GLIDING PROPERTIES OF THE FLEXOR TENDON IN ZONE 2:
TENDON REPAIR AND PULLEY RESECTION

Thesis submitted for the degree of
Doctorate of Medicine

at the University of Leicester

by

Miss Ladan Hajipour
MB ChB, FRCS (Tr & Orth)
Department of Health and Science
University of Leicester

2016



Very little grows
On jagged rocks.
Be Ground.

Be Crumbled.
So wildflowers will
come up

Where you are.

-Rumi

To

Gabiriel, for his presence.
Sathi, for his endurance.
Kobra and Ali, for their prayers.
Mr Kershaw, for his support.
Professor Dias, for his patience.

Professor Harper, for his vision.



Abstract

Title: Gliding properties of the flexor tendon in zone 2: Tendon repair and pulley
resection

Author: L. Hajipour

Flexor tendon injuries can lead to significant morbidity and the repair of such injuries
in zone 2 is technically demanding. Technical skills from bench models transfer very
well to practical use, and many mechanical simulators have been developed for

investigating optimal flexor tendon repairs.

Embalmed cadavers are markedly different from fresh human tissue, and the latter is
becoming increasingly difficult to obtain due to public concern over the handling of
tissue removed from cadavers and the risk of transmissible diseases. Pig and chicken
tendons have previously been used due to their similar anatomy to human tendons, to
allow basic repair and mechanical testing of suture techniques. Turkey tendons are
larger than chicken tendons, allowing for better handling but have not been studied or

used routinely for flexor tendon studies.

The outcome of flexor tendon repairs relies heavily on post-operative rehabilitation
and a strong, trigger free tendon repair that can withstand active movements. The
surface changes of a repaired tendon can lead to increased friction and therefore an
increased risk of rupture. There are currently no studies in the literature that have
looked at: 1) the anatomy of turkey feet and their relevance in tendon repair research;
2) surface changes to the flexor tendon following tendon repair; and 3) the effect of
pulley resection following tendon repair in paired specimens from the same animal.
There are no strong studies in the literature that show whether paired tendons from
the same animal exhibit the same gliding properties under experimental settings. This

research aims to answer these questions.



Aims

As the structure of the thesis corresponds closely to its aim they are listed at the start.

There are 6 areas for investigation in this study.

1. To study the animal model, turkey feet structure and tendons, and assess their

suitability with regards to flexor tendon experimentation.

2. To study the gliding surfaces of the flexor tendon (volar) and the corresponding
pulley under electron microscopy before and after a tendon repair in order to evaluate

the effect of the tendon repair technique on the gliding surfaces.

3. To determine if the gliding resistance of paired tendons from the same animal
behave in the same manner by measuring their gliding resistance and coefficient of

friction.

4. To evaluate the effect of a full tendon repair on the gliding resistance and coefficient
of friction (at the A2 pulley level) when compared to the intact tendon for paired
specimens, and to understand the effect of increasing the flexion angle and load

following tendon repair.

5. To evaluate the effect of sequential pulley resection on the gliding resistance and
coefficient of friction (at the A2 pulley level) when compared to the intact tendon for
paired specimens, and to understand the effect of increasing the flexion angle and

load.

6. To evaluate the individual effect of a suture knot and peripheral suture on the
gliding resistance and coefficient of friction at the A2 pulley level and to understand

the effect of increasing the flexion angle and load.

7. To understand which component of a tendon injury and repair has the most

significant effect on the coefficient of friction and gliding resistance.
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Chapter 1 - Introduction

1.1 Epidemiology and Cost Analysis of Flexor Tendon Injuries

Based on a recent epidemiological study by Clayton and Court-Brown (2008), tendon
injuries of the hand and forearm account for 20.3% of all soft tissue injuries per year.
Of these, 4.5% are flexor tendon injuries, which are commonest in males in their
second and third decades (unimodal distribution), with the incidence steadily declining
with age thereafter, whereas they remain low in women for all different age groups.
This difference has been thought to be related to higher industrial-related
occupational activities in male patients (72% of all injuries) (Clayton and Court-Brown,

2008).

Rosberg et al. (2003) investigated the cost of flexor tendon repairs in zone 2, within
and outside the healthcare sector in Sweden. Of the 135 patients that were evaluated,
68% were employed at the time of their injury, and the little finger was found to be the
most frequently injured (43%), usually with a knife (46%), whilst 30% of the injuries
were work related, with the Flexor digitorum superficialis (FDS) being the most
commonly injured (28%). The average cost of healthcare per person with active
mobilisation was estimated at €6,000, whereas for complete immobilisation
rehabilitation there were higher rates of complications and secondary surgery (40%),
and the average time away from work was 73 days. The cost outside the healthcare
sector, defined as the loss of production activity, was measured as €10,100 per person,
with treatment complications leading to a 57% increase in the total cost (Rosberg et

al., 2003).

In the UK, over £100 million is spent each year in treating hand injuries, including
flexor tendon injuries. However, the indirect expense to patients and the
consequences of permanent disability are seldom considered (Dias and Garcia-Elias,

2006).
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1.2 Anatomy of the Flexor Tendon in the Human Hand

The forearm muscles provide digital motion in the hand by means of the flexor
tendons which connect the muscle to the small bones of the fingers. The FDS has two
heads; the humero-ulnar and radial, and four long tendons come off this muscle near
the wrist and travel through the carpal tunnel. The Flexor digitorum profundus (FDP)
originates in the upper 3/4 of the anterior forearm and lies deep to the FDS muscle,

fanning out into four tendons, one to each finger (index to little fingers).

There are three phalanxes to each finger (proximal, middle and distal phalanx) and two
to the thumb (proximal and distal phalanx). The FDS and FDP insert at the base of the
middle and distal phalanx, respectively. At the base of the fingers the FDS tendon
divides (chiasma), allowing the FDP tendon to pass through in order to reach the distal
phalanx. The Flexor policis longus (FPL) and Flexor policis brevis (FPB) are inserted into
the distal and proximal phalanx of the thumb, respectively. Contraction of the FDS and
FDP in the forearm leads to flexion of the proximal inter-phalangeal joint (PIPJ) and
distal inter-phalangeal joint (DIPJ), respectively (Drake and Vogl, 2014). However, FDP

contraction leads to PIPJ and DIPJ flexion, as the tendon crosses both joints.

Finger flexor tendons are covered by a synovial sheath extending from the proximal
edge of the Al pulley to the DIPJ. The sheath is multi-layered, functions as an ultra-
filtration membrane, produces synovial fluid (rich in hyaluronate), and provides
nutrition to the tendon and also lubrication for tendon gliding (Doyle, 1989, Lundborg
and Myrhage, 1977). Other non-synovial tendons are surrounded by loose areolar
connective tissue called paratenon, lined on the inner surface by synovial cells (Jozsa
and Balint, 1978, Williams, 1986). Paratenon allows for the free movement of a tendon
against the surrounding tissues (Hess et al., 1989) and is composed of type | and type

Il collagen and elastic fibrils (Kvist et al., 1985).

Under the paratenon or tendon sheath, the entire tendon is surrounded by a fine
connective tissue sheath called the epitenon (Figure 1.1). On the outer surface, the
epitenon is adjacent to the paratenon and on the inner surface to the endotenon. The
endotenon is a thin network of connective tissue inside the tendon, which has a well-

developed crisscross pattern of collagen fibrils that binds all the individual fibres, and
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in larger units, the fibre bundles together (Elliott, 1965, Jozsa et al., 1991, Kastelic et
al., 1978, Rowe, 1985). This allows fibre groups to glide past each other and carries
blood vessels, nerves, and lymphatics to the deeper portion of the tendon (Elliott,

1965, Hess et al., 1989).
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Figure 1.1: The structure of a tendon

With permission from: Kannus (2000)

At the muscle-tendon junction (MTJ), tendinous collagen fibrils are inserted into deep
recesses formed by myocyte processes, allowing the tension generated by intracellular
contractile proteins of the muscle fibres to be transmitted to the collagen fibrils. This
complex architecture reduces the tensile stress exerted on the tendon during muscle
contraction, although due to this structural architecture it remains the weakest point
of the muscle-tendon unit (Kvist et al., 1991). The osseo-tendon junction (OTJ), where
the tendon inserts onto the bone, is composed of four zones: a dense tendon zone,
fibro-cartilage, mineralised fibro-cartilage, and bone (Benjamin and Ralphs, 1998). The
specialised structure of the OTJ prevents collagen fibre from bending, fraying, shearing

and failure (Evans et al., 1990).
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1.3 Tendon Structure

1.3.1 Tendon Cells

Tendons vary in form and can be rounded cords, strap-like bands or flattened ribbons
(Benjamin and Ralphs, 1998). When healthy, tendons appear brilliant white and have a
fibro-elastic texture, with 70% of the tendon dry mass being composed of water. The
dry component of the tendon, 30% of the total tendon mass, is composed of
tenoblasts and tenocytes, lying within the extracellular matrix (ECM) between the
collagen fibres and along the long axis of a tendon (O'Brien, 1997, Williams, 1986).
Tenoblasts are immature tendon cells and are spindle-shaped, with numerous
cytoplasmic organelles reflecting their high metabolic activity. As they age, tenoblasts
become elongated and transform into tenocytes, with a lower nucleus-to-cytoplasm
ratio than tenoblasts and decreased metabolic activity. Together, tenoblasts and
tenocytes account for 90-95% of the cellular elements of tendons (Kannus et al., 2000).
Under pathological conditions, many other cell types, such as inflammatory cells,
macrophages, and myofibroblasts, can be observed within tendon tissue (Jozsa and

Kannus, 1997).

The remaining 5-10% of the cellular elements of tendons consist of chondrocytes at
the bone attachment and insertion sites, synovial cells of the tendon sheath, and
vascular cells, including capillary endothelial cells and smooth muscle cells of arterioles

(Sharma and Maffulli, 2005).

Tenocytes synthesise collagen and all components of the ECM, and they are active in
energy generation (O'Brien, 1997). Oxygen consumption by tendons and ligaments is
7.5 times lower than in skeletal muscles (Vailas et al., 1978). The energy generation
processes, the aerobic Krebs cycle and anaerobic glycolysis, both occur in human
tenocytes (Jozsa et al., 1979, Kvist et al., 1987, Tipton et al., 1975b, Tipton et al., 1975),
although with increasing age, the metabolic pathways shift from aerobic to more
anaerobic energy production (Kannus and Jozsa, 1991). The low metabolic rate and
well-developed anaerobic energy generation capacity allow tendons to carry loads and

maintain tension for long periods of time, whilst avoiding the risk of ischemia and
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subsequent necrosis. However, a low metabolic rate results in slow healing after injury

(Williams, 1986).

1.3.2 Collagen

At least 28 different types of collagens occur within vertebrates (numbered [-XXVIII;
some with common names), together with a large group of collagen-like proteins
(Myllyharju and Kivirikko, 2001). However, type | collagen is the most abundant and is
the principal component of bone, tendons, skin, and ligaments, as well as in the
cornea. It is also found in most interstitial connective tissues, where it provides tensile
strength to tissues, regulates cell adhesion, and facilitates cell migration (Kadler et al.,

2007).

Collagens contain three polypeptide chains, which are held together by inter-chain
hydrogen bonds and arranged in hierarchical levels of increasing complexity, beginning
with tropocollagen (a triple-helix polypeptide chain). Soluble tropocollagen molecules
form cross-links to create insoluble collagen molecules, which then aggregate
progressively into microfibrils and then subsequently into collagen fibrils (diameters of
~25-500 nm) which are clearly visible via scanning electron microscopy (SEM) (Gelse
et al., 2003, Kadler et al., 2007, Shoulders and Raines, 2009). A bunch of collagen fibrils
forms a collagen fibre, which is the basic unit of a tendon (Figure 1.1) (Jozsa and
Kannus, 1997). A collagen fibre is the smallest tendon unit which is visible using a light
microscope and is aligned from end to end within a tendon (Curwin, 1997). Although
collagen fibres are mainly oriented longitudinally, fibres also run transversely and

horizontally, forming spirals and plaits (Chansky and lannotti, 1991, Jozsa et al., 1991).

The main composition of a tendon matrix is type | collagen, which accounts for 65-80%
of a tendon's dry mass, with small amounts of type Ill and IV collagen (Curwin, 1997,
Hess et al., 1989, Jozsa et al., 1989, Kirkendall and Garrett, 1997, O'Brien, 1997, Tipton
et al., 1975). Tendon-to-tendon variation is present, and within a tendon there is site-
to-site variation with regards to collagen content and type distribution (Fan et al.,

1997).

