my research is to study the anatomical variations and physiological
aspects regarding tendon variations in the hands of string playing musicians. This

research mainly looks into the incidence of tendon interconnects in the hands of
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musicians and general population. The study will involve careful analysis of the
common tendon interconnection that may exist in the palmar surface of the hand and
the forearm. | am interested in studying the interconnection between the tendons of
the thumb (Flexor pollicis longus) and index finger (Flexor digitorum profundus).
These interconnections along with few clinical presentations are called the Linburg-
Comstock syndrome. Occasionally tendinous interconnection may exist between
thumb and other fingers, in these instances the interconnections will be studied as rare

occurrence.

The study will consist of conducting a series of simple, uncomplicated and pain free
examinations of the fingers of the both the hands. The examiner will guide you as to
what movements need to be done. If there is any indication of any tendinous
interconnection, series of photographs or video of the fingers at different angle will be
taken and the angle of inter dependence will be calculated at a later time. Once the
tendinous interconnections are established, the person will be requested to take part in

medical imaging using an ultrasound.

The examination of the fingers should not take more than 15 minutes. Your data will
be dealt with in the strictest confidential manner and you may withdraw at any time

without giving any reason, without my medical care or legal rights being affected.

Your help and time is much appreciated:

Dr. Shiby Stephens

Study Number:

Title of Project: Evaluation of anatomical variation and loss of function in hands
of string and key based musical palyers

Name of Researcher:

| confirm that | have read and understand the information sheet dated .............c.o.o......
for the above study.

CONSENT FORM FOR RESEARCH STUDY Please tick to

confirm
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I have had the opportunity to consider the information, ask
guestions and have had these answered satisfactorily.

I understand that my participation is voluntary and that I am free to
withdraw at any time, without giving any reason, without my
medical care or legal rights being affected.

I understand that relevant sections of any of my medical notes and
data collected during the study may be looked at by responsible
individuals from Cardiff University, where it is relevant to my
taking part in this research. I give permission for these individuals
to have access to my records.

| understand that any information | provide is confidential, and that
no information that could lead to the identification of any individual
will be disclosed in any reports on the project, or to any other party.
No identifiable personal data will be published. The identifiable
data will not be shared with any other organisation.

| agree to take part in the above research study.

PROFORMA

General

Age:

Sex:

M/F

What musical instrument do you play?

How many hours / days per weeks do you play?

Are you professional or amateur?

Grade

Dominant hand: R/ L
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Do you play any other musical instrument?

Hobbies:

Medical history:

1.  History of smoking: Y /N

(If yes, how many cigarettes per day? Or if quit, how long ago was that and how
long did you smoke for?)

2. History of trauma to hand or forearm: Y / N
3. Family history of any congenital hand deformities: Y / N

4.  Relevant past or present medical history related to upper limb:

Examination proper:

RIGHT HAND:

1. Can the thumb be held in anatomical position? Y/ N

2. Can the thumb be held in anatomical position independent of the index /
middle / ring / little finger? Y/N

If No: Why?

3. Is there normal range of flexion at the interphalangeal / metacarophalangeal
joint of the thumb? Y/ N

If No: Why?

4. Can the subject opponise the thumb? Y/ N
If No: Why?

5. Does the index/ middle / ring / little finger flex with thumb flexion? Y/ N

6. Does the proximal / middle/ distal phalanx of index/ middle / ring / little finger
flex with the interphalangeal joint of the thumb?
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7. Does the proximal / middle/ distal phalanx of index/ middle / ring / little finger
flex with the metacarpophalangeal joint of the thumb?

8. Associated pain at:

The ulnar side of the forearm: Y/ N

The radial side of the forearm: Y/ N

9. s there any weakness in the movement of the thumb against resistance? Y/ N

10. Is there any weakness in the movement of the index/ middle / ring / little
finger against resistance? Y/ N

11. Is there any altered sensation along the thenar eminence or first two fingers?
Y/ N

12. Is there any pain during extension or flexion of the wrist? Y/ N
LEFT HAND:

1. Can the thumb be held in anatomical position? Y/ N

2. Can the thumb be held in anatomical position independent of the index /
middle / ring / little finger? Y/ N

If No: Why?

3. Is there normal range of flexion at the interphalangeal / metacarophalangeal
joint of the thumb? Y/ N

If No: Why?

4. Can the subject opponise the thumb? Y/ N

If No: Why?

5. Does the index/ middle / ring / little finger flex with thumb flexion? Y/ N

6. Does the proximal / middle/ distal phalanx of index/ middle / ring / little finger
flex with the interphalangeal joint of the thumb?

7. Does the proximal / middle/ distal phalanx of index/ middle / ring / little finger
flex with the metacarpophalangeal joint of the thumb?

8. Associated pain at:
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The ulnar side of the forearm: Y/ N

The radial side of the forearm: Y/ N

9.

Is there any weakness in the movement of the thumb against resistance? Y/ N

10. Is there any weakness in the movement of the index/ middle / ring / little

finger against resistance? Y/ N

11. Is there any altered sensation along the thenar eminence or first two fingers?

Y/N

12. Is there any pain during extension or flexion of the wrist? Y/ N

Physiological cross sectional area

Cadaver SEX and

number SIDE of hand
dissected FPL FDS FCR FCU FDP
Cl F (Right) 0.51 1.75 0.82 0.82 2.40
F (Left) 0.48 0.78 0.85 0.76 2.28
C2 M (Right) 0.32 1.01 0.14 0.83 2.51
M (Left) 0.33 0.91 0.11 0.81 2.16
C3 F (Right) 0.09 0.98 0.83 0.92 2.03
F (Left) 0.08 0.94 0.78 0.82 2.08
C4 M (Right) 0.63 0.90 0.88 0.74 2.08
M (Left) 0.67 0.76 1.05 0.76 2.10
C5 F (Right) 0.90 0.83 0.73 0.69 1.80
F (Left) 0.66 1.29 0.69 0.96 1.71
C6 F (Right) 0.42 1.96 0.83 0.81 1.87
F (Left) 0.56 0.87 0.91 0.84 1.88
C7 M (Right) 0.64 0.96 0.14 1.19 1.86
M (Left) 0.63 1.31 0.14 1.14 2.19
C8 F (Right) 0.75 1.26 0.70 0.99 2.03
F (Left) 0.59 0.95 0.77 0.81 1.96
C9 F(Right) 0.51 2.17 0.65 0.98 1.78
F(Left) 0.46 1.09 0.64 0.97 1.82
C10 M (Right) 0.44 1.14 0.95 1.07 1.84
M (Left) 0.54 1.05 0.93 1.02 2.05
Cl1 F (Right) 0.47 1.09 0.89 1.19 2.12
F (Left) 0.49 1.11 0.86 1.03 2.45
C12 M (Right) 0.70 1.32 1.01 1.40 2.42
M (Left) 0.50 1.02 0.11 1.38 2.35
C13 F (Right) 0.45 0.90 0.12 1.24 2.24
F (Left) 0.43 0.90 0.82 1.39 2.31
Cl14 M (Right) 0.44 0.98 0.69 1.63 1.77
M (Left) 0.48 1.27 0.68 1.24 1.90
C15 M (Right) 0.71 0.86 0.92 1.11 2.44
M (Left) 0.70 0.84 0.93 1.09 2.01
Mean 0.52 1.11 0.69 1.02 2.08
STDEV 0.17 0.33 0.30 0.23 0.23
SEM 0.03 0.06 0.05 0.04 0.04
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Table 3.1A: (Corresponding to figure 3.1)-Physiological cross sectional area of different flexor
muscles
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Relationship between PCSA and the mean mass

Cadaver | SEXand FPL FPL FDS FDS FCR FCU FDP FDP
number SIDE of (Mass _(PCSA (Mass _(PCSA FCR (PCSA in FCU (PCSAin _(Mass _(PCSA
hand in in cm?) in incm?) | (Mass cm?) (Mass) cm?) in gms) in cm?)

dissected gms) gms) in gms)