Elastic fibres account for approximately 1-2% of the dry mass of a tendon and only
10% of healthy human tendons (Carlstedt, 1987, Jozsa and Balint, 1978), whereas in
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the aorta, elastic fibores make up 30-60% of the dry weight (Kirkendall and Garrett,
1997). The fibrocartilage and mineralised fibrocartilage zones of the oseotendinous
junction contain elastic fibres (Becker and Krahl, 1978). In some pathological
conditions, such as Ehlers-Danlos syndrome and chronic uraemia, the number and
volume of the tendinous elastic fibres is increased (Jozsa and Balint, 1978, Jozsa et al.,
1979). Although the function of elastic fibres is not entirely clear, they are thought to
contribute to the recovery of the wavy configuration of collagen fibres after tendinous

stretching (Butler et al., 1978).

In human tendons the diameter of the tertiary bundles varies from 1000-3000 nm and
the secondary bundles from 150-1000 nm. The diameter of both bundle types is
directly related to the macroscopic size of the tendon, so that the lowest values are
seen in the smaller tendons, such as the flexors and extensors of the fingers and toes,
and the largest diameters in the bigger tendons, such as the Achilles and tibialis

anterior tendons (Jozsa and Kannus, 1997).

1.3.3 Extra Cellular Matrix

The ground substance of the ECM, which surrounds the collagen and the tenocytes, is
composed of proteoglycans, glycosaminoglycans (GAG), glycoproteins and several

other small molecules (Kannus, 2000) (Figure 1.2).

Proteoglycans are composed of a core protein with multiple GAG attachments, and is
attached to hyaluronic acid (HA) via a linker protein. The strongly hydrophilic nature of
proteoglycans enables the rapid diffusion of water soluble molecules and the
migration of cells. Proteoglycans can vary in consistency depending on the relative
proportions of HA and chondroitin sulphate present (Karpakka, 1991). The major
biological function of proteoglycans is derived from the GAG component of the
molecule, which provides hydration and swelling pressure to the tissue, thus enabling
it to withstand compressional forces. Proteoglycans are also involved in cell and tissue
activities, for example decorin, which is present in many connective tissues, may have

a role in regulating collagen fibril formation (Yanagishita, 1993).

Tendon tissue contains various non-collagenous proteins, such as glycoproteins, which
are macromolecules and have possess the ability to bind other macromolecules or cell
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surfaces together (Kannus et al., 1998). Adhesive glycoproteins, such as fibronectin
and thrombospondin, participate in the repair and regeneration processes within
tendons (Jozsa et al., 1991). Tenascin-C, another tendon ECM component, is thought
to play a role in collagen fibre alignment and orientation, and is found in the tendon

body and at the OTJ and MTJ (Kannus et al., 1998, Mackie and Ramsey, 1996).
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Figure 1.2: The structure of proteoglycan

Within tendons, many inorganic components involved in growth, development, and
normal metabolism of musculoskeletal structures have been detected, and these form
less than 0.2% of the tendon dry mass (Lappalainen et al., 1982, Schor et al., 1973).
The most abundant is calcium, which is 0.001-0.01% of the tendon dry weight in the
tensional area of a normal tendon, and 0.05-0.1% in the insertion zone. In pathological
conditions, such as calcifying tendinopathy, a 10 to 20-fold increase in the local calcium
level can be detected (Jozsa et al., 1989). Other components that have been identified
include magnesium, manganese, cadmium, cobalt, copper, zinc, nickel, lithium, lead,
fluoride, phosphor, and silicon. Copper has been determined to have an important role
in the formation of collagen cross-linking, while manganese is required for several
enzymatic reactions during the synthesis of connective tissue molecules, and calcium
has a key role in the development of the OTlJs, with all required for the tendon healing

process (Minor, 1980).
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1.3.4 Tendon Blood Supply

Tendons receive their blood supply from two main sources: the intrinsic systems at the
MTJ and OTJ, and from the extrinsic system via the paratenon or the synovial sheath
(Carr and Norris, 1989). The ratio of blood supplied from the intrinsic and extrinsic
systems varies from tendon to tendon (Sharma and Maffulli, 2006). For example, the
central third of a rabbit’s Achilles tendon receives 35% of its blood supply from the
extrinsic system (Naito and Ogata, 1983). At the MTJ, perimyseal vessels are unlikely to
extend beyond the proximal third of a tendon, while the blood supply from the OTJ is
limited to the insertion zone, although it communicates with periosteal vessels (Carr

and Norris, 1989).

In tendons enveloped by sheaths, branches from major vessels pass through the
vincula (mesotenon) to reach the visceral layer of the synovial sheath, where they
form a plexus that supplies the superficial and deep parts of a tendon (Jozsa and
Kannus, 1997). These penetrating vessels travel in the endotenon septae, and form a
connection between the peri- and intra-tendinous vascular networks. In the absence of
a synovial sheath, the extrinsic paratenon vessels course transversely, and branch
repeatedly to form a complex and deep vascular network (Field, 1971, Kannus, 2000,

Reynolds and Worrell, 1991) .

Tendon vascularity is compromised at the junctional zones and sites of torsion, friction
or compression. A zone of hypovascularity is present on the dorsal surface of the FDP
tendon adjacent to the volar plate and within 1 cm of the tendon insertion (Leversedge
et al., 2002). In general, tendon blood flow declines with increasing age and
mechanical loading (Astrom, 2000). During peak exercise peritendinous blood flow
reaches only approximately 20% of the maximal blood flow capacity in that area

(Boushel et al., 2000).

1.3.5 Tendon Innervations

Tendons are innervated from cutaneous, muscular, and peritendinous nerve trunks. At
the MTJ nerve fibres enter at the paratenon level, branch into the epitenon and
terminate as nerve endings on its surface. Myelinated nerve fibres function as

specialised mechanoreceptors (Golgi tendon organs) to detect changes in pressure or
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tension, and are most numerous at the insertion of tendons into the muscle (Lephart
et al., 1997). Golgi tendon organs are a delicate capsule of connective tissue that
enclose a group of large myelinated nerve fibres, which terminate between bundles of

collagen fibres of a tendon (Barr and Kiernan, 1988).

Un-myelinated nerve endings act as nociceptors (sense and transmit pain), and both
sympathetic and para-sympathetic fibres are present within tendons and control blood

flow into a tendon (Ackermann et al., 2001).

1.3.6 Tendon Biomechanics

Tendons transmit the force generated by muscle to the bone, and absorb part of the
external forces thus limiting muscle damage (Best and Garrett, 1994). Tendons are
viscoelastic tissues, which display stress relaxation (the time dependent decrease in
applied stress that is required to maintain a constant elongation) and creep (the time

dependent elongation of tissue when subjected to a constant stress) (Viidik, 1996).

The mechanical behaviour of collagen is dependent upon the number and types of
intra- and inter-molecular bonds (Fyfe and Stanish, 1992). This is best demonstrated by
the stress-strain curve of a tendon as shown in Figure 1.3. At rest, collagen fibres and
fibrils display a crimped configuration (Diamant et al., 1972). The initial concave
portion of the curve (toe region), where a tendon is strained up to 2%, represents
flattening of this crimped pattern (Butler et al., 1978). Beyond this point, a tendon
deforms in a linear fashion due to intra molecular sliding of collagen triple helices, and
the fibres become more aligned (Mosler et al., 1985). If the strain remains below 4%, a
tendon behaves in an elastic fashion, and returns to its original length when unloaded
(Curwin and Stanish, 1984). However, when the strain exceeds 4%, there is
microscopic failure within a tendon due to intra-fibril damage caused by molecular
slippage (Sasaki et al., 1999). X-ray diffraction studies have demonstrated that
molecular elongation initially leads to collagen fibril elongation, but as stress increases,
the gap between molecules increases, eventually leading to slippage of the lateral
adjoining molecules, and complete failure occurs rapidly as the fibres recoil at the

ruptured end (Best and Garrett, 1994).
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Figure 1.3: Stress-strain curve for a tendon

With permission from: Sharma and Maffulli, (2006)

The tensile strength of a tendon is related to the thickness and collagen content, and a
tendon with an area of 1 cm? is capable of bearing 500-1000 kg (Shadwick, 1990). In
the human Achilles tendon, forces of 9 KN, corresponding to 12.5 times body weight,

have been recorded during running (Komi et al., 1992).

Tendons are at the highest risk of rupture if tension is applied quickly, thereby
reducing the time for stress relaxation, and the highest forces are seen during
eccentric muscle contraction, when there is muscle elongation despite active

contraction (Fyfe and Stanish, 1992).

1.3.7 Physiological Responses of Tendons

Physical training in animal experiments has been shown to lead to an improvement in
tensile strength, elastic stiffness, weight and the cross-sectional area of tendons
(Kannus et al., 1997). These findings were found to correlate with an increase in
collagen and ECM synthesis by tenocytes. Little data exists on the effect of exercise on
human tendons; however, intensively trained athletes are reported to have thicker
Achilles tendons than control subjects (Archambault et al., 1995, Maffulli and King,
1992).

Research has shown that lower tensile strength and strain at the point of failure in
rabbit patellar tendons following injury and prolonged immobilisation was due to

tendon atrophy (Yamamoto et al., 1999). However, due to a low metabolic rate and
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vascularity, these changes occur slowly (Maffulli and King, 1992, Maganaris et al.,
2006). With age, tendon and muscle properties, such as function and strength, decline
due to aging tenocytes and the reduced production of collagen and its cross-linking,
leading to tendon stiffness (Macaluso and De Vito, 2004). However resistance training
in old age can partly reverse some of these ageing effects (Bailey et al., 1974,

Maganaris et al., 2004, Reeves et al., 2003).

1.3.8 Tendinopathy

Tendon injuries can be acute or chronic, and caused by intrinsic or extrinsic factors,
either alone or in combination. Intrinsic factors, such as alignment and biomechanical
faults, are thought to be the cause in two-thirds of athletes with Achilles tendon
disorders (Kvist, 1994). Excessive loading of tendons during vigorous physical training is
the main stimulus for degeneration, and in the presence of intrinsic risk factors can

lead to a greater risk of inducing tendinopathy (Selvanetti et al., 1997).

Tendons respond to repetitive injury with either inflammation of their sheath,
degeneration of their body, or a combination of both. Although the aetiology of
tendinopathy remains unclear, hypoxia, ischemic damage, oxidative stress,
hyperthermia, impaired apoptosis, inflammatory mediators, fluoroquinolones, and a
matrix metalloproteinase imbalance have all been implicated as mechanisms of
tendon degeneration (Benazzo et al., 2000, Bestwick and Maffulli, 2004, Birch et al.,
1997, Goodship et al., 1994, Yuan et al.,, 2003). Macroscopically, tendons lose their
normal white appearance and become grey or brown (Khan et al., 1999). Histologically,
there is a picture of disordered and haphazard healing with the absence of
inflammatory cells, non-inflammatory intra tendinous collagen degeneration, fibre
disorientation and thinning, hyper-cellularity, scattered vascular in-growth, and
increased inter-fibrillar GAG (Jozsa and Kannus, 1997). Frank inflammatory lesions and

granulation tissue are mostly associated with tendon rupture (Maffulli et al., 2000).
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1.3.9 Tendon Healing after Acute Injuries

1.3.9.1 Cellular Response

Tendon healing can occur intrinsically, via the proliferation of epitenon and endotenon
tenocytes, or extrinsically, through the invasion of cells from the surrounding sheath/
synovium, and this combination of healing makes tendon healing of zone 2 injuries
different to other tendons (Boyes, 1970, Gelberman et al., 1984, Lister et al., 1977,
Matthews and Richards, 1976, Phillips et al., 1985, Potenza, 1963, Tang et al., 2013).

During intrasynovial flexor tendon healing, the recruitment of wound repair cells may
involve diffusion from the tendon sheath, migration via an intact vinculum, and neo-
vascularisation within the tendon itself. In addition, synovial fluid may bathe the intra-
synovial tendon with nutrients and encourage the capacity to heal intrinsically
(Abrahamsson et al., 1989). Although this form of healing is ideal, a combination of

extrinsic and intrinsic healing usually occurs within injured tendons.

Despite receiving minimal injury, synovial fibroblasts in the synovial lining proliferate
to a greater extent than endotenon fibroblasts (Khan et al., 1999, Riederer-Henderson
et al., 1983). The dividing cells are fibroblasts, as macrophages only occasionally divide
outside the bone marrow (Territo and Cline, 1975). Epitenon tenoblasts also initiate
the repair process through proliferation and migration (Gelberman et al.,, 1986,
Manske et al., 1985). Internal tenocytes secrete larger and more mature collagen than
epitenon cells and the relative contribution of each cell type may be influenced by the
type of trauma sustained, tendon location, presence of a synovial sheath, and the
amount of load induced by motion following tendon repair (Fujita et al., 1992, Koob,
2002). Tenocyte function varies depending on their origin, and those from the tendon
sheath produce less collagen and GAG compared to epitenon and endotenon cells.
Intrinsic healing leads to improved biomechanics, fewer complications and better
gliding properties within the tendon sheath in contrast to extrinsic healing, where the
scar tissue results in adhesion formation and the disruption of tendon gliding (Koob

and Summers, 2002, Strickland, 1997).
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1.3.9.2 Tendon Healing Phases

Tendon healing occurs in three overlapping phases.

1)

2)

3)

In the initial inflammatory phase peak cellular apoptosis occurs within the tendons
(first week), followed by progressive tenocyte proliferation (second and third
weeks) (Lui et al., 2007). The site of injury is infiltrated by erythrocytes and
inflammatory cells (neutrophils), and phagocytosis of necrotic materials by
macrophages occurs in the first 24 hours (Wong et al., 2006). Released vasoactive
and chemotactic factors lead to increased vascular permeability, the initiation of
angiogenesis, tenocyte proliferation, and the recruitment of further inflammatory
cells (Murphy et al., 1994). Tenocytes migrate to a wound and during this stage the

strength of a repair is solely through a surgical suture and possibly a fibrin clot.

After a few days the modelling stage begins with peak type lll collagen synthesis.
Water content and GAG concentrations remain high during this stage, which lasts
for a few weeks (Oakes, 2003). Repair is highly cellular at this stage and tendon
strength is increased by the synthesis of the ECM, despite the random organisation

of collagen (Greiling and Clark, 1997).

The re-modelling stage commences after approximately 6 weeks, when the healing
tissue is resized and reshaped, while collagen, GAG synthesis and cellularity is
decreased. The re-modelling stage can be divided into the consolidation and
maturation stages (Tillman and Chasan, 1996). During the consolidation stage
(weeks 6-10) the repair tissue changes from cellular to fibrous, with tenocyte
metabolism remaining high with the synthesis of more type | collagen, and
tenocytes become aligned with the collagen fibres in the direction of stress. The
newly synthesised collagen fibres are re-organised longitudinally and change from
collagen type lll to collagen type | in the final remodelling stage (Abrahamsson,
1991, Hooley et al., 1980, Woo et al., 2000). The maturation stage begins after 10
weeks, with a gradual change in the fibrous tissue to scar-like tendon tissue over
the course of a year. Tenocyte metabolism and tendon vascularity decline during

the last half of this stage (Amiel et al., 1987).
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1.3.9.3 Effect of the Healing Process on Tenocytes

Early healing stages:

Peak apoptosis is followed by the gradual proliferation of tenocytes is noted during
this stage. In a chicken model, tenocyte apoptosis was high several days after an injury
was sustained, followed by an increase in the proliferation of tenocytes (2 to 4 weeks)
accompanied by the activation of molecular events that inhibited apoptosis (Wu and

Tang, 2013).

Middle and late healing stage:

Persistent apoptosis with the reduced proliferation of tenocytes is observed during this
stage, with a higher percentage of apoptotic tenocytes on the surface of a tendon
compared to within the core, indicating a greater need for cellular clearance and

surface remodelling in the middle to late periods (Wu and Tang, 2013).

The total cell population was found not start to decline until after day 56, and cell
apoptosis remained at a relatively high level on the tendon surface even at 3 months
but declined in the core region after 2 months. These findings indicate that active
tendon surface remodelling persists through the very late tendon healing period. The
proliferation of tenocytes declined drastically after week 4 in contrast to increased
tenocyte apoptosis, which is considered to be a major biological event in the
remodelling and restoration of the gliding surface. Tenocyte apoptosis was shown to
be greater at the junction sites of a surgical repair and tendon surface, where it is
responsible for clearing excess cells and providing a smooth gliding surface by
remodelling adhesions, but was still lower than in the first few days after surgery (Wu

and Tang, 2013) (Figure 1.4).
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Figure 1.4: Proliferation and apoptosis of tenocytes

With permission from: Wu and Tang, (2013)

1.3.9.4 Cellular Apoptosis in Adhesions

The extent of apoptosis in a repaired digital flexor tendon of a chicken 3 weeks after
immobilisation has been investigated. The percentage of apoptotic cells was found to
increase from the tendon core to the tendon surface, and the adhesion-tendon
interface. Apoptosis was found to be highest level in the adhesion core (Wu and Tang,
2013). The percentages of apoptotic cells in adhesions, at the adhesion-tendon gliding
interface, and over the junction sites of the tendon ends were 50%, 65% and 69%,
respectively. Tendons with more severe adhesions or a lower excursion, exhibited
greater apoptosis in their adhesions and adhesion-tendon interfaces. It has therefore
been concluded that cellular apoptosis may contribute to the fate of adhesions and the
outcome of tendon injuries. Similar findings have been reported for a mouse tendon
model and it is believed that the increases in cellular apoptosis at the adhesion and the
tendon-adhesion interface are associated with the effect of deformation induced by
early mobilisation; therefore, increased apoptosis at the tendon repair site would

accelerate the recovery of the smooth gliding surface (Wong et al., 2006).

1.3.9.5 Micro Dynamics of Adhesions

Wong and colleagues (2009) demonstrated that the structure of the adhesions

(plasticity and strength) can vary substantially in the course of tendon healing and
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from the middle to late healing stages the ability of adhesion tissues to resist tension
decrease and tissue flexibility increases. With persistent apoptosis of the adhesion
cells, the adhesions break more easily when a tendon is loaded during the early range
of motion. The authors suggested that digital motion is transferred to shear force over
the adhesion-tendon gliding interface, leading to continuous stimulation of cellular
apoptosis. It is therefore concluded that early motion will break up the adhesion fibres

and reduce their density and strength in the late healing stage.

1.3.9.6 Remodelling Responses

Modulators of healing, such as matrix metalloproteinases (MMP), are important
regulators of ECM remodelling, and their local levels at an injury site affect collagen
formation and degradation at different stages of tendon healing (Riley et al., 2002).
Inflammation provokes the release of growth factors and cytokines from platelets,
leukocytes, macrophages and other inflammatory cells, which in turn can induce neo-
vascularisation, stimulate fibroblast and tenocytes proliferation, and promote collagen

synthesis (Evans, 1999, Molloy et al., 2003).

Nitric oxide is a short-lived free radical, which is bactericidal, can induce apoptosis in
inflammatory cells, and causes angiogenesis and vasodilatation (Evans et al., 1996,
Ziche et al., 1994). Nitric oxide synthase is responsible for synthesising nitric oxide
from L-arginine (an amino acid), and studies have shown that levels of nitric oxide
synthase peak 7 days after, and return to baseline 14 days, after tenotomy of a rat
Achilles tendon (Murrell et al., 1997). Inhibition of nitric oxide synthase has been
shown to reduce tendon healing, decrease the cross-sectional area of a tendon, and

reduced a tendon's load to failure (Murrell et al., 1997).

Substance P and calcitonin gene-related peptide (CGRP) are pro-inflammatory
substances, and are also forms of MMP, that peak during the proliferative phase of
tendon healing and cause vasodilation and protein extravasation (Brain et al., 1985,

Nakamura-Craig and Smith, 1989).
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1.4 Tendon Sheath

All flexor tendons in the hand are covered by a double layered tendon sheath. The
layer in contact with the tendon and the pulley are called the visceral and parietal
layers, respectively. The granular structure of the visceral layer is found to be
responsible for the production and removal of synovial fluid (Inoue et al., 1976), which
improves the gliding properties and provides nutrition to intact or injured intra-
synovial tendons (Tang, 2013). Studies have shown that an autogenous tendon sheath
graft, in the presence of both tendon and tendon sheath injury, can lead to better
tendon healing, a lower in-growth rate of adhesions from the damaged tendon sheath,
and therefore lower friction at the tendon-pulley interface (Tang et al., 2013, Tang et

al., 1990, Tang et al., 1993).

1.5 Pulley Anatomy

Doyle and Blyth's work in 1975 identified four annular and three cruciate pulleys but
this was later revised by Hunter (Ochiai et al., 1979) with the addition of an extra
annular pulley. Pulleys are fibrous bands with either a ring or cruciform configuration.
The A1, A3, and A5 pulleys originate from the volar plate and the adjacent bones of the
MCPJ, PIPJ and DIPJ, respectively.

The A2 and A4 pulleys span over the diaphyseal section of the proximal and middle
phalanges, respectively. They are stiffer, broader and shorten less during finger flexion
than other pulleys, reflecting their function in keeping the flexor tendons close to the
axis of joint motion (Lin et al., 1989). The average lengths of the annular pulleys are 7.9

mm (A1), 16.8 mm (A2), 2.8 mm (A3), 6.7 mm (A4), and 4.1 mm (A5) (Doyle, 1989).

The cruciate pulleys are C1 (at the end of the A2 pulley), C2 (between the A3 and A4
pulleys) and C3 (at the distal end of the A4 pulley) (Figure 1.5). The cruciate pulleys are
composed of oblique fibres that inter-digitate with the adjacent annular pulleys. They
are relatively flexible, which allows them to shorten or collapse during finger flexion in

order to protect the annular pulleys (Dy and Daluiski, 2013).
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Figure 1.5: Pulley structures in a human finger

With permission from: Zidel, (2007)

The pulley system maintains the flexor tendon close to the bone, allowing the
conversion of the linear motion of the flexor tendon to the angular movement of the
digit. The annular pulleys minimise the amount of tendon excursion that is required for
finger flexion, therefore avoiding bowstringing of the tendon during digital flexion.
However the A2 and A4 pulleys are most important for optimal efficiency of the flexor

tendons (Clark et al., 2010, Doyle, 1988, Peterson et al., 1986, Rispler et al., 1996).

A pulley consists of three layers, with the inner layer secreting HA to promote tendon
gliding and characterised by collagen bundles parallel to the flexor tendon (Figure
1.6A). Electron microscopy investigations of this layer have revealed cartilaginous and
glandular cells to be present among the collagen fibres (Sbernardori et al.,, 2007)
(Figure 1.7A).The middle layer is characterised by a large amount of elastin fibrils, in
addition to densely packed collagen fibres that are arranged perpendicular to the axis
of the flexor tendon (Figure 1.6B). This layer provides structural support to the pulley
and does not produce HA. The outer layer is composed of loosely arranged areolar
tissue with numerous fine capillary networks, and this layer provides nutrition to the

pulley and does not contain any elastic fibres or HA (Ellis et al., 1995).
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Figure 1.6: Cross section of the annular pulley
A: Longitudinal, B: Transverse.

With permission from: Ellis et al. (1995)

In the pathological condition of trigger finger, abnormal mechanical forces between
the tendon and the pulley or an abnormality in the tendon can lead to impingement of
the tendon as it tries to slide under the proximal ridge of the pulley, leading to
significant fragmentation of the deep layer (Bilos et al., 1977, Gordon, 1981, Schlenker
et al., 1981) (Figure 1.7B).

Figure 1.7: SEM of a pulley

A) normal pulley (x400), B) pathological pulley (x200)

With permission from: Sbernardori et al. (2007)

Although any compromise of the A2 or A4 pulley raises the risk of bowstringing, recent
studies have suggested that these pulleys can be partially incised without substantial
effects on the work of flexion or tendon excursion (Mitsionis et al., 1999, Savage, 1990,

Tang, 1995, Tomaino et al., 1998).
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Mitsionis et al. (1999) demonstrated using a cadaveric model that 25% of both the A2
and A4 pulleys can be released, either alone or in conjunction, without a significant
loss of finger flexion. They suggested that more aggressive release of up to 75% may
still provide finger motion that is clinically acceptable. In animal models complete
incision of the A2 pulley has been shown to improve tendon excursion and decrease
the work of flexion compared with an intact or expanded A2 pulley (Tang et al., 2001,
Tang et al., 2007). A further study has shown that complete release of the A4 pulley
does not substantially increase the work of flexion or tendon excursion in a cadaveric

model (Franko et al., 2011).

These biomechanical studies have been supported by clinical reports advocating the
intentional release of the A4 pulley to facilitate flexor tendon repair and have provided
important knowledge for surgeons during difficult acute flexor tendon repair and
insight into the available options for flexor pulley reconstruction (Tang et al., 2007).
There seems to be a leniency within the flexor pulley system that was not previously
appreciated and patients may be able to tolerate some compromise of their pulley
system, even within the A2 and A4 pulleys, thereby allowing them to avoid pulley

reconstruction (Dy and Daluiski, 2013).