C1 F (Right) 384 | 051 |1432| 175 4.38 0.82 5.33 0.82 16.69 2.40

F (Left) 323 | 048 | 1422 | 0.78 4.34 0.85 5.22 0.76 16.52 2.28

C2 M (Right) | 356 | 032 | 14.32 | 1.01 5.35 0.14 4.22 0.83 17.33 2.51

M (Left) 362 | 033 | 1454 | 091 4.22 0.11 4.35 0.81 17.24 2.16

C3 F (Right) 468 | 0.09 | 12.66 | 0.98 4.38 0.83 4.25 0.92 18.46 2.03

F (Left) 452 | 008 | 1234 | 094 4.26 0.78 5.38 0.82 18.46 2.08

C4 M (Right) | 412 | 063 | 1354 | 0.90 4.00 0.88 5.46 0.74 18.48 2.08

M (Left) 422 | 067 | 1348 | 0.76 4.36 1.05 4.6 0.76 18.36 2.10

C5 F (Right) 484 | 090 | 1477 | 0.83 5.25 0.73 477 0.69 16.91 1.80

F (Left) 486 | 066 | 14.48 | 1.29 5.16 0.69 4.61 0.96 16.99 1.71

C6 F (Right) 396 | 042 | 1246 | 1.96 5.52 0.83 5.18 0.81 17.22 1.87

F (Left) 387 | 056 | 12.34 | 0.87 5.76 0.91 5.28 0.84 17.46 1.88

C7 M(Right) | 412 | 064 | 1399 | 0.96 6.80 0.14 5.93 1.19 18.5 1.86

M (Left) 462 | 0.63 | 1345 | 1.31 6.8 0.14 5.66 1.14 18.31 2.19

C8 F (Right) 554 | 0.75 | 1433 | 1.26 5.97 0.70 4.39 0.99 17.62 2.03

F (Left) 578 | 059 | 1434 | 0.95 5.81 0.77 412 0.81 17.42 1.96

C9 F(Right) 432 | 051 | 1566 | 2.17 5.26 0.65 5.66 0.98 16.48 1.78

F(Left) 411 | 046 | 1543 | 1.09 5.34 0.64 5.52 0.97 16.29 1.82

C10 M (Right) | 410 | 044 | 1572 | 1.14 5.54 0.95 6.63 1.07 16.89 1.84

M (Left) 401 | 054 | 1564 | 1.05 5.33 0.93 6.54 1.02 16.77 2.05

Cl11 F (Right) 371 | 047 | 154 | 1.09 6.69 0.89 6.98 1.19 17.56 2.12

F (Left) 365 | 049 | 1554 | 111 6.52 0.86 5.76 1.03 17.88 2.45

C12 M(Right) | 495 | 070 | 1454 | 1.32 5.33 1.01 6.40 1.40 20.01 2.42

M (Left) 487 | 050 | 1439 | 1.02 5.24 0.11 6.43 1.38 20.21 2.35

C13 F (Right) 411 | 045 | 1343 | 0.90 5.46 0.12 6.66 1.24 17.59 2.24

F (Left) 401 | 043 | 1348 | 0.9 5.46 0.82 6.54 1.39 17.36 2.31

C14 M (Right) | 461 | 044 | 1562 | 0.98 4.48 0.69 6.88 1.63 16.77 1.77

M (Left) 432 | 048 | 1548 | 1.27 4.36 0.68 6.58 1.24 16.25 1.90

C15 M (Right) | 444 | 071 | 1458 | 0.86 5.91 0.92 5.58 1.11 17.83 2.44

M (Left) 443 | 070 | 1482 | 0.84 5.99 0.93 5.44 1.09 17.54 2.01

Mean | 430 | 052 | 1431 | 1.11 5.31 0.69 5.54 1.02 17.59 2.08

STDEV | 056 | 0.17 | 1.03 | 0.33 0.80 0.30 0.87 0.23 0.98 0.23

SEM| 010 | 003 | 018 | 0.06 0.14 0.05 0.15 0.04 0.18 0.04

Table 3.2B: (Corresponding to figure 3.2)- Comparative relationship between PCSA and the
mean mass of different flexor muscles
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Table:3.3C: Comparing the significance of PCSA and mean mass
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Relationship between TCSA and mean mass

Cadaver | SEX and FPL FDS FCR FCU FDP

number | SIDE of FPL | (Mass | FDS | (Mass | FCR | (Mass | FCU | (Mass | FDP | (Mass
z?srs],gcte 4 |TCSA| in |TCSA| in |TCSA| in |TCSA| in | TCSA| in

incm2 | gms) | incm? | gms) | incm2 | gms) | incm? | gms) | incm2 | gms)

C1 F (Right) 007 | 384 | 013 | 1432 | 012 | 438 | 013 | 533 | 0.22 | 16.69

F (Left) 007 | 323 | 013 |1422 | 013 | 434 | 013 | 522 | 020 | 16.52

C2 M (Right) | 009 | 356 | 012 | 1432 | 0.12 | 535 | 0.11 | 422 | 024 | 17.33

M (Left) 010 | 3.62 | 012 | 1454 | 013 | 422 | 017 | 435 | 021 | 17.24

C3 F(Right) | 006 | 468 | 013 | 12.66 | 0.13 | 438 | 011 | 425 | 0.18 | 18.46

F (Left) 006 | 452 | 014 | 1234 | 012 | 426 | 0.09 | 538 | 0.20 | 18.46

C4 M (Right) | 009 | 412 | 008 | 1354 | 011 | 400 | 010 | 546 | 0.20 | 18.48

M (Left) 007 | 422 | 012 | 1348 | 011 | 436 | 011 | 468 | 0.19 | 18.36

C5 F(Right) | 008 | 484 | 012 | 1477 | 012 | 525 | 015 | 471 | 018 | 16.91

F (Left) 009 | 486 | 012 | 1448 | 011 | 516 | 014 | 461 | 019 | 16.99

C6 F (Right) 009 | 396 | 012 | 1246 | 011 | 552 | 0.13 | 518 | 019 | 17.22

F (Left) 008 | 387 | 012 | 1234 | 010 | 576 | 014 | 528 | 018 | 17.46

C7 M (Right) | 009 | 412 | 013 | 1399 | 013 | 6.80 | 0.16 | 593 | 0.18 | 1856

M (Left) 008 | 462 | 011 | 1345 | 013 | 6.81 | 016 | 566 | 0.19 | 18.32

C8 F(Right) | 008 | 554 | 013 | 1433 | 012 | 592 | 014 | 439 | 0.18 | 17.62

F (Left) 008 | 578 | 013 | 1434 | 011 | 582 | 014 | 412 | 019 | 17.42

C9 F(Right) 011 | 432 | 015 | 1566 | 014 | 525 | 0.16 | 566 | 0.18 | 16.48

F(Left) 012 | 411 | 012 | 1543 | 013 | 535 | 017 | 552 | 0.19 | 16.29

C10 M (Right) 0.09 4.10 0.13 | 1572 | 0.13 5.54 0.16 6.63 0.16 | 16.89

M (Left) 010 | 401 | 012 | 1564 | 013 | 533 | 0.18 | 654 | 0.18 | 16.77

C11 F (Right) 0.08 371 | 010 | 1543 | 010 | 669 | 014 | 698 | 0.17 | 17.56

F (Left) 009 | 365 | 0.10 | 1554 | 011 | 652 | 0.13 | 576 | 0.17 | 17.88

C12 M (Right) | 0.11 495 | 014 | 1454 | 021 | 533 | 022 | 6.40 | 0.18 | 203

M (Left) 008 | 487 | 014 | 1439 | 023 | 524 | 021 | 6.43 | 020 | 2021

C13 F (Right) 0.11 411 | 010 | 1343 | 015 | 546 | 018 | 6.66 | 0.19 | 17.59

F (Left) 008 | 401 | 009 | 1348 | 015 | 546 | 016 | 654 | 016 | 17.36

Cl4 M (Right) 0.09 4.61 0.10 | 1562 | 0.10 4.48 0.15 6.88 0.16 | 16.77

M (Left) 0.09 4.32 0.08 | 1548 | 0.10 4.36 0.15 6.58 0.15 | 16.25

C15 M (Right) 0.08 4.44 0.10 | 1458 | 0.15 5.91 0.18 5.58 0.15 | 17.83

M (Left) 011 | 443 | 008 | 1482 | 015 | 599 | 014 | 544 | 017 | 17.54

Mean | 0.02 4.30 012 | 1431 | 0.05 531 0.10 5.54 0.18 | 17.59

STDEV | 0.01 0.56 0.01 1.03 0.02 0.80 0.02 0.87 0.01 0.98

SEM | 0.00 0.10 0.00 0.18 0.00 0.14 0.00 0.15 0.00 0.18

Table 3.4DC (Corresponding to figure 3.3)- Comparative relationship between TCSA and mean
mass of different flexor tendons

Relationship between the mean fibre length and PCSA of different flexor muscles
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Cadaver
number SEX and FPL FDS FCR FCU FDP FDP
SIDE of (PCSA (PCSA (PCSA in (PCSAin | (Mea | (PCSAin
hand FPL incm? | FDS incm?) cm?) FCU cm?) n cm?)
dissected (Mean (Mean FCR (Mean fibre
fibre fibre (Mean fibre fibre length
length length length in length in in
in cms) incms cms cms) cms)
C1 F (Right) 6.5 0.51 1.9 1.75 7.3 0.82 4.3 0.82 3.3 2.40
F (Left) 6.5 0.48 1.9 0.78 7 0.85 4.4 0.76 34 2.28
C2 M (Right) 6.5 0.32 1.5 1.01 75 0.14 45 0.83 3.4 2.51
M (Left) 6.4 0.33 1.6 0.91 7.2 0.11 3.9 0.81 3.9 2.16
C3 F (Right) 6.4 0.09 1.3 0.98 7.2 0.83 3.7 0.92 45 2.03
F (Left) 6.4 0.08 1.4 0.94 7.3 0.78 4.4 0.82 4.4 2.08
C4 M (Right) 6.1 0.63 15 0.90 6.1 0.88 4.4 0.744 4.4 2.08
M (Left) 6 0.67 1.9 0.76 6.1 1.05 4.3 0.76 4.3 2.10
C5 F (Right) 5.9 0.90 1.8 0.83 7.3 0.73 45 0.69 45 1.80
F (Left) 5.9 0.66 1.2 1.29 7.5 0.69 3.8 0.96 4.8 1.71
C6 F (Right) 6.1 0.42 15 1.96 75 0.83 45 0.81 45 1.87
F (Left) 6 0.56 15 0.87 7.5 0.9 4.6 0.84 4.6 1.88
Cc7 M (Right) 6 0.64 15 0.96 7.3 0.14 47 1.19 4.7 1.86
M (Left) 6.1 0.63 1.1 1.31 7.3 0.14 4.5 1.14 4.1 2.19
C8 F (Right) 6.2 0.75 1.2 1.26 75 0.78 4.1 0.99 4.1 2.03
F (Left) 6.2 0.59 1.6 0.95 6.6 0.76 4.4 0.81 4.4 1.96
C9 F(Right) 6 0.51 1.6 2.17 7.6 0.69 4.6 0.98 4.6 1.78
F(Left) 6 0.46 15 1.09 7.5 0.64 4.4 0.97 4.4 1.82
C10 M (Right) 6.2 0.44 1.4 1.14 7.4 0.95 4.4 1.07 4.4 1.843
M (Left) 6.2 0.54 15 1.05 7.5 0.93 45 1.02 3.9 2.00
C11 F (Right) 6.1 0.47 1.5 1.09 6.5 0.89 4.9 1.19 3.9 2.12
F (Left) 6.1 0.49 1.4 1.11 6.4 0.86 45 1.03 35 2.45
C12 M (Right) 6.3 0.70 1.1 1.32 7.1 1.01 4.1 1.40 4.1 2.42
M (Left) 6.2 0.50 15 1.02 7.5 0.11 4.2 1.38 4.2 2.35
C13 F (Right) 6.1 0.45 1.6 0.90 6.6 0.12 4.3 1.24 3.7 2.24
F (Left) 6.1 0.43 1.6 0.90 6.6 0.82 3.7 1.39 3.7 2.31
Cl4 M (Right) 6.3 0.44 1.6 0.98 7.6 0.69 35 1.63 45 1.77
M (Left) 6.3 0.48 1.3 1.27 7.3 0.68 4.2 1.24 4.2 1.90
C15 M (Right) 6.3 0.71 1.7 0.86 7.7 0.92 35 1.11 35 2.44
M (Left) 6.3 0.70 1.8 0.84 7.8 0.93 4.1 1.09 4.1 2.01
Mean | 6.19 0.52 1.51 1.11 7.17 0.69 4.26 1.02 4.13 2.08
STDEV | 0.17 0.17 0.21 0.33 0.47 0.30 0.34 0.23 0.42 0.23
SEM | 0.03 0.03 0.03 0.06 0.08 0.05 0.06 0.04 0.07 0.04
Table 3.5E: (Corresponding to figure 3.4)- Comparative relationship between the mean fibre length and
PCSA of different flexor muscles
Relationship between the PCSA and mean density
Cadaver | SEX and FPL FDS FCR FCR FCU FCU FDP FDP
number | SIDE of (PCSA FPL (PCSA FDS (PCSA | (Density (PCSA | (Density (PCSAin | (Density
hand incm?) (Density incm?) | (Density in incm?) | in incm?) | in cm?) in gcm-3)
dissected in gcm-3) gcm-3) gcm-3) gcm-3)
C1 F (Right) 0.51 1.75 1.0 0.82 1.0 0.82 1.0 2.40 0.9
F (Left) 0.48 0.78 1.0 0.85 1.0 0.76 1.0 2.28 0.9
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M (Right)

C2 0.32 0.8 1.01 1.0 0.14 1.0 0.83 1.0 2.51 1.0
M (Left) 0.33 0.9 0.91 0.9 0.11 1.0 0.81 08 2.16 1.0

C3 F (Right) 0.09 0.9 0.98 0.9 0.83 1.0 0.92 1.0 2.03 1.0
F (Left) 0.08 0.9 0.94 1.0 0.78 1.0 0.82 1.0 2.08 1.0

C4 M (Right) | 63 1.0 0.90 0.9 0.88 1.0 0.744 1.0 2.08 1.0
M (Left) 0.67 1.0 0.76 1.0 1.05 1.0 0.76 0.9 2.10 1.0

C5 F (Right) 0.90 1.2 0.83 0.9 0.73 1.0 0.69 07 1.80 0.9
F (Left) 0.66 1.2 1.29 1.0 0.69 1.0 0.96 0.9 1.71 0.9

C6 F (Right) 0.42 0.9 1.96 1.0 0.83 0.9 0.81 1.0 1.87 1.0
F (Left) 0.56 0.9 0.87 1.0 0.9 0.9 0.84 1.0 1.88 1.0

Cc7 M (Right) | 64 1.0 0.96 0.9 0.14 11 1.19 0.9 1.86 0.9
M (Left) 0.63 0.9 1.31 1.0 0.14 11 1.14 0.9 2.19 1.0

C8 F (Right) 0.75 0.9 1.26 1.0 0.78 0.9 0.99 1.0 2.03 0.9
F (Left) 0.59 0.9 0.95 1.0 0.76 09 0.81 1.0 1.96 1.0

C9 F(Right) 051 1.0 2.17 0.9 0.69 1.0 0.98 0.9 1.78 1.0
F(Left) 0.46 1.0 1.09 1.0 0.64 1.0 0.97 0.9 1.82 1.0

C10 M (Right) | 44 1.0 1.14 0.9 0.95 1.1 1.07 0.9 1.84 0.9
M (Left) 0.54 1.0 1.05 0.9 0.93 1.0 1.02 0.9 2.00 0.9

C11 F (Right) 0.47 0.9 1.09 1.0 0.89 0.9 1.19 0.9 2.12 0.9
F (Left) 0.49 0.9 1.11 0.9 0.86 0.9 1.03 0.9 2.45 0.9

C12 M (Right) | 79 0.9 1.32 0.9 1.01 1.0 1.40 1.0 2.42 1.0
M (Left) 0.50 0.9 1.02 1.0 0.11 1.0 1.38 1.0 2.35 1.0

C13 F (Right) 0.45 1.0 0.90 1.0 0.12 1.0 1.24 0.9 2.24 0.9
F (Left) 0.43 1.0 0.90 10 0.82 10 1.39 0.9 2.31 1.0

Cl4 M (Right) | 044 0.9 0.98 0.9 0.69 1.1 1.63 0.9 1.77 0.9
M (Left) 0.48 1.0 1.27 1.0 0.68 1.0 1.24 0.9 1.90 1.0

C15 M(Right) | o717 1.1 0.86 0.9 0.92 0.9 1.11 0.9 2.44 0.9
M (Left) 0.70 1.1 0.84 0.9 0.93 0.9 1.09 1.0 2.01 0.9

Mean | 052 1.0 1.11 10 0.69 10 1.02 0.9 2.08 1.0

STDEV | 0.17 0.0 0.33 0.02 0.30 0.0 0.23 0.0 0.23 0.0

SEM 0.03 0.0 0.06 0.00 0.05 0.0 0.04 0.0 0.04 0.0

Table 3.6F: (Corresponding to figure 3.5)- Comparative relationship between the PCSA and
mean density of different flexor muscles
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Relationship between the mean mass and mean fibre length

Cadaver FCU
number FCR (Mea FDP FDP
SEX and FPL FDS (Mean n (Mass (Mean
SIDE of (Mean (Mean fibre FCU fibre in gms) fibre
hand FPL fibre FDS fibre FCR lengthin | (Mass length length
dissected (mass length in (Mass lengthin | (Mass cms) ingms) | in in cms)
in gms) cms) in gms) cms in gms) cms)
C1 F(Right) | 3g41 6.5 14.329 1.9 4.381 7.3 5338 | 43 | 16.699 33
F (Left) 3.236 6.5 14.221 1.9 4.346 7 5.221 44 | 16526 3.4
C2 M (Right) | 3569 6.5 14.326 15 5.351 75 4.229 45 | 17.331 3.4
M (Left) 3.624 6.4 14,549 16 4.221 7.2 4.352 39 | 17.246 3.9
C3 F(Right) | 4687 6.4 12.664 1.3 4.387 7.2 4.252 37 | 18.461 45
F (Left) 4521 6.4 12.349 14 4.269 7.3 5.381 44 | 18.463 4.4
C4 M (Right) | 4108 6.1 13.542 15 4,001 6.1 5.461 44 | 18.489 4.4
M (Left) 4221 6 13.489 1.9 4.361 6.1 4.68 43 | 18362 43
C5 F(Right) | 4845 5.9 14.776 18 5.251 7.3 4717 | 45 | 16914 45
F (Left) 4.863 5.9 14.489 1.2 5.169 75 4612 38 | 16.993 48
C6 F(Right) | 3962 6.1 12.469 15 5.521 75 5182 | 45 | 17.221 45
F (Left) 3.874 6 12.344 15 5.761 75 5.285 46 | 17.461 46
C7 M (Right) | 4123 6 13.996 15 6.809 7.3 5.931 4.7 18.56 4.7
M (Left) 4.624 6.1 13.452 1.1 6.81 7.3 5.669 45 | 18.321 4.1
C8 F(Right) | 5546 6.2 14.335 1.2 5.927 75 4393 | 41 | 17.623 4.1
F (Left) 5.782 6.2 14.342 16 5.821 6.6 4126 44 | 17.429 4.4
C9 F(Right) 4.324 15.665 16 5.256 7.6 5.665 46 | 16.483 46
F(Left) 4118 15.431 15 5.354 75 5521 | 44 | 16.201 4.4
C10 M (Right) | 4103 6.2 15.721 1.4 5.542 7.4 6631 | 44 | 16.895 4.4
M (Left) 4,013 6.2 15.643 15 5.333 75 6542 | 45 | 16.773 3.9
C11 F(Right) | 3719 6.1 15.43 15 6.699 6.5 6981 | 49 | 17.563 3.9
F (Left) 3.654 6.1 15.544 14 6.526 6.4 5.762 45 | 17.884 35
C12 M (Right) | 4958 6.3 14.54 1.1 5.331 7.1 6.401 4.1 20.3 4.1
M (Left) 4.875 6.2 14.301 15 5.246 75 6.431 42 | 20211 42
C13 F(Right) | 4113 6.1 13.432 16 5.461 6.6 6.662 43 | 17.599 37
F (Left) 4.016 6.1 13.489 1.6 5.463 6.6 6541 | 37 | 17.361 3.7
C14 M (Right) | 4614 6.3 15.621 16 4.489 7.6 6.884 35 | 16.775 45
M (Left) 4321 6.3 15.48 13 4.362 7.3 6584 | 42 | 16.259 42
C15 M (Right) | 4447 6.3 14.583 17 5.914 7.7 5584 | 35 | 17.836 35
M (Left) 4.436 6.3 14.822 18 5.993 7.8 5449 | 41 | 17.542 4.1
Mean | 4.30 6.19 1431 151 5.311 717 5548 | 426 | 17595 | 4.13
STDEV | 056 0.17 1.03 0.21 0.806 0.47 0870 | 034 | 0.989 0.42
SEM | 0.10 0.03 0.18 0.03 0.147 0.08 0.158 | 0.06 | 0.180 0.07