Although this developing knowledge does not change current practice and the
indications for flexor pulley reconstruction, it allows a surgeon to tailor the approach
to the number of pulleys that are required to be released following acute tendon

repair or reconstructed at a later date.

1.6 Flexor Tendon Zones

Verdan (1972) described five flexor tendon zones in the hand based on anatomic
factors and the outcome of tendon treatments: zone 1 is distal to the insertion of the
FDS tendon and only contains the FDP tendon; zone 2 begins at the proximal margin of
the Al pulley and extends to the FDS insertion at the base of the middle phalanx; zone
3 is between the distal margin of the carpal tunnel and the proximal margin of the Al
pulley; zone 4 is within the carpal tunnel; and zone 5 is proximal to the carpal tunnel

(Figure 1.8).
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Figure 1.8: The five zones of flexor tendon

With permission from: Zidel, (2007)

Bunnell (1956) described zone 2 as ' No man's land' in order to emphasise the poor
outcome for these injuries following surgery. Tang (1990) has revised this zone into
four subdivisions: 2A, from the distal margin of the FDS insertion to the proximal
margin of the insertion; 2B, from the proximal margin of the FDS insertion to the distal
border of the A2 pulley; 2C, the area covered by the A2 pulley; and 2D, from the

proximal border of the A2 pulley to the proximal margin of zone 2. The 2D zone is the

narrowest part of the pulley system (Figure 1.9).

lé—2D 2 CIH2BH}2A9 Sub-zones

Figure 1.9: Subdivision of zone 2, 'No man's Land'

With permission from: Tang, (1990)
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The A2 and A4 pulleys are found to be stiffer and less deformable when loaded, until
failure (Lin et al., 1990). Tendon repair where the pulley is at the narrowest and the
stiffest can lead to tendon triggering, gap formation from excess friction, tendon

adhesion, subsequent tendon rupture, and therefore a poor outcome.

1.7 Flexor Tendon Repair

The aim of flexor tendon repair is to achieve the early restoration of active digital
flexion, while avoiding complications, such as excess friction at the repair site, rupture
of the repaired tendon and formation of adhesions or joint contracture (see Section

1.10).

Although current repair methods may vary, some principles are universal, such as
using strong core sutures, ensuring knot security, achieving secure suture-tendon
junctions, creating a tighter tension over the repair site, ensuring sufficient core suture
purchase (1.0 cm) and pulley venting to avoid triggering of the repaired tendon at the

entry and exit site to the pulley (Tang, 2012, Tang et al., 2005, Wu and Tang, 2012).

1.7.1 Suture Materials and their Properties

Two factors are involved in producing a strong mechanical tendon repair: the suture
material used and the technique. The ideal suture material for a tendon repair should

possess the following six characteristics (Trail et al., 1989):

1. High tensile strength.

2. Easily knotted, with minimal loss of strength after knotting.

3. Inextensible, to prevent ‘gapping’. Gapping is a phenomenon that occurs in a
sutured tendon when the divided ends separate under load, without mechanical
failure of the repair itself.

4. Minimal tissue response to the suture material.

5. Absorbable later, maintaining tensile strength in the early phases of healing but
disappearing when tendon repair is complete.

6. Easyto use.

In the past two decades both braided polyester (McLarney et al., 1999, Savage, 1985,

Silfverskiold and Andersson, 1993, Trail et al.,, 1992) and monofilament nylon
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(Greenwald et al., 1994, Komanduri et al., 1996, Tang et al., 2001, Wagner et al., 1994)
have been used for core tendon repair. Both sutures, for the same suture calibre, have
a relatively high load to failure when unknotted, ~19N and 12N, respectively. Both
suture materials are suitable for tying a surgeon's knot (Figure 1.10) and for the
security of the knot an additional three throws for a braided polyester suture and
three to four throws for monofilament nylon are recommended. However, when
knotted the load to failure is significantly reduced, ~10N and 8N, respectively, with
monofilament nylon being the weakest suture material when knotted (Trail et al.,

1989).

Muffly et al. (2009) investigated the end length of a suture distal to the knot. Knots
with an end length of 0 mm were found to come untied significantly more often than
either 3 or 10 mm knots; and coated suture materials were more prone to untying

than uncoated sutures due to the presence of a silicon cover.

Figure 1.10: The surgeon’s knot

With permission from: Trail et al. (1989)

Trail et al. (1989) demonstrated that braided polyester sutures gave the least
elongation at failure (*33 mm) compared to monofilament nylon (~*60 mm). In
addition, monofilament nylon sutures led to increased gapping at the repair site

following tendon loading, which can have an adverse effect on tendon healing.

Any suture material used in tendon repair should elicit a minimal inflammatory
response in order to reduce the amount of adhesions and subsequent friction at the
tendon-pulley interface. Srugi and Adamson (1972) investigated the inflammatory
response of different suture materials within canine flexor tendons. Nylon resulted in
the smallest inflammatory response, while other suture materials, such as stainless

steel, polyester and chromic catgut, produced between 2-2.5 times the response to
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nylon, with silk sutures causing the most intense cellular reaction (14 times that of

nylon).

The time required for a repaired human flexor tendon to achieve sufficient tensile
strength to allow it to be independent of a suture repair is unknown, and it is for this
reason that absorbable sutures are avoided by many surgeons. Bourne et al. (1988)
found that the tensile strength of a strong absorbable suture constructed from
polydioxanone (PDS) only lasted for six weeks, and therefore was unable to maintain

its tensile strength during the crucial healing stage (up to 12 weeks).
Finally, different surgeons prefer different suture materials based on their ease of use.

1.7.2 Core Suture Techniques

Primary or delayed primary repair is standard practice in digital flexor tendon repair.
Direct end-to-end repair using a multi-strand core suture (2-strand, 4-strand, 6-strand,
or 8-strand repair) can be used (Figure 1.11), and the repair strength can be increased
by increasing the number of strands bridging the repair, with numerous techniques
having been developed to achieve this (Al-Qattan and Al-Turaiki, 2009, Angeles et al.,
2002, Aoki et al., 1995, Dinopoulos et al., 2000, Gill et al., 1999, Kusano et al., 1999,
Lee, 1990, Manchio et al., 2009, Savage, 1985, Shaieb and Singer, 1997, Viinikainen et
al., 2007). However, multi-strand repairs are complex, time-consuming and involve
repetitive tendon handling, with the repeated passage of needles and sutures through

a tendon leading to a significant iatrogenic injury to an already injured tendon.

It has been shown that a larger diameter suture is stronger (Taras et al., 2001), that
locking loops have a stronger hold on a tendon (Xie and Tang, 2005, Xie et al., 2005),
that better suture purchase has an effect (Cao et al., 2006, Tan and Tang, 2004), and
that a running finishing stitch improves gap resistance (Lin et al., 1988). It has also
been demonstrated that low profile repairs where there is less suture material visible
on the surface of a tendon, such as the modified Kessler (MK) repair, have less gliding
resistance (GR) than high profile repairs (Zhao et al., 2001), and that monofilament
suture materials, such as nylon, have less GR than braided suture materials, however
they can lead to larger gap formation. A size 3-0 or 4-0 suture is recommended for
core sutures during flexor tendon repairs (Tang, 2012). Core sutures are better applied
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on the volar 2/3 of a flexor tendon to avoid injury to the vincula and on the dorsal

region of a tendon.

Figure 1.11: Different core suture methods

(A) modified Pennington suture, (B) 4-strand double Tsuge suture. Both (A) and (B) are used in
the Mayo Clinic. (C) Eight-strand Gelberman-Winters suture used in Washington University in
St Louis (MO). (D) Cruciate repair used in the Hospital of Special Surgery, New York (NY). (E) A
modified Strickland, a 4-strand repair made up of a locking Kessler repair and a horizontal
mattress suture, used in the Stanford University Medical Centre. (F) Strickland suture.

With permission from: Tang et al. (2013)

The effect of the core suture technique on the GR during cyclic motion following flexor
tendon repair has been studied. A comparison between the Modified Kessler (MK)
suture and the Massachusetts General Hospital (MGH) repair (Figure 1.12)
demonstrated that the MGH repair had a higher GR and lower load to failure

irrespective of the suture calibre and material (Moriya et al., 2010). This may be
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directly related to the presence of suture knots and excess suture material on the
gliding surface of the flexor tendon. For this reason the locked Kessler suture

technique was recommended for core sutures in preference to MGH suture.

Figure 1.12: Core suture techniques
(A) Modified Kessler core suture, (B) Massachusetts General Hospital Suture Technique.

With permission from: Moriya et al. (2012)

1.7.3 Circumferential Suture Techniques

A shortcoming of a core suture used in isolation is that a gap can form at the tendon
ends without slippage of the suture anchor points, owing to concertinaing of the
tendon ends, which predisposes the tendon edges to snag when gliding under the
pulley. This gap formation and snagging can be corrected by a peripheral suture (Diao
et al.,, 1996, Merrell et al., 2003, Nelson et al., 2012, Sandow and McMahon, 2011).
The ‘simple’ peripheral suture (Figure 1.13A) was introduced by Kleinert as a method
of smoothing and tidying-up the tendon ends, and a size 6-0 suture is recommended

for peripheral sutures in flexor tendon repairs (Tang, 2012).

Wade et al. (1989) showed that the forces required to create an initial gap following

tendon repair in human flexor tendons were as follows:

1. Two-strand MK core suture alone, 3.4 N (0.34 kg).
2. Two-strand core suture with a simple running peripheral suture, 22 N (a six-fold

increase).
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3. Two-strand core suture with a Halsted peripheral suture, 39 N (a 10-fold increase

from the core suture alone).

Silfverskiold and Andersson (1993) confirmed the mechanical benefit of a simple
peripheral suture and described a cross-stitch peripheral suture (Figure 1.13B) with
greater strength (50 N for a 2 mm gap and 60 N at ultimate failure) for sheep flexor
tendons with no core suture. An improvement of the cross stitch with interlocking
anchor points (Figure 1.13C) prevented the narrowing of the transverse strands and

provided an additional 26% strength (Dona et al., 2003).

Hirpara et al. (2007) studied core sutures without a peripheral suture in pig flexors: the
two-strand, four-strand and six-strand core sutures, using 4-0 polyester (Ethibond;
Ethicon, Somerville, NJ, USA). In a second series of experiments a Silfverskiold
peripheral suture (using 6- 0 nylon) was added to each core suture. There was little
difference in bulking related to the core sutures alone, with a slight increase when a
Silfverskiold peripheral suture was added. The force to produce a 3 mm gap in the two
strand, four strand and 6 strand repairs was 2 N, 2 3N and 44 N, respectively. With the
addition of a Silfverskiold peripheral suture the results were 38 N, 58 N and 82 N,
respectively. The ultimate force was larger for the core and peripheral suture, but was
recognised as a pointless measurement in relation to clinical practice because at this
point the repair was stretched and functionally useless. The authors commented that
any repair in which less than 40 N produced a 3 mm gap in a static test was inadequate

for early active mobilisation.

The effect of a different circumferential suture has been studied by Gulihar et al.
(2012). Thirty flexor tendons and A2 pulleys were harvested from turkey toes and the
GR was measured for all intact tendons and following 50% laceration and repair. The
study used the MK technique for the core suture and three different peripheral suture
techniques: Silfverskiold, Halsted and a simple running suture. The increase in GR
following a full tendon repair compared to the intact tendon was 100% with the
Halsted repair, 80% with the Silfverskiold repair and 60% with a running suture (p =
0.05). The authors concluded that a simple running suture had a lower GR compared to

the other techniques.
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However, a recent study has shown that a strong core suture with appropriate tension
over the repair site may be strong enough to avoid the need for peripheral sutures and
that strengthened but simpler sutures, appropriate pulley venting and early

rehabilitation is the way forward in treating these injuries (Elliot and Giesen, 2013).

Figure 1.13: Peripheral sutures
(A) Simple running, (B) Silfverskiold cross stitch, (C) Interlocking horizontal mattress.