Table 3.7G: (Corresponding to figure 3.6)- Comparative relationship between the mean mass
and mean fibre length of different flexor muscles
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Relationship between mean fibre length and mean density of different flexor muscles

Cadaver
number FCR FC_R FCU FDP
SEX and FPL FDS (Mean | (Density (Mean
SIDE of (Mean | FPL (Mean FDS fibre | in fiore | FCU | (Mean | rpp
hand fibre (Density fibre (Density | length | gecm-?) length | (Densit | fibre | pensit
dissected length in length | ingcm-%) | incms) incms) | yin length | yin
in cms) gcm-3) in cms) gcm-3) | incms) | gcm-3)
C1 F (Right) 6.5 0.9 3.3 1.0 7.3 1.0 43 1.0 1.9 0.9
F (Left) 6.5 1.0 3.4 1.0 7 1.0 4.4 1.0 1.9 0.9
C2 M (Right) 6.5 0.8 3.4 1.0 7.5 1.0 45 1.0 1.5 1.0
M (Left) 6.4 0.9 3.9 0.9 7.2 1.0 3.9 08 1.6 1.0
C3 F (Right) 6.4 0.9 4.5 0.9 7.2 1.0 3.7 1.0 1.3 1.0
F (Left) 6.4 0.9 4.4 1.0 7.3 1.0 4.4 1.0 1.4 1.0
C4 M (Right) 6.1 1.0 4.4 0.9 6.1 1.0 4.4 1.0 1.5 1.0
M (Left) 6 1.0 4.3 1.0 6.1 1.0 4.3 0.9 1.9 1.0
C5 F (Right) 5.9 1.2 4.5 0.9 7.3 1.0 45 0.7 1.8 0.9
F (Left) 5.9 1.2 48 1.0 75 1.0 3.8 0.9 1.2 0.9
C6 F (Right) 6.1 0.9 45 1.0 7.5 0.9 45 1.0 15 1.0
F (Left) 6 0.9 4.6 1.0 75 0.9 4.6 1.0 1.5 1.0
C7 M (Right) 6 1.0 4.7 0.9 7.3 1.1 47 0.9 1.5 0.9
M (Left) 6.1 0.9 4.1 1.0 7.3 1.1 45 0.9 1.1 1.0
C8 F (Right) 6.2 0.9 4.1 1.0 7.5 0.9 4.1 1.0 1.2 0.9
F (Left) 6.2 0.9 4.4 1.0 6.6 0.9 4.4 1.0 1.6 1.0
C9 F(Right) 6 1.0 4.6 0.9 7.6 1.0 4.6 0.9 1.6 1.0
F(Left) 6 1.0 4.4 1.0 75 1.0 4.4 0.9 1.5 1.0
C10 M (Right) 6.2 1.0 4.4 0.9 7.4 1.1 4.4 0.9 1.4 0.9
M (Left) 6.2 1.0 3.9 0.9 75 1.0 45 0.9 15 0.9
C11 F (Right) 6.1 0.9 3.9 1.0 6.5 0.9 4.9 0.9 1.5 0.9
F (Left) 6.1 0.9 3.5 0.9 6.4 0.9 45 0.9 1.4 0.9
C12 M (Right) 6.3 0.9 4.1 0.9 7.1 1.0 4.1 1.0 1.1 1.0
M (Left) 6.2 0.9 4.2 1.0 7.5 1.0 4.2 1.0 1.5 1.0
C13 F (Right) 6.1 1.0 3.7 1.0 6.6 1.0 4.3 0.9 1.6 0.9
F (Left) 6.1 1.0 3.7 1.0 6.6 1.0 3.7 0.9 1.6 1.0
Ci14 M (Right) 6.3 0.9 45 0.9 7.6 1.1 35 0.9 1.6 0.9
M (Left) 6.3 1.0 4.2 1.0 7.3 1.0 4.2 0.9 1.3 1.0
C15 M (Right) 6.3 1.1 35 0.9 7.7 0.9 35 0.9 1.7 0.9
M (Left) 6.3 1.1 4.1 0.9 7.8 0.9 4.1 1.0 1.8 0.9
Mean | 6.01 1.0 4.13 1.0 6.01 1.0 4.26 0.9 1.51 1.0
STDEV | 0.17 0.0 0.42 0.02 0.470 0.0 0.34 0.0 0.21 0.0
SEM | 0.03 0.0 0.07 0.00 0.085 0.0 0.06 0.0 0.03 0.0

Table 3.8H: (Corresponding to figure 3.7)- Comparative relationship between the mean fibre
length and mean density of different flexor muscles
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Relationship between PCSA and mean angles of pennation

Cadaver | SEXand FPL | FPL | FDS FDS FCR | FCR FCU FCU FDP | FDP (Mean
number SIDE of (PCSA (PCSA | Meanof | (PCSA | Mean of (PCSA Angle (PCSA | of the angle
hand incm?) | Angle | incm?) angle incm?) | the angle in cm?) (in®°) incm?) | (in °)(Medial
dissected (in°) (in°) (in°) and Lateral)
C1 F (Right) 0.51 13 1.75 75 0.82 13 0.82 7 2.40 115
F (Left) 0.48 13 0.78 7 0.85 13 0.76 7 2.28 115
C2 MRight) | o032 | 18 1.01 7 0.14 14 0.83 12 2.51 115
M (Left) 0.33 18 0.91 5 0.11 14 0.81 12 2.16 115
C3 F (Right) 0.09 14 0.98 7 0.83 13 0.92 7 2.03 115
F(Left) 0.08 14 0.94 75 0.78 13 0.82 7 2.08 115
C4 MRight) | g3 13 0.90 7 0.88 13 0.74 7 2.08 115
M (Left) 0.67 13 0.76 7 1.05 13 0.76 7 2.10 115
C5 F (Right) 0.90 13 0.83 8 073 12 0.69 12 1.80 115
F (Left) 0.66 18 1.29 7 0.69 12 0.96 12 1.71 115
C6 F (Right) 0.42 18 1.96 7 0.83 13 0.81 12 1.87 115
F (Left) 0.56 13 0.87 7 0.91 13 0.84 12 1.88 115
Cc7 MRight) | ¢4 13 0.96 7 0.14 14 1.19 6 1.86 115
M (Left) 0.63 13 131 7 0.14 14 1.14 6 2.19 115
C8 F (Right) 0.75 13 1.26 7 0.70 13 0.99 12 2.03 115
F(Left) 0.59 18 0.95 75 0.77 13 0.81 12 1.96 115
C9 F(Right) 0.51 18 217 75 0.65 13 0.98 12 1.78 115
F(Left) 0.46 18 1.09 7 0.64 12 0.97 12 1.82 115
C10 M (Right) | 44 18 1.14 7 0.95 12 1.07 7 1.84 115
M (Left) 0.54 12 1.05 7 0.93 13 1.02 7 2.00 115
Cl1 F (Right) 0.47 12 1.09 7 0.89 13 1.19 12 2.12 115
F (Left) 0.49 13 111 7 0.86 13 1.03 12 2.45 115
C12 M (Right) | 70 13 1.32 7 1.01 13 1.40 12 2.42 115
M (Left) 0.50 18 1.02 7 0.11 14 1.38 12 2.35 115
C13 F (Right) 0.45 18 0.90 7 0.12 14 1.24 12 2.24 115
F(Left) 0.43 18 0.90 7 0.82 13 1.39 12 2.31 115
Cl4 MRight) | (44 18 0.98 7 0.69 13 1.63 12 1.77 115
M (Left) 0.48 18 1.27 7 0.68 13 1.24 12 1.90 115
C15 M(Right) | 071 13 0.86 7 0.92 13 111 7 2.44 115
M (Left) 0.70 13 0.84 7 0.93 13 1.09 7 2.01 115
Mean | 052 | 1516 | 111 7.13 0.69 13.06 1.02 25 2.08 115
STDEV | 017 | 255 0.33 0.03 0.30 0.58 0.23 0.46 0.23 0
SEM | 003 | 0467 | 0.6 0.00 0.05 0.10 0.04 9.93 0.04 0

Angle (in °) =Angle of pennation in (in °)

Table 3.91: (Corresponding to figure 3.8)- Relationship between PCSA and mean angles of
pennation of different flexor tendons
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Relationship between the TCSA of FDP (index) and FPL at carpal tunnel

Cadaver SEX and
number SIDE of
hand Area of FPL in Area of FDP
dissected cm? (i) in cm?

C1l F (Right) 0.08 0.07
F (Left) 0.08 0.08
C2 M (Right) 0.09 0.08
M (Left) 0.10 0.08
C3 F (Right) 0.10 0.08
F (Left) 0.10 0.08
C4 M (Right) 0.10 0.08
M (Left) 0.11 0.08
C5 F (Right) 0.11 0.08
F (Left) 0.11 0.09
C6 F (Right) 0.115 0.09
F (Left) 0.12 0.09
C7 M (Right) 0.12 0.09
M (Left) 0.12 0.09
C8 F (Right) 0.13 0.09
F (Left) 0.13 0.09
C9 F(Right) 0.14 0.10
F(Left) 0.14 0.10
C10 M (Right) 0.15 0.10
M (Left) 0.15 0.11
Cl1 F (Right) 0.15 0.11
F (Left) 0.15 0.11
C12 M (Right) 0.15 0.11
M (Left) 0.15 0.13
C13 F (Right) 0.15 0.13
F (Left) 0.15 0.14
Cl4 M (Right) 0.16 0.14
M (Left) 0.16 0.14
C15 M (Right) 0.19 0.16
M (Left) 0.20 0.16
Mean 0.13 0.10
STDEV 0.02 0.02
SEM 0.00 0.00

Table 3.10J (Corresponding to figure 3.9)- Relationship between the TCSA of FDP (index) and
FPL at carpal tunnel

Area of median nerve

Cadaver
number

SEX and SIDE
of hand Before the After the tunnel
dissected tunnel inmm? | At the tunnel in mm2 in mm2
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C1 F (Right) 0.13 0.28 0.35
F (Left) 0.10 0.13 0.18
C2 M (Right) 0.15 0.16 0.18
M (Left) 0.16 0.17 0.19
C3 F (Right) 0.16 0.16 0.16
F (Left) 0.18 0.12 0.15
C4 M (Right) 0.16 0.18 0.20
M (Left) 0.14 0.15 0.17
C5 F (Right) 0.14 0.16 0.18
F (Left) 0.16 0.16 0.38
C6 F (Right) 0.19 0.21 0.24
F (Left) 0.20 0.23 0.24
C7 M (Right) 0.11 0.11 0.15
M (Left) 0.12 0.13 0.16
C8 F (Right) 0.14 0.15 0.18
F (Left) 0.13 0.13 0.16
C9 F(Right) 0.12 0.12 0.17
F(Left) 0.12 0.14 0.15
C10 M (Right) 0.19 0.20 0.22
M (Left) 0.17 0.17 0.22
Cl11 F (Right) 0.14 0.14 0.18
F (Left) 0.12 0.14 0.18
C12 M (Right) 0.13 0.13 0.17
M (Left) 0.13 0.14 0.15
C13 F (Right) 0.14 0.15 0.18
F (Left) 0.16 0.13 0.16
Cl4 M (Right) 0.19 0.12 0.17
M (Left) 0.20 0.14 0.15
C15 M (Right) 0.13 0.28 0.35
M (Left) 0.10 0.13 0.18
Mean 0.14 0.16 0.20
STDEV 0.02 0.04 0.05
SEM 0.00 0.00 0.01

Table 3.11K: (Corresponding to figure 3.10)- The area of median nerve before, at and

after the carpal tunnel
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Table 3.12L One way ANOVA test for the area of median nerve
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Relationship between TCSA and PCSA

Cadaver | SEX and FPL FDS FCR FCU FDP
number ﬁ;ﬁg of FpL | PCSA | Lpg |PCSA| o |PCSA| _ | PCSA| __ |PCSA
dissected TCSA TCSA TCSA TCSA TCSA
C1 F(Right) | 007 | 051 | 013 | 175 | 012 | 082 | 013 | 0.82 | 022 | 2.40
F (Left) 007 | 048 | 013 | 078 | 013 | 0.85 | 013 | 076 | 0.20 | 2.28
C2 M (Right) | 009 | 032 | 012 | 101 | 012 | 014 | 011 | 083 | 024 | 251
M (Left) 010 | 033 | 012 | 091 | 013 | 011 | 017 | 0.81 | 021 | 2.16
C3 F (Right) 006 | 009 | 013 | 098 | 013 | 0.83 | 011 | 092 | 0.18 | 2.03
F (Left) 006 | 008 | 014 | 094 | 012 | 078 | 009 | 082 | 0.20 | 2.08
C4 M (Right) | 009 | 063 | 008 | 090 | 011 | 0.88 | 010 | 0.744 | 020 | 2.08
M (Left) 007 | 067 | 012 | 076 | 011 | 1.05 | 011 | 078 | 0.19 | 2.10
C5 F(Right) | 008 | 090 | 012 | 083 | 012 | 073 | 0.15 | 0.65 | 0.18 | 1.80
F (Left) 009 | 066 | 012 | 1.29 | 011 | 069 | 014 | 096 | 019 | 1.71
C6 F(Right) | 009 | 042 | 012 | 196 | 011 | 0.83 | 013 | 0.81 | 0.19 | 1.87
F (Left) 008 | 056 | 012 | 0.87 | 010 | 091 | 014 | 0.84 | 0.18 | 1.88
C7 M (Right) | 003 | 064 | 013 | 098 | 019 | 0.14 | 016 | 1.17 | 0.18 | 1.86
M (Left) 000 | 063 | 011 | 133 | 013 | 014 | 016 | 1.12 | 019 | 2.19
C8 F (Right) 008 | 075 | 013 | 1.29 | 012 | 070 | 014 | 099 | 0.18 | 2.03
F (Left) 008 | 059 | 013 | 093 | 011 | 077 | 014 | 081 | 019 | 1.96
C9 F(Right) 011 | 051 | 015 | 217 | 014 | 065 | 016 | 098 | 0.18 | 1.78
F(Left) 012 | 046 | 012 | 1.09 | 013 | 064 | 017 | 097 | 019 | 1.82
C10 M (Right) | 009 | 044 | 013 | 1.14 | 013 | 095 | 016 | 1.07 | 0.16 | 1.84
M (Left) 010 | 054 | 012 | 1.05 | 013 | 093 | 0.18 | 1.02 | 0.18 | 2.00
Cl1 F(Right) | 008 | 047 | 010 | 1.09 | 010 | 0.89 | 014 | 1.19 | 017 | 2.12
F (Left) 009 | 049 | 010 | 1.11 | 011 | 0.86 | 0.13 | 1.03 | 0.17 | 2.45
C12 M (Right) | 011 | 070 | 014 | 132 | 021 | 1.01 | 022 | 140 | 0.18 | 242
M (Left) 008 | 050 | 014 | 1.02 | 023 | 011 | 021 | 138 | 020 | 2.35
C13 F (Right) 011 | 045 | 010 | 090 | 015 | 012 | 018 | 124 | 019 | 2.24
F (Left) 008 | 043 | 009 | 090 | 015 | 0.82 | 0.16 | 1.39 | 0.16 | 2.31
Cl4 M (Right) | 009 | 044 | 010 | 098 | 010 | 069 | 015 | 1.63 | 0.16 | 1.77
M (Left) 009 | 048 | 008 | 1.27 | 010 | 068 | 015 | 124 | 015 | 1.90
C15 M (Right) | 008 | 071 | 010 | 086 | 015 | 092 | 018 | 1.11 | 0.15 | 2.44
M (Left) 011 | 070 | 008 | 0.84 | 015 | 093 | 014 | 1.09 | 0.17 | 2.01
Mean | 002 | 052 | 012 | 111 | 005 | 069 | 010 | 1.02 | 0.18 | 2.08
STDEV | 001 | 017 | 001 | 033 | 002 | 030 | 0.02 | 023 | 001 | 0.23
SEM | 000 | 003 | 000 | 006 | 000 | 0.05 | 000 | 004 | 0.00 | 0.04
Table 3.13M: (Corresponding to figure 3.11)- Comparative relationship between TCSA and
PCSA of different flexor tendons
Relationship between PCSA and mean tendon lengths
mumber | SIDEoF pcsa | FPL | posa | FDS _ pcsa |FCR | posa | FCU FDP
hand (in (in FDP
dissected cms) cms) (in (in cms) PCSA (in
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cms) cms)
C1 F (Right) 0.51 6.2 1.75 5.85 0.82 9.1 0.82 7.3 2.40 2
F (Left) 0.48 6 0.78 5.72 0.85 9.3 0.76 7.6 2.28 2.2
Cc2 M (Right) 0.32 5.7 1.01 5.82 0.14 10.5 0.83 7.3 2.51 2.1
M (Left) 0.33 5.8 0.91 6.22 0.11 10.2 0.81 7.5 2.16 2.2
C3 F (Right) 0.09 4.6 0.98 4.33 0.83 9.7 0.92 7.9 2.03 3.1
F (Left) 0.08 4.8 0.94 45 0.78 8.2 0.82 75 2.08 3.2
C4 M (Right) 0.63 3.2 0.90 4.95 0.88 9.5 0.74 6.1 2.08 2.2
M (Left) 0.67 3 0.76 5.35 1.05 8.6 0.78 6.4 2.10 2.5
C5 F (Right) 0.90 5.7 0.83 5.1 0.73 10 0.65 8.2 1.80 1.1
F (Left) 0.66 5.9 1.29 4.95 0.69 10.2 0.96 8.1 1.71 1.3
C6 F (Right) 0.42 45 1.96 5.85 0.83 7.2 0.81 5.3 1.87 3.1
F (Left) 0.56 48 0.87 6.02 0.91 7.9 0.84 5.2 1.88 3.3
Cc7 M (Right) 0.64 5.2 0.98 5.85 0.14 9.4 1.17 75 1.86 3.7
M (Left) 0.63 5 1.33 6.05 0.14 9.6 1.12 7.2 2.19 3.6
C8 F (Right) 0.75 4.4 1.29 4 0.70 8.2 0.99 6.1 2.03 2.7
F (Left) 0.59 4.8 0.93 35 0.77 8.5 0.81 6.7 1.96 2.7
C9 F(Right) 0.51 5.2 2.17 4.67 0.65 8.6 0.98 4.9 1.78 1
F(Left) 0.46 5.4 1.09 5.27 0.64 8 0.97 4.8 1.82 0.9
C10 M (Right) 0.44 6.1 1.14 48 0.95 9.6 1.07 6.5 1.84 3.3
M (Left) 0.54 6 1.05 5.05 0.93 9.4 1.02 6.7 2.00 2.6
C11 F (Right) 0.47 5.5 1.09 5.57 0.89 8.2 1.19 5.9 2.12 3.9
F (Left) 0.49 5.8 1.11 4.85 0.86 8.3 1.03 55 2.45 3.4
C12 M (Right) 0.70 5.1 1.32 5.87 1.01 4.9 1.40 3.3 2.42 1.1
M (Left) 0.50 5.6 1.02 6.62 0.11 4.7 1.38 3.1 2.35 15
C13 F (Right) 0.45 6.1 0.90 6.02 0.12 9.1 1.24 6.9 2.24 3.7
F (Left) 0.43 6.2 0.90 6.22 0.82 9.4 1.39 6.4 2.31 3.6
Cl4 M (Right) 0.44 5.5 0.98 5.95 0.69 9.8 1.63 6.3 1.77 3.7
M (Left) 0.48 5.4 1.27 5.57 0.68 9.9 1.24 6.2 1.90 2.8
C15 M (Right) 0.71 4.9 0.86 6.9 0.92 8.4 1.11 6.2 2.44 1.9
M (Left) 0.70 48 0.84 6.57 0.93 8.5 1.09 6.6 2.01 2.1
Mean 052 | 524 | 111 5.46 | 0.69 8.763 1.02 6.373 2.08 2.55
STDEV 017 | 078 | 0.33 079 | 0.30 1.34 0.23 1.252 0.23 0.918
SEM 0.03 | 0.144 | 0.06 0.145 | 0.05 0.245 0.04 0.228 0.04 0.167