With permission from: Savage (2014)

1.7.4 The Cellular Effect of Sutures on Tendons

Wong et al. (2006) studied the effect of a single interrupted suture on a tendon at the
cellular level and demonstrated an ‘acellular zone’ at days 1, 3, 5, 7 and 14 after a
suture was inserted which persisted over 14 days. The placement of an untied suture
in a tendon did not produce this effect but applying the tied knot did. The authors
explained that the rapidity of onset suggests that cells move from the zone of injury
and strain into less mechanically strained tissue. This phenomenon highlights biological
events that must be considered in parallel with the current trend for multi-strand

locking flexor tendon suture repairs.
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1.8 Pulley Venting

In the past 10 years theories concerning the treatment of the pulleys have changed.
When the level of tendon repair is within a pulley or when a repaired tendon cannot
be moved passively through its full excursion without triggering on the edge of a

pulley, then partial pulley venting is required.

Preservation of the entire A2 pulley can be harmful when there are oedematous
tendon ends. Pulley venting leads to improved tendon gliding, reduced repair site
loading during rehabilitation, allows room for post-operative tendon oedema, and
reduces the work of flexion (Franko et al., 2011, Tang et al., 2009, Zhao et al., 2000).
However, excessive pulley resection can lead to inefficient flexor tendon function and
subsequent tendon bowstringing. The exact amount for safe pulley resection that
allows a low GR and friction at the level of a tendon repair and pulley interface is not
clear. Tanaka et al. (2004) used a human cadaveric study to show that up to 50% of the
A2 pulley, in the presence of other intact annular pulleys, can be incised to facilitate
exposure, tendon repair and improve tendon gliding with little increase in GR (Figure
1.14). In one study resection of 25% of the A2 pulley and 75% of the A4 pulley was
found to be safe without resulting in a significant effect on angular rotation (Tomaino

et al., 1998).

Venting —
ente
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Figure 1.14: Venting major pulleys
With permission from: Wu and Tang (2013)

Kwai Ben and Elliot (1998) looked at 126 fingers with complete division of one or more
tendons in zones 2A and 2B. After completion of the repair the finger was moved
passively through a full range of motion and the repair was observed for catching on

the proximal edge of the A4 or distal edge of the A3 pulleys. When this occurred, the
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pulley was vented along the lateral edge (Figure 1.15) for as much of its length as was
necessary to allow a full and trigger free range of motion of the repair. In total, 81
(64%) of repairs required some degree of venting of either the A2 or A4 pulley. During
this study it was noted that the length of the FDS insertion and its relationship with the
A4 pulley was variable, and 27% of the fingers had an FDS insertion completely
proximal, while 73% showed the expected pattern whereby the FDS insertion was
partially beneath the A4 pulley. These observations make it apparent that the A4
pulley and the FDS insertion cannot both be used to define the boundary between
zones 1 and 2. Zone 1 must be considered as the area distal to the FDS insertion
(Verdan, 1972), and not the whole length of the A4 pulley as the level of attachment of

the FDS tendon under the A4 pulley is variable.

Flexor tendon Venting the pulley

from the side

Proximal phalange
cross section

Figure 1.15: Lateral pulley venting
With permission from: Dona and Walsh (2006)

1.9 Post-Operative Rehabilitation

Mobilisation following tendon repair is required to avoid tendon adhesions and
subsequent friction at the tendon-pulley interface. Studies have shown that early
mobilisation of tendons can improve the healing process, the strength of the repair,
and encourage more rapid tendon healing under the influence of longitudinal forces
(Duran and Houser, 1975, Gelberman et al., 1991, Seyfer and Bolger, 1989, Strickland,
2005, Strickland and Glogovac, 1980, Tanaka et al., 2005).

Early passive motion (EPM) protocols were designed based on the theory of Duran and

Houser (1975), that 3 to 5 mm of tendon excursion can decrease tendon adhesion
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formation. Both passive and active rehabilitation regimes begin with basic wound care,
oedema control, and a custom-fabricated dorsal blocking orthosis (DBO). The
difference between the active and passive rehabilitation groups is that in active motion
rehabilitation, active contraction of a muscle unit leads to the excursion of the tendon
with the absolute and relative excursion of the tendons being greater than the passive
motion (Korstanje et al., 2012). Combined active-passive motion regimes are the
mainstay of current post-operative care, but the details of the exercise protocols are
variable and in practice purely early passive motion has declined. An adequate and
strong tendon repair is necessary before an active post-operative rehabilitation

program is recommended to avoid tendon gap and rupture during rehabilitation.

There are four tendon rehabilitation programmes:

1. Complete immobilisation

This protocol is used in children from birth to 10 years old and for patients who cannot
cognitively comprehend and comply with the rehabilitation process. The period of
immobilisation is case dependent and is overseen by both a hand therapist and

surgeon.

2. Duran regime (passive flexion and extension)

This protocol (Duran and Houser, 1975) originally used a DBO with rubber band
traction. In modified versions of the Duran protocol a strap is used (Figure 1.16) to
hold the digits (instead of the rubber band traction), thereby keeping the fingers in
extension when not exercising (20° of wrist flexion, 70° of metacarpophalangeal joint
(MCPJ) flexion and the inter-phalangeal joints (IPJ) in neutral). Once oedema is
controlled a patient can complete repetitions of PIP and DIP passive flexion/extension,
inside the DBO, every two waking hours. At 3.5 weeks the patient is allowed active
finger flexion/extension in the DBO and at 4.5 weeks wrist and digital flexion/extension
exercises are completed outside the DBO. At 5.5 weeks the DBO is discontinued and at
6 weeks passive extension stretching and proximal blocking exercises are added to the
treatment regimen, finally at 8 weeks resisted exercises are introduced. This modified

Duran protocol is still used in many units in the US (Clancy and Mass, 2013).
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Figure 1.16: Modified Duran dorsal blocking orthosis
With permission from: Clancy and Mass (2013)

3. Kleinert regime (passive flexion and active extension)

The original Kleinert regime was introduced in 1967. A dorsal protective splint was
applied after flexor tendon repair with the wrist flexed to 45°, and the MCPJ and PIPJ
flexed to 20° for 4 weeks. Elastic traction was applied from the fingernail to the volar
forearm to allow for active extension and passive flexion of the finger. Exercises were
recommended twice daily with 6-8 repetitions. At week 5 the splints were
discontinued for the wrist cuff with elastic traction, allowing gentle active extension/
passive flexion of the fingers, and at week 6, all splints were removed and active
motion was commenced. However, this regime led to poor mobilisation of the DIPJ
(Kleinert et al., 1975) and was therefore modified. The changes included placing a
palmar bar to position the DIPJ into composite flexion, increasing the exercises to
hourly, gradual correction of the wrist flexion to neutral in the DBO and application of
a night splint to prevent flexion contracture. Light resistive exercises commenced with
progression to work simulation in the eighth week. The application of the Kleinert
protocol requires good custom orthotic fabrication skills and experience of recognising
tendon adhesions. The use of a rubber band leads to digital joint flexion contracture
and due to its complexity increasingly fewer surgeons use this protocol (Clancy and

Mass, 2013).

4. Belfast protocol (early active flexion and extension)
The early active motion protocol was first introduced by a group of surgeons in Belfast
(Small et al., 1989), and it has been confirmed that the absolute and relative excursion

of the tendons was greater with active motion protocols (Korstanje et al., 2012). In this
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regime a dorsal blocking splint is applied at day 2 after surgery with the wrist in full
flexion minus 30°, MCPJ at 90° flexion and IPJ at 0°. More recent modifications of this
regime have a less extreme flexion posture. Early active exercises commence 2 hourly
with two active flexion movements in the air (PIPJ to 30° and DIPJ to 5-10°), then two
passive flexion movements into the palm, and two active extension movements back
into the splint. At 6 weeks the splint is discontinued and active flexion exercises are
commenced. At 8 weeks, strengthening and passive extension exercises are instituted

as needed and at 12 weeks a patient may return to work and unrestricted activities.

There are many early active protocols described in the literature which attempt to
control the active motion by different means. (Gratton, 1993, Pettengill, 2005,
Silfverskiold and May, 1994). The series reported by Silfverskiold and May (1994) from
Gotenburg in Sweden, show the best results from a civilian unit anywhere in the world,
and features of Kleinert, Duran—Houser and the Belfast techniques of mobilisation are

used in combination.

1.10 Complications

Any surgical procedure performed on the hand carries the risk of infection, wound
breakdown, scar sensitivity, injury to blood vessels and nerves, joint swelling and
stiffness, and chronic regional pain syndrome. With regards to flexor tendon repair,
there are three additional potential complications and the aim of treatment is to

reduce the risk of gap formation, tendon rupture and adhesion formation.

1.10.1 Tendon Rupture

Harris et al. (1999) reported 3-6% flexor tendon rupture after primary repair and early
active mobilisation. The ability of a tendon suture to withstand early active motion
forces was considered the most important factor in avoiding tendon rupture. However,
a patient's behaviour in the early post-operative period had a strong correlation with
the rate of tendon rupture. More than half of the tendon ruptures were reported to
have occurred following an act of stupidity (while wearing the splint), following
activities that they were advised to avoid and up to 9 weeks following surgery. The

authors advised that:
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a) The current practice of wearing a splint continuously for 4-5 weeks should be
continued.
b) Light grasping activities should start only after 8 weeks.

c) Heavy manual labour should be avoided until 12 weeks after surgery.

1.10.2 Gap Formation

The presence of a gap between the ends of the repaired tendon following
rehabilitation can lead to tendon rupture, healing with an increased length, adhesion
formation, increased friction, loss of movement and poor outcomes. When considering
that 1.3 mm of tendon movement equates to 10° of angular joint movement, a 5 mm
lengthening could cause a 65° loss of movement (Ejeskar, 1982, McGrouther and

Ahmed, 1981).

Small tendon gaps of 1 mm or less have little effect, but gaps of 3 mm or more can
completely block tendon motion beyond the limits of any repair strength (Drape et al.,
1996, Gelberman et al., 1999, Silfverskiold et al., 1992). Current research indicates that
a core suture and a full circumferential suture, specifically of an interlocking style, has
better strength under cyclic loading with a lower risk of gap formation (Takeuchi et al.,

2010, Takeuchi et al., 2011).

1.10.3 Adhesion

An adhesion is a tissue bridge formed between a flexor tendon and the surrounding
tissue following an injury or repair. Adhesions lead to gliding restrictions and higher
frictional forces, therefore a larger force is required to move a tendon, which in turn

can be higher than the load to failure of a freshly repaired tendon.

Branford et al. (2011) showed that the quality of adhesions is highly dependent upon
the level of post-operative mobilisation. The authors noted a statistically significant
increase in structural stiffness and load to failure of immobilised adhesions (140% and
160%, respectively) compared to that for mobilised adhesions. This confirms the
previous understanding of the cellular changes that occur following early mobilisation,

leading to cellular apoptosis at the adhesion site.
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1.11 Gliding Resistance and the Coefficient of Friction

Friction is a force measured in Newtons and presents as various types, e.g. static,
kinetic, and rolling. Friction is essentially an electrostatic force between two surfaces,
only responding to motion and acting in parallel to the surfaces that are moving with
respect to each other. Friction is dependent on the types of materials that are in
contact (U1 - the coefficient of friction) and the net force pressing the two surfaces
together (N) but is independent of the total surface area of contact if both surfaces are

constructed from the same material.

The GR between a tendon and pulley reflects the roughness of the tendon surface
after tendon repair, as well as any disruption of the tendon size or shape due to injury
or repair (Zhao et al., 2001). It is measured by subtracting the forces at the two ends of

the tendon (GR=F2-F1).

1.11.1 Uchiyama Method for Measuring Friction

Uchiyama et al. (1995) developed a method for measuring the GR of a tendon in vitro
and therefore the coefficient of friction (CF) of the tendon-pulley interface. Measuring
tendon friction is relatively straightforward. If a tendon is sliding under a pulley against
a fixed load, then the force on the distal end of the tendon between the load and the
pulley is equal to the load, while on the proximal side of the pulley, the force on the
tendon (if it is moving) is equal to the load plus friction, so it is therefore a higher
value. By attaching load transducers to a tendon proximal and distal to the pulley
followed by applying a fixed load, it is possible to measure the frictional force while the

tendon glides under the pulley (Figure 1.17) (An et al., 1993, Uchiyama et al., 1995).

In Figure 1.17 the proximal phalanx and its attached A2 pulley are mounted in the
centre of the experiment frame, and the FDP tendon passes through the pulley at a
proximal angle of 30° and a distal angle of 20°. Force transducers are attached to the
proximal and distal ends of the tendon. The proximal transducer F2 is attached to a
mechanical actuator, which can pull the tendon proximally or release it to move
distally under the influence of a distal load. The distal transducer F1 is attached

between the tendon and the load. When the tendon is moved towards the actuator
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the force recorded at F1 is equal to the load, and the force at F2 is equal to the load

plus the friction force.