Table 3.14N: (Corresponding to figure 3.12)- Comparative relationship between PCSA and mean

tendon lengths of different flexor tendons
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Tendinous interconnection in cadavers

Tendon
Hand with thickness(in
Age in years Sex interconnection cm?
93 F R 0.32
94 F L 0.55
81 M R 0.50
81 M L 0.31
90 F R 0.34
92 F R 0.24
89 M R 0.34
95 M R 0.02
78 M R 0.03
85 F R 0.82
Mean 0.33
Standard Deviation 0.23
Standard error of mean 0.04
R (Tenosynovial
85 M interconnection) 0.09

Table 3.150: Thickness of tendinous interconnection in cadavers
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Type of interconnections related to the age, sex on the hands of cadaver

Age in years Sex Side Interconnection

92 F Right FPL and FDP (index)
93 F Right FPL and FDP (index)
94 F Left FDS and FDP

85 F Right FDS (muscle-tendon-

muscle)

90 F Left Pronator teres and FDS
83 F Right Extensor carpi radialis

brevis and Abductor
pollicis brevis

Mean-89.5 years

Age in years Sex Hand Interconnection

89 M Right FDS middle and little

78 M Right 1% lumbrical and FDS

95 M Right FDS (index) and FDS
(ring)

81 M Right FCU and FDS

81 M Right Flexor retinaculum and
FDS

Mean-84.8 years

Table 3.16P: Statistics on type of interconnections, age, sex on the dissected hand of
cadaver

Relevant family history of the volunteers

Volunteer Age Sex Family history | Past or present

number of any medical history
tendinous related to the upper
interconnection | limb
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1 19 F None None
2 18 F None None
3. 19 F None None
4, 18 F None None
5. 19 F None None
6. 22 M None None
7. 18 F None None
8. 18 F None None
9. 18 F Mother has the None
same condition
on the both
hands (between
thumb and
index finger)
10. 20 F None None
11. 19 M None None
12 19 F Mother has the None
same condition
on the right
hands (between
thumb and
index finger)

Table 3.17Q: Relevant family history of the volunteers

Examination history of the volunteers

RIGHT HAND

Volunteer | Can the thumb be | When the IPJ or MCP
Number held in anatomical | joint of thumb flexes does the -
position
independently?
DIP joint of DIP joint of DIP joint of DIP joint of little
index flexes middle flexes ring flexes flexes
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1. Yes Yes Yes No No
2. Yes No Yes No No
3. Not Applicable | Not Applicable | Not Applicable | Not Applicable | Not Applicable
4. Not Applicable | Not Applicable | Not Applicable | Not Applicable | Not Applicable
5. Yes Yes No No No
6. Yes Yes No No No
7. Yes Yes No No No
8. Not Applicable | Not Applicable | Not Applicable | Not Applicable | Not Applicable
9. Yes Yes No No No
10. Yes Yes Yes No No
11. Not Applicable | Not Applicable | Not Applicable | Not Applicable | Not Applicable
12. Yes Yes No No No

Table 3.18R: Examination history of the volunteers (Right hand)
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Examination History of the volunteers:

LEFT HAND
Volunteer | Can the thumb be | When the IPJ or MCP
Number held in anatomical | joint of thumb flexes does the -
position
independently?
DIP joint of DIP joint of DIP joint of DIP joint of little
index flexes middle flexes ring flexes flexes
1 Not Applicable Not Applicable | Not Applicable | Not Applicable | Not Applicable
2. Yes Yes Yes No No
3. Yes No Yes No No
4. Yes Yes No No No
5. Not Applicable Not Applicable | Not Applicable | Not Applicable | Not Applicable
6. Not Applicable Not Applicable | Not Applicable | Not Applicable | Not Applicable
7. Not Applicable Not Applicable | Not Applicable | Not Applicable | Not Applicable
8. Yes No Yes No No
9. Yes Yes No No No
10. Yes Yes Yes No No
11. Yes Yes No No No
12. Not Applicable Not Applicable | Not Applicable | Not Applicable | Not Applicable

Table 3.19S: Examination history of the volunteers (Left hand)
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Angle of flexion between the thumb and dependent fingers

Volunt. M/F R/L Image Flexion of | Flexion of | Flexion of | Flexion of
no thumb thumb index DIP | middle
MCP (°) IPJ (°) with DIP with
thumb | thumb
IPJ (°) IPJ (°)
1 F R 0 0 0 0 0
1 0 30 12 7
2 0 82 43 35
3 69 85 70 62
2 F L 0 0 0 0 0
1 0 16 24 12
2 0 33 34 25
3 39 43 30 20
2 F R 0 0 0 0 0
1 0 21 0 19
2 0 49 0 23
3 40 50 0 30
3 F L 0 0 0 0 0
1 9 32 0 17
2 24 42 0 34
3 40 51 0 31
4 F L 0 0 0 0 0
1 0 10 15 0
2 0 27 25 0
3 0 35 30 0
5 F R 0 0 0 0 0
1 0 22 32 0
2 0 37 65 0
3 25 49 83 0
6 M R 0 0 0 0 0
1 0 12 25 0
2 0 38 30 0
3 29 43 40 38
7 F R 0 0 0 0 0
1 0 27 8 0
2 35 30 17 0
3 39 40 42 0
8 F L 0 0 0 0 0
1 10 30 0 17
2 22 38 0 37
3 32 45 0 45
9 F R 0 0 0 0 0
1 0 40 25 0
2 0 47 43 0
3 38 54 45 0
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9 F L 0 0 0 0 0
1 0 47 35 0
2 10 50 40 0
3 43 55 45 0
10 F R 0 0 0 0 0
1 0 33 30 0
2 0 39 33 18
3 30 45 29 30
10 F L 0 0 0 0 0
1 0 28 16 0
2 0 43 34 0
3 23 45 48 10
11 M L 0 0 0 0 0
1 0 32 17 0
2 0 35 50 0
3 37 40 64 0
12 F R 0 0 0 0 0
1 0 35 17 0
2 0 40 32 0
3 45 50 49 0

Table 3.20T: Angle of flexion between the thumb (IPJ, MCP) and dip of the dependent

fingers during different stages of flexion
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Tendinous interconnections in volunteers

Thickness of the tendinous

interconnection (cm)

Volunteer 2 0.2
Volunteer 3 0.1
Volunteer 12 0.2
Volunteer 9 0.2

Mean 0.175

STDEV 0.05

SEM 0.025

Table 3.21U: The thickness of the tendinous interconnections in volunteers

(following US scan)
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APPENDICES 2
Repeatability and reliability
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Physiological cross sectional area

Cadaver SEX and FPL FDS FCR FCU FDP

number SIDE of PCSAincm?2 | PCSA incm? PCSA incm? PCSA incm? PCSA incm?
hand
dissected

R1 F (Right) 0.09 0.98 0.83 0.92 2.03
F (Left) 0.08 0.94 0.78 0.82 2.08

R2 M (Right) | 0.32 1.01 0.14 0.83 2.51
M (Left) 0.63 0.9 0.88 0.74 2.08

R3 F (Right) | 0.67 0.76 1.05 0.76 2.1
F (Left) 0.48 0.78 0.85 0.76 2.28

R4 M (Right) | 0.33 0.91 0.11 0.81 2.16
M (Left) 0.51 1.75 0.82 0.82 2.4
Mean 0.38 1.00 0.68 0.80 2.20
STDEV 0.22 0.31 0.35 0.05 0.17
SEM 0.07 0.11 0.12 0.02 0.06