Pulley
5
weE| 20"
S\ 2
Mechanical nggon
Actuator -
& Linear b
Potentiometer

Figure 1.17: Tendon friction testing device

With permission from: Uchiyama et al. (1995).

A tendon sliding through a curved pulley is similar to a belt wrapped around a fixed
mechanical pulley, where the total arc of contact between the cable and the pulley is ¢
and the tensions in the belt are F1 and F2 on each end (Figure 1.18). If the motion of
the cable is from F1 to F2, then F2 is greater than F1 due to friction (f), and f=F2-F1.
When excursion of the tendon cable is in the direction of M, F, is greater than F, and is
equal to F; plus the GR of the tendon (f).

F2=F1+f
Tension F, is related to F; as a function of the CF (1) and the arc of contact (¢).

F2 = Fle*?
From these two equations the frictional force can be obtained from F;.

f=F2—F1= F1(et¥-1)

The frictional co-efficient can be measured by taking the natural logarithm of the ratio

of F, and Fi.

p=Lnl[(F2/FD]/¢
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Figure 1.18: Diagram of a belt around a pulley

With permission from: Uchiyama et al. (1995).

Normally, the friction between a human finger flexor tendon and a pulley is very low,
about 0.1 N, or 10 g of force (Uchiyama et al., 1995). This is the amount of force that is
needed to move the tendon, over and above the tension needed to counter the weight
of the moving part (a phalanx, finger, or hand, as the case may be). This frictional force
is less at lower angles of tendon—pulley contact, and higher at greater angles because
the frictional force is proportional to the load applied to the pulley, which increases as

the arc of contact increases (Uchiyama et al., 1995).

While the CF, a property of the interacting materials, in this case a tendon and pulley,
does not change, the total frictional force is greater in a flexed digit (e.g. 90° at PIPJ)
than an extended digit. The tendon gliding surface in zone 2 has a CF of about 0.03, not
very different to that of metal on ice (0.02) or cartilage on cartilage (roughly 0.01)
(Uchiyama et al., 1995). Depending on the location of the laceration and the type of
repair, following a tendon repair the force necessary to move the tendon and
overcome friction increases to as much as 6 N (about 600 g per tendon), due to
tendon adhesion and oedema (Momose et al., 2000, Strick et al., 2004, Tanaka et al.,

2003, Tanaka et al., 2004, Zhao et al., 2002, Zhao et al., 2004, Zhao et al., 2001).

The GR at the tendon-pulley interface reflects the roughness of the tendon surface
after a tendon repair, as well as any disruption to the tendon size or shape due to an

injury or repair (Zhao et al., 2001).
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1.12 Animal Model

Turkey toes were used in this research, as they were readily available from a local
farm. These specimens required health and safety approval due to a previous outbreak
of avian influenza. The anatomy of turkey toes resembles that of human fingers, and
the specimens are of sufficient size to allow for complex tendon repair procedures to
be carried out. In addition they are cheap and do not require ethical or Home Office
approval. Cadaveric human, canine, rat, rabbit, pigs and chicken tendons have been
used previously for studies on flexor tendon repairs. Table 1.1 illustrates the
similarities and differences between these animal models (Farkas et al., 1974, Smith et

al., 2005, Syed et al., 2013, Uchiyama et al., 2008).

Table 1.1: Anatomical differences for available animal models.

Pigs Chicken Turkey
Phalanx 3 4 (in the 3rd digit) 4 (in the 3rd digit)
Tendon 2 3 3
Pulley 5 7 7
Tendon Sheath present present present
Average Range of flexion Not recorded IPJ1=50.8° IPJ1=38°
(middle long toe) IPJ2=43.5° IPJ2=32°
IPJ3=18° IPJ3=42°
(average :112.3°) | (average=112°)
(Figure 1.19)
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Figure 1.19: Range of motion for the middle toe of a turkey specimen

Table 1.2 indicates the reasons why turkey toes were used for this research instead of

pig’s trotters or chicken toes.

Table 1.2: Reasons for choosing a turkey animal model

Pigs Phalanxes are small.

trotters The tendon at the distal end of the A2 pulley is too short to allow for attachment
to the apparatus.
The A2 pulley is short (16mm) (Syed et al., 2013), making the sequential pulley
resection prone to inaccuracy.

Chicken All structures are similar to the human bone-tendon-pulley complex but are

toes smaller, even in a mature birds aged 9 months.

Turkey Mature birds have larger and longer tendons that allow for better tissue handling

toes and the application of experimental surgical treatment. The average range of

motion in the joints is similar to those of chicken toes.
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Chapter 2 - Anatomy of Turkey Feet

2.1 External Anatomy

The structural similarity between the turkey toe and the human finger anatomy make
these specimens a suitable alternative to use in order to study the biomechanical

properties of the flexor tendons in human fingers.

There is no detailed anatomy of these structures available in the literature. Therefore,
these anatomical findings and illustrations are the first recorded images of the
anatomy of turkey feet. All images in this chapter unless indicated otherwise are

produced by the main author.

All the specimens were provided by the slaughter house following disarticulation at the
level of the mid-leg (the black arrow in

Figure 2.1), across the joint that resembles the knee joint in humans. This joint allows a
forwardly directed flexion, and therefore the forward propagation of the animal,

unlike the human knee which provides a backward flexion.

=

Figure 2.1: Forward flexion of the turkey’s lower leg
With permission from Professor Thomas Roberts, Brown University, Rhode Island, USA.

(Courage, 2011).

The lower half of the leg resembles a human forearm, as there are three long digits

and a small rudimentary digit, which is similar to the human thumb. During weight
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bearing all the digits are kept in extension by the bird's weight, despite the stronger

flexion force in the toes.

The dorsal surface of the foot and the lower leg is covered by hard scale (Figure 2.2)
and the plantar surface by glabrous skin (Figure 2.3). The heel pad consists of
hardened skin resembling the heel pad in the human foot. It has small degree of
mobility and flexibility but remains adherent to the underlying deep structures via a

fibrous septum (Figure 2.4).

For the purpose of this study the innermost digit (the smallest) is labelled as digit 1,
the adjacent digit as 2; the longest digit as 3; and the outermost digit as 4 (Figure 2.2

and Figure 2.3).
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Figure 2.3: Glabrous skin on the plantar surface
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Figure 2.4: Weight bearing views and appearance of heel pad

2.2 Superficial Dissection

The left foot was dissected for the purpose of this anatomical investigation. All the
deep structures on the extensor surface are covered by a thick layer of fascia (Figure
2.5). On the plantar surface the fascia is reinforced by a thick layer of fatty adipose
tissue in the heel area (heel pad) and on the digits over the IPJ (Figure 2.6). This fatty
tissue appears to provide padding for the areas of ground contact while the bird is
weight bearing. In humans this area of fatty tissue overlies the concave part of the

phalanxes where it provides protection for the neurovascular and deeper structures.

Figure 2.5: Fascia over the dorsum of the foot
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: \5/ Heel pad

Figure 2.6: Plantar surface of the turkey foot

2.3 Plantar Structures

The three long digits are orientated in one plane. Digit 1 (the smallest) is suspended
from the lower leg bone about 60° from the horizontal plane, and is maintained in this
position by a different joint configuration and two sagital bands (A and B) which
reinforce the base of digit 1 to the base of digit 2 and 4 respectively. These extend
from the plantar surface of digit 1 to the extensor surface of both digit 2 and 4 (Figure
2.7 and Figure 2.8). A third sagital band extends from the base of the second digit
(extensor and medial surface) in the plantar direction to the base of the third digit
(extensor and lateral surface) (Figure 2.8). This is thought to provide constrained

approximation of the digits during weight bearing.
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Figure 2.7: Sagital band from the plantar surface

Figure 2.8: Sagital bands A, B and C

There are three phalanxes to digits 1 and 2, four phalanxes to digit 3 and five
phalanxes to digit 4. The nail is an extension of the most distal phalanx where the
longest flexor tendon inserts (Figure 2.9). For the purpose of this study all the IPJ are
named after the most proximal phalanx involved. The most superficial flexor tendon is
named the same as the equivalent human tendon, the FDS, and the deepest tendon,
the FDP. There is an additional tendon in turkey digit due to the presence of an extra

phalanx. This tendon will be called the Flexor digitorum intermediate (FDI).

57



N

‘ P p3
.Y 4 Mid plantar
We®_— joint

{

— lower leg bone

Figure 2.9: Bony structure of the turkey foot

There are two flexor tendons to digit 1, leading to the flexion of this digit to a 90° angle
in relation to the other digits. FDS and FDP insert to the base of P2 and P3,

respectively. The FDS has been removed in Figure 2.10 to reveal the FDP tendon.

Figure 2.10: FDP to digit 1 with insertion to P3

The annular pulley systems in the turkey digits are very similar to those in human
fingers and for the purpose of this study a similar nomenclature has been used to
describe them. The most proximal annular pulley (A1) overlies the volar aspect of the
flexor tendons at the region of the joint between the lower leg bone and the most
proximal phalanx (mid plantar joint) (Figure 2.11). The A2, A3, A4, A5, A6 and A7
pulleys overlie the flexor tendons at the level of the main body of P1, IPJ1, the main

body of P2, IPJ2, and the main body of P3 and IPJ3, respectively in the third digit. There
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are two additional pulleys, A8 and A9 over P4 and IPJ4, respectively in the fourth digit

as this digit contains one extra phalanx (Figure 2.12).

Figure 2.11: A1l pulley

Figure 2.12: Annular pulley system in digit 4
The A1, A3, A5, A7 and A9 pulleys are excised. Pins indicate A2, A4, A6 and A8 pulleys from

proximal to distal.

In addition to the digital annular pulley, there are three extra mid plantar pulley
systems that are proximal to the Al pulley, which contain and restrain the flexor
tendons in relation to the lower leg bone. These are mid plantar pulleys and are
named according to the underlying digit (Figure 2.13 and Figure 2.14). At this level
there are interconnections between the deep and superficial flexor tendons. This
means that the contraction or pull of one tendon also activates the contraction of the

adjacent tendon in the same digit (Figure 2.15).

59



Figure 2.13: Mid plantar pulley 4

Mid plantar pulley 3

Figure 2.14: Mid plantar pulley 3

flexor tendons

interconnection

Figure 2.15: Flexor tendon interconnections
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There are three flexor tendons to the digit 3. FDS, the most superficial tendon, is flat at
the mid plantar region and inserts to the distal third of P1, on both sides of the
midline. FDI, the intermediate flexor tendon, inserts on the distal third of the P2 and
FDP, the deepest tendon, inserts on P4 in the midline direction; P3 has no tendon
attachments (Figure 2.16). There are three vascular connections from the volar plates
to the FDP tendon which provide nutrition to the tendon. This also assists in flexion of
the IPJ during tendon contraction (Figure 2.17). FDS, FDI and FDP tendon contraction
leads to mid plantar, IPJ1 and IPJ2 flexion, respectively (Figure 2.18, Figure 2.19 and
Figure 2.20).

Figure 2.16: Flexor tendon configuration (plantar view)
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Figure 2.17: FDP and the relevant vinculae and their relationship to the volar plate

Figure 2.18: FDS contraction and flexion of the mid plantar joint
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Figure 2.19: Contraction of FDI and flexion of IPJ1

Figure 2.20: Contraction of the FDP and flexion of IPJ2 via the distal vinculae

The vascular structures run on both sides of the digit, at the junction of dorsal 2/3 and
plantar 1/3 on the side profile (Figure 2.21). There were no digital nerves identifiable
at this level. The vessel is covered by a thick layer of fascia. Except for small superficial

and dorsal veins, no other large vein was identified within the digit.

Collateral ligaments across the IPJ were identical to those in humans and consisted of
two components: the main collateral ligament with horizontal alignment, was parallel
to the axis of the digit; and an accessory component with an oblique orientation that

inserts into the plantar plate, as well as the adjacent phalanx (Figure 2.22).
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Figure 2.21: Digital vessel

Figure 2.22: Collateral ligaments and dorsal veins

All FDS, FDI and FDP tendons arise from their individual muscle belly. These tendons
changed at the mid plantar level from a flexible structure to a calcified structure and
become adherent to the lower leg bone (Figure 2.23 and Figure 2.24); this is not

observed in human tendons.