Table 3.22a: (Corresponding to figure 3.30)-Physiological cross sectional area of
different flexor tendons
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Relationship between PCSA and the mean mass

Cadaver | SEXand FPL FPL FDS FDS FCR FCR FCU FCU FDP FDP
number SIDE of PCSA mass PCSA mass PCSA mass PCSA mass PCSA mass
hand incm? in incm? in in cm? in incm? in in cm? in
dissected gms gms gms gms gms
R1 F (Right) 0.09 4.84 0.98 14,77 | 0.83 5.25 0.92 4,77 2.03 16.91
F (Left) 0.08 4.86 0.94 14.48 | 0.78 5.16 0.82 4.61 2.08 16.99
R2 M (Right) 0.32 3.96 1.01 1246 | 0.14 5.52 0.83 5.18 2.51 17.22
M (Left) 0.63 3.87 0.9 12.34 | 0.88 5.76 0.74 5.28 2.08 17.46
R3 F (Right) 0.67 412 0.76 13.99 | 1.05 6.8 0.76 5.93 2.1 18.5
F (Left) 0.48 4.62 0.78 1345 | 0.85 6.8 0.76 5.66 2.28 18.31
R4 M (Right) 0.33 5.54 0.91 14.33 | 0.11 5.97 0.81 4.39 2.16 17.62
M (Left) 0.51 5.78 1.75 14.34 | 0.82 5.81 0.82 412 2.4 17.42
Mean 0.38 4.69 1.00 13.77 | 0.68 5.88 0.80 4.99 2.20 17.55
STDEV 0.22 0.70 0.31 0.93 0.35 0.62 0.05 0.62 0.17 0.57
SEM 0.07 0.24 0.11 0.32 0.12 0.22 0.02 0.22 0.06 0.20

Table 3.23b: (Corresponding to figure 3.31)- Comparative relationship between PCSA and
the mean mass of different flexor muscles
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3.24c: One way ANOVA test for PCSA and mean mass
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Relationship between TCSA and mean mass

Cadaver | SEX and FPL FDS FCR FCU FDP
number SIDE of FPL Mass FDS Mass FCR Mass FCU Mass FDP (Mass
hand TCSA in TCSA in TCSA in TCSA in TCSA in
dissected in cm? gms in cm? gms in cm? gms in cm? gms in cm? gms)
R1 F (Right) 0.09 3.96 0.12 12.46 0.11 5.52 0.13 5.18 0.19 17.22
F (Left) 0.08 3.87 0.12 12.34 0.10 5.76 0.14 5.28 0.18 17.46
R2 M (Right) 0.09 4.12 0.13 13.99 0.13 6.80 0.16 5.93 0.18 18.56
M (Left) 0.08 4.62 0.11 13.45 0.13 6.81 0.16 5.66 0.19 18.32
R3 F (Right) 0.08 5.54 0.13 14.33 0.12 5.92 0.14 439 | 0.18 17.62
F (Left) 0.08 5.78 0.13 14.34 0.11 5.82 0.14 412 0.19 17.42
R4 F(Right) 0.11 4.32 0.15 15.66 0.14 5.25 0.16 5.66 0.18 16.48
F(Left) 0.12 411 0.12 15.43 0.13 5.35 0.17 5.52 0.19 16.29
MEAN 0.09 4.54 0.12 14 0.12 5.90 0.15 5.21 0.18 17.42
STDEV 0.01 0.73 0.01 1.22 0.01 0.60 0.01 0.64 0.00 0.78
SEM 0.25 0.00 0.43 0.00 0.21 0.00 0.22 0.00 0.27 0.27

Table 3.25d (Corresponding to figure 3.32)- Comparative relationship between TCSA
and mean mass of different flexor tendons
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Relationship between PCSA and mean fibre length

Cadaver | SEX and FPL FPL FDS FDS FCR FCR FCU FCU FDP FDP
number | SIDE of Fibre | PCSA | Fibre | PCSA Fibre | PCSA Fibre | PCSA Fibre | PCSA
hand length | incm? | length | in cm? length | in cm? length | in cm? length | in cm?
dissected incm in cm in cm incm incm
R1 F (Right) 6.5 0.09 3.3 0.98 6.5 0.83 4,5 0.92 15 2.03
F (Left) 6.5 0.08 3.4 0.94 6.4 0.78 4.6 0.82 1.1 2.08
R2 M (Right) 6.5 0.32 3.4 1.01 7.1 0.14 4.7 0.83 1.2 2,51
M (Left) 6.4 0.63 3.9 0.9 75 0.88 4,5 0.74 1.6 2.08
R3 F (Right) 6.4 0.67 4,5 0.76 6.6 1.05 4.1 0.76 1.6 2.1
F (Left) 6.4 0.48 4.4 0.78 6.6 0.85 4.4 0.76 15 2.28
R4 F(Right) 6.1 0.33 4.4 0.91 7.6 0.11 4.6 0.81 14 2.16
F(Left) 6 0.51 4.3 1.75 7.3 0.82 4.4 0.82 15 2.4
MEAN 6.35 0.38 3.95 1.00 6.95 0.68 4.47 0.80 1.42 2.20
STDEV 0.19 0.22 0.51 0.31 0.48 0.35 0.18 0.05 0.18 0.17
SEM 0.06 0.07 0.18 0.11 0.17 0.12 0.08 0.02 0.06 0.06

Table 3.26e: (Corresponding to figure 3.33)- Comparative relationship between PCSA and
mean fibre length of different flexor tendons
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Relationship between PCSA and mean density

Cadaver | SEX and FPL | FPL FDS FCR FCU FDP FDP
number | SIDE of | density | PCSA FDS PCSA FCR PCSA FCU PCS density | PCSA
hand gm/cm | incm? | density | incm? | density | incm? | density | Ain gm/cm- | in cm?
dissected -3 gm/cm-3 gm/cm-3 gm/cm-3 | cm? 3
R1 F (Right) 0.8 0.09 1.0 0.98 1.0 0.83 1.0 0.92 1.0 2.03
F (Left) 0.9 0.08 0.9 0.94 1.0 0.78 1.0 0.82 1.0 2.08
R2 M (Right) 0.9 0.32 1.0 1.01 1.1 0.14 0.9 0.83 0.9 2.51
M (Left) 0.9 0.63 0.9 0.9 1.0 0.88 0.9 0.74 1.0 2.08
R3 F (Right) 1.0 0.67 1.0 0.76 0.9 1.05 1.0 0.76 0.9 2.1
F (Left) 1.0 0.48 1.0 0.78 0.9 0.85 1.0 0.76 1.0 2.28
R4 F(Right) 1.2 0.33 1.0 0.91 1.0 0.11 0.9 0.81 1.0 2.16
F(Left) 1.2 0.51 0.9 1.75 1.0 0.82 0.9 0.82 1.0 2.4
MEAN 0.97 0.38 0.96 1.00 0.98 0.68 0.95| 0.80 0.97 2.2
STDEV 0.14 0.22 0.05 0.31 0.06 0.35 0.05| 0.05 0.04 | 0.174
SEM 0.05 0.07 0.01 0.11 0.02 0.12 0.01| 0.02 0.01 0.06

Table 3.27f: (Corresponding to figure 3.34)- Comparative relationship between PCSA and
mean density of different flexor tendons
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Relationship between mean mass and mean fibre length

Cadaver | SEXand FPL FPL FDS FDS FCR FCR FCU FCU FDP FDP
number SIDE of Fibre | mass Fibre | mass Fibre | mass Fibre | mass Fibre | mass
hand length | in length | in length | in length | in length | in
dissected incm | 9MS incm | 9MS incm | 9MS incm | 9MS incm | 9MS
R1 F (Right) 65 | 484 15 | 1477 65 |525 45 | 477 33 | 16.91
F (Left) 6.5 | 4.86 1.1 | 1448 6.4 |516 46 | 461 3.4 | 16.99
R2 M (Right) 65 | 3.96 1.2 | 1246 71 | 552 47 |518 34 | 17.22
M (Left) 6.4 | 387 16 | 1234 75 | 576 45 |528 3.9 | 17.46
R3 F (Right) 6.4 | 412 16 | 13.99 66 |68 41 | 593 45 | 185
F (Left) 6.4 | 4.62 15 | 1345 66 |68 44 | 566 44 | 1831
R4 M (Right) 6.1 |554 1.4 | 1433 76 | 597 46 | 439 44 | 17.62
M (Left) 6 5.78 1.5 14.34 7.3 5.81 4.4 412 4.3 17.42
Mean 6.35 | 4.69 1.42 | 13.77 6.95 | 5.88 4.47 | 4.99 3.95 | 17.55
STDEV 0.19 | 0.70 0.18 | 0.93 0.48 | 0.62 0.18 | 0.62 0.51 | 0.57
SEM 0.06 | 0.24 0.06 | 0.32 0.17 | 0.22 0.08 | 0.22 0.18 | 0.20

Table 3.28g: (Corresponding to figure 3.35)- Comparative relationship between mean

mass and mean fibre length of different flexor tendons
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Relationship between mean fibre length and mean density

Cadav | SEX and FPL FDS FCR FCU FDP | FDP
er SIDE of FPL | density FDS density FCR | dens FCU densi | Fibre | density
numbe | hand Fibre | gm/cm- Fibre | gm/cm- | Fibre | ity Fibre ty lengt | gm/cm
r dissected | length |3 length | 3 length | gm/c | length | gm/c h -3
incm incm incm | m-3 incm m-3 incm
R1 F (Right) 6.5 0.8 1.5 1.0 6.5 1.0 4.5 1.0 3.3 1.0
F (Left) 6.5 0.9 1.1 0.9 6.4 1.0 4.6 1.0 3.4 1.0
R2 M
(Right) 6.5 0.9 1.2 1.0 7.1 1.1 4.7 0.9 3.4 0.9
M (Left) 6.4 0.9 1.6 0.9 7.5 1.0 4.5 0.9 3.9 1.0
R3 F (Right) 6.4 1.0 1.6 1.0 6.6 0.9 4.1 1.0 4.5 0.9
F (Left) 6.4 1.0 15 1.0 6.6 0.9 4.4 1.0 4.4 1.0
R4 F(Right) 6.1 1.2 1.4 1.0 7.6 1.0 4.6 0.9 4.4 1.0
F(Left) 6 1.2 15 0.9 7.3 1.0 4.4 0.9 4.3 1.0
MEAN 6.35 0.98 1.42 0.96 6.95 | 0.98 447 0.95| 3.95 0.97
STDEV 0.19 0.14 0.18 0.05 0.48 | 0.06 0.18 | 0.052 | 0.51 0.04
SEM 0.06 0.05 0.06 0.01 0.17 | 0.02 0.08| 001] 0.18 0.016

Table 3.29h: (Corresponding to figure 3.36)- Comparative relationship between mean
density and mean fibre length of different flexor tendons
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Relationship between PCSA and angle of pennation

Cada | SEX and FPL | FPL FDS FCR | FCR FCU | FDP | FDP
ver SIDE of Angle | PCS PCSA Angle | PCS PCS Angl | PCSA
num | hand of Ain FDS in cm? of Ain FCU Ain eof |incm?
ber dissected pennat | cm? Angle of pennat | cm? Angle of | cm? penn
ionin pennatio ion in pennatio ation
©) nin (°) ©) nin () in (°)
R1 F (Right) 18 0.09 8 0.98 14 0.83 7 0.92 115 2.03
F (Left) 13 0.08 8 0.94 13 0.78 7 0.82 115 2.08
R2 M (Right) 13 0.32 7 1.01 13 0.14 12 083 | 115 251
M (Left) 13 0.63 7 0.9 13 0.88 12 0.74 11.5 2.08
R3 F (Right) 13 0.67 7 0.76 12 1.05 12 0.76 115 21
F (Left) 18 0.48 75 0.78 12 0.85 12 0.76 115 2.28
R4 F(Right) 18 033 0.91 13 0.11 6 081 | 115 2.16
F(Left) 18 0.51 7 1.75 13 0.82 6 0.82 115 2.4
MEAN 15.5 0.38 7.31 1.00 12.87 0.68 9.25 0.80 | 115 2.2
STDEV 2.67 0.22 0.45 0.31 0.64 0.35 2.96 0.05 0 0.174
SEM 0.94 0.07 0.16 0.11 0.22 0.12 1.04 0.02 0 0.06

Table 3.30i: (Corresponding to figure 3.37)- Comparative relationship between PCSA and

mean angle of pennation of different flexor tendons
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Relationship between the TCSA of FDP (index) and FPL at carpal tunnel

Cadaver | SEX and SIDE of Area of FPL in | Area of FDP (i)

number | hand dissected cm? incm?

R1 F (Right) 0.14 0.10
F (Left) 0.14 0.10

R2 M (Right) 0.15 0.10
M (Left) 0.15 0.11

R3 F (Right) 0.15 0.11
F (Left) 0.15 0.11

R4 M (Right) 0.15 0.11
M (Left) 0.15 0.13
Mean 0.14 0.10
STDEV 0.00 0.00
SEM 0.00 0.00

Table 3.31j (Corresponding to figure 3.38)- Relationship between the TCSA of
FDP (index) and FPL at carpal tunnel
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The area of the median nerve as it passes through the carpal tunnel

Cadaver | SEX and SIDE of Before the At the tunnel After the

number hand dissected tunnel in mm?2 in mm2 tunnel in mm?

R1 F (Right) 0.19 0.21 0.24

F (Left) 0.2 0.23 0.24

R2 M (Right) 0.11 0.11 0.15

M (Left) 0.12 0.13 0.16

R3 F (Right) 0.14 0.15 0.18

F (Left) 0.13 0.13 0.16

R4 M (Right) 0.12 0.12 0.17

M (Left) 0.12 0.14 0.15

Mean 0.14 0.15 0.18

STDEV 0.03 0.04 0.03

SEM 0.00 0.00 0.00

Table 3.32k: (Corresponding to figure 3.39)- The area of median nerve before, at

and after the carpal tunnel
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Table 3.33.1 One way ANOVA test
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Relationship between TCSA and PCSA

Cadaver | SEX and FPL FDS FCR FCU FDP
number | SIDE of FPL | PCSA FDS PCSA FCR PCSA FCU PCSA FDP PCSA
hand TCSA | incm?2 | TCSA | incm? TCSA | incm? TCSA | incm? TCSA | incm?
dissected incm? incm? in cm? in cm? in cm?
R1 F (Right) 0.09 0.09 0.12 0.98 0.11 0.83 0.13 0.92 0.19 2.03
F (Left) 0.08 0.08 0.12 0.94 0.10 0.78 0.14 0.82 0.18 2.08
R2 M (Right) 0.09 0.32 0.13 1.01 0.13 0.14 0.16 0.83 0.18 251
M (Left) 0.08 0.63 0.11 0.9 0.13 0.88 0.16 0.74 0.19 2.08
R3 F (Right) 0.08 0.67 0.13 0.76 0.12 1.05 0.14 0.76 0.18 2.1
F (Left) 0.08 0.48 0.13 0.78 0.11 0.85 0.14 0.76 0.19 2.28
R4 F(Right) 0.11 0.33 0.15 0.91 0.14 0.11 0.16 0.81 0.18 2.16
F(Left) 0.12 0.51 0.12 1.75 0.13 0.82 0.17 0.82 0.19 2.4
MEAN 0.09 0.38 0.12 1.00 0.12 0.68 0.15 0.80 0.18 2.20
STDEV 0.01 0.22 0.01 0.31 0.01 0.35 0.01 0.05 0.00 0.17
SEM 0.25 0.07 0.43 0.11 0.21 0.12 0.22 0.02 0.27 0.06

Table 3.34m: (Corresponding to figure 3.40)- Comparative relationship between TCSA
and PCSA of different flexor tendons
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Relationship between PCSA and mean tendon lengths

Cadaver | SEXand FPL FPL FDS FDS FCR FCR FCU FCU FDP FDP
number SIDE of Tendon | PCSA | Tendon | PCSA Tendon | PCSA Tendon | PCSA Tendon | PCSA
hand length | incm2 | length | incm? length | incm? length | incm? length | incm?
dissected incm incm incm incm incm
R1 F (Right) 4.6 0.09 4.33 0.98 9.7 0.83 7.9 0.92 3.1 2.03
F (Left) 4.8 0.08 4.5 0.94 8.2 0.78 7.5 0.82 3.2 2.08
R2 M (Right) 3.2 0.32 4.95 1.01 9.5 0.14 6.1 0.83 2.2 2.51
M (Left) 3 0.63 5.35 0.9 8.6 0.88 6.4 0.74 2.5 2.08
R3 F (Right) 5.7 0.67 5.1 0.76 10 1.05 8.2 0.76 1.1 2.1
F (Left) 5.9 0.48 4.95 0.78 10.2 0.85 8.1 0.76 1.3 2.28
R4 F(Right) 4.5 0.33 5.85 0.91 7.2 0.11 5.3 0.81 3.1 2.16
F(Left) 4.8 0.51 6.02 1.75 7.9 0.82 5.2 0.82 3.3 2.4
MEAN 4.56 0.38 5.13 1.00 8.91 0.68 6.83 0.80 2.47 2.20
STDEV 1.03 0.22 0.59 0.31 1.09 0.35 1.24 0.05 0.87 0.17
SEM 0.36 0.07 0.20 0.11 0.38 0.12 0.43 0.020 0.30 0.06

Table 3.35n: (Corresponding to figure 3.41)- Comparative relationship between PCSA
and mean tendon lengths of different flexor tendons
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Angle of flexion between the thumb and dependent fingers

Volunt. M/F R/L Image Flexion of | Flexion of | Flexion of | Flexion of
no thumb thumb IPJ | index DIP | middle DIP
MCP (°) ®) with with thumb
thumb IPJ | IPJ (°)
©)
Rest VR1 M L 0 0 0 0 0
Initial 1 0 20 10 7
movement
Mid 2 0 37 32 25
position
Fully 3 82 75 70 62
flexed
Rest VR2 F R 0 0 0 0 0
Initial 1 0 27 8 0
movement
Mid 2 35 30 20 0
position
Fully 3 40 45 42 0
flexed
Rest VR2 F L 0 0 0 0 0
Initial 1 10 30 17 0
movement
Mid 2 25 32 37 0
position
Fully 3 32 45 45 0
flexed

Table 3.360: (Corresponding to figure 3.42)- Angle of flexion between the thumb
(IPJ, MCP) and dip of the dependent fingers during different stages of flexion
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