Deep to the tendons, the plantar plates (volar plates’ equivalent structures) cover the
IPJ and at the mid plantar level thick plantar plates provide cover over the mid plantar
joints (Figure 2.25). These provide strong resistance against digital hyperextension at

this level whilst the bird is weight bearing.
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Figure 2.23: FDP tendon to all digits

Figure 2.24: FDS tendon in the lower leg and associated vascular vinculae

Figure 2.25: Plantar plates across the joints
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2.4 Bony Anatomy

The lower half of the leg consists of two bones, resembling the tibia and fibula in
human anatomy. For the purposes of this anatomical study the larger bone will be
called the tibia and the smaller bone the fibula. The tibia is attached to the fibula at
two levels, proximally at the articular level, and distally at the level of the middle and
the distal third junction of the tibia. There are no articulations between these two
bones, unlike those found in the human equivalents (Figure 2.26). The distal end of the
tibia diverts to three condylar structures that form the mid plantar joints with the base
of the proximal phalanxes (P1). The middle condyle is more distal compared with the
adjacent condyles (Figure 2.27). There is a flat bony extension on the medial side,
proximal to the medial condyle that provides an articulation surface for the proximal

phalanx of the digit 1 (Figure 2.28).

Figure 2.26: Lower leg bony structure

Medial
condyle

Figure 2.27: Distal tibia condylar alignment
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Figure 2.28: Medial condyle with flat bony component

2.5 Dorsal Structures

There are two layers of extensor tendons at the dorsal surface of the lower leg and

digits. The deep extensor tendon inserts onto P1 of digit 3 only (Figure 2.29).

Figure 2.29: Deep extensor tendon to the digit 3, P1

One of the three superficial extensor tendons inserts on the distal phalanx of digit 1.
This tendon inserts in a plane perpendicular to the plane of the tendon in the lower leg
in the weight bearing bird (Figure 2.30). The other two superficial extensor tendons
insert onto the other toes. These tendons are calcified structures in the lower leg with
no flexibility and become flexible and tendon-like structure at the level of the mid

plantar joints (similar to the flexor tendons). The most medial tendon provides
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extension to digits 2 and 3, and the lateral extensor tendon provides extension to

digits 3 and 4 (Figure 2.31and Figure 2.32).

Figure 2.30: Isolated extensor tendon to digit 1

Extensor tendon 3-4

£
d

Figure 2.31: Two superficial extensor tendons

Figure 2.32: Extensor tendon 3-4
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Extensor tendon 2-3 provides extensor slips to all phalanxes of digit 2 (Figure 2.33) and
an extra slip to P2 in digit 3 (Figure 2.34). Extensor tendon 3-4 provides five tendon
slips to all the phalanxes in digit 4 and two separate slips to P3 and P4 in digit 3 (Figure

2.34).

Figure 2.33: Extensor tendon 2-3

Figure 2.34: Extensor tendon 2-3
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Chapter 3 - Specimen Dissection and Experimental Set-up

3.1 Initial Dissection

Paired turkey feet were collected on the day of animal slaughter from the Turkey Farm
(Leicestershire Farm Fresh Turkey, Cold Newton Lodge, Cold Newton Rd, Leicester LE7
9DA) and cooled in a refrigerator to preserve the tissues for dissection the following
day. All specimens were washed in cold water prior to dissection in order to remove
dirt and debris. The dorsal surface of the long digit was incised at the mid lateral point
to remove the dorsal scaly skin without damaging the extensor and flexor components,
using a sharp size 10 surgical blade mounted on a blade handle for dissection (see
Appendix 1, Figures W1 and W2) and toothed forceps to hold the dorsal skin away
from the deeper structures (see Appendix 1, Figure W3); this allowed the better
identification of the joints from the dorsal surface. The dorsal joint surface between
the middle condyle (Figure 2.27) and the proximal phalanx was incised without
interfering with the volar plate. The specimen was then turned to expose the plantar
skin. The plantar skin and the fat pad were removed with care to avoid injury to the

pulley complexes.

The digit was hyper-extended to pull as much flexor tendon into the pulley mechanism
distally, in order to provide a longer length of the flexor tendon for use in the
experiments, and all three flexor tendons were then divided proximally at the level of
the middle condyle and proximal phalanx, on the volar surface. The mid plantar plate
and collateral ligaments were divided at this point and the digit was removed from the
foot. Proximal to this point all tendons were calcified and it was not possible to divide

them using a surgical blade.

Stabilising the proximal part of the long digit with the help of an assistant, the long
flexor tendon (FDP) was held using toothed forceps and divided at the DIPJ, using a
size 15 surgical blade mounted on a blade handle (see Appendix 1, Figure W4). The
distal phalanx was removed by disarticulation of the DIPJ. Protecting the tendon and
pulling it to one side at the distal end, the pulleys were released on the opposite side

to the pulled tendon to avoid lateral tendon injury. Using a size 15 blade, the pulleys
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were released on both sides of the tendon, from inside to outside and in the distal to
proximal direction, up to the mid-point of the A3 pulley. The distal half of the A3 pulley
and all the dissected distal pulleys were removed fully. The long flexor tendon was
released from the three connecting vinculae and was freely mobile at this point. The
two flexor tendons were protected by flexing them away from the bone and PIPJ1 was
extended to allow better visualisation of the volar plate at this level (Figure 3.1). The
volar plate and the collateral ligaments were cut at the IPJ1, moving from the volar to

the dorsal direction, to avoid injury to the flexor tendon.

Figure 3.1: Release of the volar plate to free the specimen from the other phalanxes

The specimen at this point was composed of the proximal phalanx, A2 and half the A3
and Al pulleys and all three flexor tendons. The specimens were then aligned
individually on a piece of cling film with the tendons laid flat on the surface without
bending, and then individually wrapped. The specimens were then frozen at -40° C
(the lowest freezing point available in the departmental laboratory) to avoid the
adverse effect of the freezing process on the gliding properties of the specimen

(Douglas, 2013).
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3.2 Second Stage Dissection

Before each experiment a 2mm drill hole (see Appendix 1, Figure W5) was made across
the length of the bone from the proximal to distal direction. This was easier to
accomplish when the specimen was frozen as it could be gripped better. The specimen
could be very slippery and was prone to damage during this process if the drill holes
were made after thawing. Each specimen was thawed in normal saline for 30 minutes
and then using 3.5 magnification each specimen was dissected further. At the proximal
end, the FDS tendon was divided at the proximal edge of the A2 pulley using a sharp
blade. The FDI tendon was gently pulled out of the specimen, as it has no attachment
in the proximal phalanx, while protecting the long flexor tendon at both ends. The
synovial sheath that covers the FDP tendon was then removed using toothed forceps
and tenotomy scissors (see Appendix 1, Figure W6). The proximal part of the A3 pulley
that covers the distal condyle of P1 and the distal end of the Al pulley that covers the

proximal flare of P1 were removed to expose only the A2 pulley.

A 15 cm length of garden wire (see Appendix 1, Figure W7) was passed inside the bone
through the drill hole and through the holes on each side of the experiment plate. The
wire ends were then tightened underneath the experiment plate using pliers (see
Appendix 1, Figure W8) to secure the specimen and avoid micro movement of the

specimen during the experiments.

The specimen and the experiment plate (Figure 3.2) were mounted on the centre of
the experiment frame (Figure 3.3) with the distal end of the FDP tendon at the

actuator end.
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Figure 3.2: Specimen and the experiment plate

Figure 3.3: Experiment frame

1.Linear actuator 2. Ball Bearing Pulley 3. Force Transducers (measuring F, and F,) 4.
Specimen and the plate 5. Attached weight 200 or 400 g 6. Silk fishing thread.

With Permission from James A. Kennedy (Kennedy, 2011).
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3.3 Experimental Set-up

The setup was supported by a steel frame to which three pulleys were attached to

guide the fishing thread, for an accurate line of pull on the tendons (Figure 3.3).

Two fishing hooks attached to a fishing line cable were used to attach each end of the
tendon to a load cell. The fishing hooks were inserted at the two ends of the tendon,
and were positioned more than 10 mm from the tendon ends. This distance was
chosen based on trial and error during the experiments. The fishing hook was found to
pull out through the tendon end during an experiment if the distance was shorter than

10 mm.

On the left side of the apparatus, the load cell was connected to the proximal part of
the tendon at one end and a weight on the other end. The thread carrying the weights
(200 or 400 g, 2N or 4N, respectively) ran over a low friction ball bearing pulley, to
allow for flexibility while the flexion angles were changed, and directed the weight to

the tendon end at the correct angle with minimal friction.

On the right side of the apparatus, the load cell was connected to the distal end of the
tendon at one end and a fishing thread on the other end, which ran over two pulleys
before connecting to the actuator. This was to allow the horizontal movement of the
actuator situated on the table to be converted to the angular pull at the end of the

tendons.

The electronically controlled linear actuator was attached to the table on the right side
of the apparatus using industrial Velcro. The actuator was controlled by a computer

program to provide precise linear motions during the experiments.

3.3.1 Actuator

Device: ESZ3 Motorised Linear Slide, Oriental Motor UK Ltd., Basingstoke, Hampshire,
UK (see Appendix 1, Figure W9).

Function: This device drives a roller ball screw system, providing a linear motion with
repetitive positioning accuracy of +0.02 mm, maximum distance of 850 mm, and

maximum transportable mass, horizontal 60 kg / vertical 30 kg. An excursion of 40 mm
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and a velocity of 30 mm/sec was used to allow full entry and exit of the marked flexor
tendon under the full length of the A2 pulley and at a speed slow enough to allow for
visual assessment of the excursion. Using a program called Slider (a custom designed
program that allows full control of the actuator in terms of distance, speed,
acceleration and deceleration), the actuator was programmed to produce repetitive
excursions with identical velocities. The actuator was set up to complete the excursion
cycle at the end of each experiment (60 seconds) with equal acceleration and
deceleration velocities. The experiments and the subsequent data were therefore not

affected by the direction of the excursion (Uchiyama et al., 1995).

3.3.2 Calliper

A digital calliper (see Appendix 1, Figure W10) with an accuracy of 0.00 mm was used

to measure the length of the A2 pulleys after thawing.

3.3.3 Load cells

Device: Load cell. Model 31 Low Range Precision Miniature Load Cells, Sensotec Inc.,

Columbus, Ohio, USA (see Appendix 1, Figure W11).

Function: The strain forces applied at each end of the load cell leads to the resistance
of an electrical conductor inside the load cell. Load cells with a range of 50 g to 500 g
were chosen in this study as 200 g (1.962 N) and 400 g (3.924 N) loads were used. The
values obtained by the load cells were therefore within the plateau phase of the

transducer's recording.

A load cell was positioned at each end of the tendon, and when the tendon was pulled
in and out of the pulley mechanism, the tensile forces were measured and recorded at
both ends of the tendon. The output from the load cells was at a frequency of 100 Hz
which was then amplified and converted to a voltage in the control board (2 amplifiers,
analogue to digital converter, USB interface, power supply and actuator driver, custom
design by UKELO technology, Punch X Ltd, Huddersfield, UK) before reaching an ATD
converter (ATD Converter USB-1408FS, Measurement Computing Corporation, Norton
Massachusetts, USA). Tracer DAQ software (version 2.1.1, Measurement Computing

Corporation, Norton Massachusetts, USA) (see Appendix 1, Figure W12) recorded the
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output (100 recordings / sec) for 60 seconds, displaying the results as a graph. In total,
6000 pieces of data were recorded per transducer, per experiment. These were saved
as a .txt file and converted to a Microsoft Excel file (2007, Microsoft Corporation) for

data handling and analysis.

3.3.4 Ball Bearing Pulley

Device: Dynaroll miniature precision motion control pulley, (see Appendix 1, Figure

W13).

Function: This is a double-shielded ball bearing pulley, made of 400 series hardened
stainless steel. This miniature precision motion control pulley, with a deep-groove ball
bearing is designed for use in applications requiring low torque, smooth operation, low
noise and creates lower friction. The pulley has a single groove on the outer raceway’s
surface that keeps the fishing thread in place, thereby preventing it from wearing

down by rubbing against the sides of the pulley.

Rolling bearings use rolling elements to maintain the separation between moving parts
in order to reduce rotational friction and support radial and axial loads. Sealed
bearings are lubricated with oil or grease in the bearing factory, while open and
shielded bearings should be lubricated in place, with periodic reapplication of
lubrication, based on use. All the pulleys were therefore lubricated using a general
lubricant, WD-40 before the start of the experiments. The pulleys were used to
provide the appropriate line of pull for the correct angle of the tendon-A2 pulley,

during the experiments.

3.3.5 Silk Fishing Thread

Device: Antares silk shock, 1.860 kg maximum weight, 0.12 mm thickness, Shimano,

Japan (see Appendix 1, Figure W14).

Function: Silk shock technology has limited stretch and a high modulus of elasticity of 7
N/Tex, compared with 5.2 N/Tex for prolene and 5.5 N/ Tex for vicryl suture materials.
It also has a high breaking strain and maximum smoothness. In these experiments this

is important as the strain forces will not be wasted while stretching the line fibres, and
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the smoothness of the line will lead to lower friction when in contact with the stainless

steel pulley.

3.3.6 Fishing hook

Device: Gamakatsu Siwash Hooks, Japan (see Appendix 1, Figure W15).

Function: These size 24 fish hooks were used to suspend the tendon within the
apparatus during the experiments. The sharp tips allowed for a smooth entry into the
tendon about 10 mm from the tendon ends. The hooks have a deep throat bend,

cutting point and anti-corrosion black chrome finish to allow for multiple use.

3.3.7 Weights

Device: Brass slotted laboratory weights, (see Appendix 1, Figure W16).

Function: These slotted weights are made from solid brass and each weighs 50 g. The
weights were used to provide counter resistance to the movement of the tendon
under the A2 pulley, initiated by the actuator movement. Two weights, 200 g (2 N) and
400 g (4 N), were used, attached via fishing thread over the ball bearing pulley, to the
proximal tendon load transducer. These were used to reflect the effects of passive
mobilisation of a tendon, based on other in vivo studies (Lieber et al., 1996, Schuind et

al., 1992).

3.3.8 Experiment Plate and Centre Piece

The specimen as described in the dissection section was mounted on the central plate
(Figure 3.2), at the middle of the frame using a bolt screw and nut which was fully
tightened with a pair of pliers to avoid micro movement of the experiment plate

during the experiments.

3.3.9 Tendon Moisturising Liquid

Device: Normal (0.9%) saline delivered via an adjustable flow rate giving set (see

Appendix 1, Figure W17).

Function: Normal saline contains sterile water and 9 g/L of sodium chloride, and is a

fluid routinely provided intravenously for the rehydration of patients. This fluid was
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used during the experiments to maintain the moisture of the specimens, to provide a
close to natural in vivo environment for the tendons, and to avoid surface drying which
could lead to excess friction between the tendon and the A2 pulley. The normal saline
bag and the giving set were positioned on the upper part of the frame and secured
with tape. The giving set was secured using a wire at the centre of the frame to direct
the giving set over the specimen where a steady dripping of the fluid over the

specimen was maintained.

3.3.10 Suture Material

During the experiments where tendon repair was required, two different sutures were

employed.

1. 4-0 Ethibond suture was used for the core tendon repair (see Appendix 1, Figure
W18). This is a polyester, green (to improve visibility), braided, coated (to improve
handling quality and gliding) and non-absorbable suture. Ethibond suture size 4-0

was used, as it was more consistent with the size of the turkey tendon.

2. 6-0 Ethilon was used for circumferential tendon repair (see Appendix 1, Figure
W19). This is a non-absorbable (to provide prolonged tensile strength), mono
filament (with a uniform and smooth surface), polyamide suture. It has a smooth
surface with good handling and pliability characteristics that permits easy and
secure knotting. This was used to finely suture the tendon edges following the
core suture to provide a smooth edge at the laceration site and therefore reduce
the GR during tendon excursion. Ethilon size 6-0 was used, as it was more

consistent with the size of the turkey tendon.

3.3.11 Environment

Experiments were carried out in university laboratories in Leicester General Hospital
and Leicester Royal Infirmary. Both laboratories were air conditioned at temperature

controlled at 18° C.

3.3.12 Animal Model

Chicken feet digital flexor tendons have previously been used as a model for flexor

tendon studies to investigate different surgical treatments for flexor tendon
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lacerations (Cao et al., 2008, Farkas et al., 1974, Tang et al., 2007, Xie et al., 2008, Xu
and Tang, 2003). For the purpose of these experiments, turkey feet have been used
which have been shown to be similar to human fingers (Chapter 2). The turkey digits
are larger than chicken digits and more similar to human digits in terms of the actual

size.

3.3.13 System Calibration

Both load cells were calibrated to 0 and 50 g prior to the start of each experiment. This
was performed by initially resting the sensor on a wooden table away from any metal
object or magnetic field, and then by suspending the load cells from one end, against

the 50 g weight at the other end.

The system was calibrated by adjusting the small screw on the control board for each
load cell so that the value of 0 and 50 would appear as a flat line on the tracer DAQ

software for each weight respectively.

The process of calibration required measurements of the gliding resistance for each
ball bearing pulley and for combination of all three ball bearing pulleys without any
tendon specimen. The values obtained by the load cells were lower than 0.0001 when
all three pulleys were used together. It was concluded that the gliding resistance from

the equipment was unlikely to result in a significant change in the final results.

3.3.14 Data Handling

Unlike Uchiyama, these experiments accounted for the forward and backward
movement of the tendon in and out of the pulley. This meant that F1 and F2 had to be

alternated depending on the direction of the tendon movement.

Calculation of the GR and CF required that motion was in the direction of F2, actual
finger flexion with the flexor tendon being pulled towards the muscle part; therefore,
F2 was greater than F1 at this point of time. The change of direction was identified
from a force against time graph, using the ‘MAX’ and ‘MIN’ functions of Excel to

identify F1 and F2.
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F1 and F2 were recorded in volts and were used in the formula as volt values. The
formula contains the natural logarithm of the forces divided and therefore the units

cancel each other out to provide a value for CF, which has no unit.

Conversion of the arc of contact from degrees to radians was performed using the
equation:

. 180
Degrees = Radians X —

Therefore an angle of 10° and 70° are converted to 0.1744 and 1.225 radians,

respectively.
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Chapter 4 - Surface Electron Microscopy of the Flexor Tendon

and A2 Pulley

4.1 Background

There have been many reports of increased tendon repair strength using a variety of
core and epitenon suture materials and designs (Greenwald et al., 1994, Haddad et al.,
1988). Suture material used for the tendon repair and the zone of injury come into
direct contact with the pulley mechanism during active and passive finger motion.
Increased friction at this point can lead to higher GR and subsequent inflammation and
greater adhesion formation (Zhao et al., 2001). This is therefore an important factor

which affects the outcome of tendon repair.

To improve the gliding ability the surface modification of a tendon has been studied
using surface lubricants, such as HA, lubricin, and phospholipids (Moro-oka et al., 2000,
Sun et al., 2004, Taguchi et al.,, 2008, Tanaka et al., 2007). Analysis of the surface
changes of the flexor tendon and pulley following tendon repair can identify areas of
improvement within surgical techniques, and the GR has been shown to be reduced by
altering the suturing technique, suture material and knot position. In this section the
effect of tendon repair and suture material on an injured tendon and their subsequent

effect on the contact surface of the pulley following active motion will be studied.

4.2 Specimen Preparation

Fresh specimens of tendon, pulley and bone were dissected from the turkey feet
(section 3.1 and section 3.2). After each experiment a 6/0 nylon suture was applied on
the dorsal surface of all the flexor tendon specimens to allow the technician to identify
and examine the volar surface of the tendon. To allow for visualisation of the inner
most surface of the pulley a similar suture was applied on the opposite surface,

avoiding injury to the deeper layers.

Specimens were delivered to the electron microscopy laboratory in phosphate
buffered solution. All the specimens were initially fixed in buffered glutaraldehyde to

stabilise them before the dehydration process, which was accomplished through
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immersion in a series of increasing ethanol concentrations to remove all the water.
The samples were then dried, either chemically using hexemethyldisilazane (HMDS), or

via critical point drying (CPD). Drying them in preserved the integrity of the cells.
All the specimens were processed as followed:
Fixation and Initial Dehydration:

Fixed in 2.5% glutaraldehyde in 0.1M Sorensens buffer pH 7.2 overnight.
Washed in 0.1M buffer for 30 min (x2).

Washed in distilled deionised water for 30 min (x2).

Immersed in 70% ethanol for 30 min.

Immersed in 90% ethanol for 30 min.

Immersed in 100% analytical grade ethanol for 30 min (x2).

N o v & w NoRE

Immersed in 100% analytical grade ethanol for 90 min.
Chemical Dehydration using HMDS of the Pulleys:

1. Immersed in 3:1 analytical grade ethanol/HMDS for 60 min.

2. Immersed in 1:1 analytical grade ethanol/HMDS for 60 min.

3. Immersed in 1:3 analytical grade ethanol/HMDS for 60 min.

4. Immersed in HMDS for 30 min (x2).

5. Excess HMDS was removed and the specimen was left in a fume hood to allow

all traces of HMDS to evaporate overnight.
Critical Point Drying of the Tendons:

1. Stored in 100% analytical grade ethanol overnight.
2. CPD using a Bal-Tec CPD 030.
3. Mounted and Sputter coat - 90secs @ 20mA.

Dried samples were mounted onto aluminium stubs with Araldite glue. Once the glue
had set the samples were sputter coated with gold, using a Polaron SC7640 to improve
the resolution of the sample, as well as helping to dissipate heat from the electron
beam, resulting in less heat damage. Samples were viewed using a Hitachi S3000H

Scanning Electron Microscope with an accelerating voltage of 10kV.

82



4.3 Fresh Tendons and Pulleys: Human versus Turkey

Freshly dissected tendons were noted as having a smooth surface at x30 magnification
and a glandular layer at x100 and x300 magnification. This layer is part of the synovial
membrane and is responsible for producing HA (Figure 4.1, Figure 4.2). The most
dorsal layer (deepest) of the pulley was found to be glandular and was responsible for
the production of HA. This layer was most detailed at x1000 magnification (Figure

4.3D).

11-May-12

A
Figure 4.1: SEM of an intact flexor tendon
(A) Volar surface of fresh flexor tendon at x30 magnification. (B) Cross section of the flexor

tendon at x40 magnification.

Figure 4.2: SEM of volar surface of a fresh flexor tendon

(A) x30 magnification and (B) x300 magnification.
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SE 11-May-12

Figure 4.3: SEM of the deepest layer of the A2 pulley
(A) x30 magnification, (B) x100 magnification, (C) x300 magnification, (D) x1000 magnification.

Previous SEM studies by Sasaki et al. (1999) and Inoue et al. (1976) showed that the
human flexor tendon and synovial sheath cells are similar in nature to those of the hen

and appear similar to the turkey equivalent in this study (Figure 4.4 and Figure 4.5).
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Figure 4.4: SEM views of an intact tendon

(A) and (B) Cross sections, (C) and (D) longitudinal sections, before and after cell-maceration
(complete removal of the cellular elements and grinding) to allow visualisation of each
collagen fibre.

With permission from: Sasaki et al. (1999).

Figure 4.5: SEM of synovial cells in a human tendon sheath

With permission from: Inoue et al. (1976)
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The surface structure of the flexor tendon and the A2 pulley remained unchanged after
10 minutes of simulated activity at 70° of flexion and 400g weight in the laboratory
(Figure 4.6). This demonstrated that the tissues were not damaged during the
dissection or handling, and therefore the subsequent procedures carried out on the

tendons were solely responsible for the surface changes in the flexor tendon and the

pulley.

Figure 4.6: SEM following 10 minutes of simulated motion

(A) Flexor tendon surface x100 maghnification, (B) A2 pulley at x1000 magnification

4.4 Pulleys and Tendons

4.4.1 Pulley Interaction with a Lacerated Flexor Tendon

A laceration of less than 50% was made to an intact tendon using a size 15 surgical
blade. The lacerated tendon and the intact pulley were put though 10 minutes of
simulated motion at 70° of flexion and 400 g weight, with normal saline lubrication,

prior to the surface analysis.

During the simulated motion there was visible triggering of the partially lacerated
tendon as the zone of injury entered under the pulley at each end. The zone of injury
was observed to increase during the experiment (Figure 4.7) and this triggering led to
tendon edge de-lamination at the level of the laceration (Figure 4.8A and B) and
fraying below the centre of the laceration where the tendon had initially been intact

(Figure 4.8C and D).
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The effect of the lacerated tendon on the pulley was mild delamination at the entry
and exit of the pulley where the triggering was most prominent. The central portion of

the pulley remained relatively unaffected (Figure 4.9).

Tendon edges at the
laceration site

Centre of
laceration

11-May-12

Figure 4.7: SEM of tendon laceration

At x30 magnification

11-May-12 3a WD30. 9mm 0 SE 17-May-12

x100 500um

Figure 4.8: SEM showing de-lamination of the tendon edges at the laceration site

(A) and (B) x30 magnification, (C) and (D) x100 magnification.
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1b WD35.3mm .0k SE  11-May-12

Figure 4.9: SEM of pulley following interaction with a lacerated tendon
Intact pulley (A and C) in comparison with the pulley following interaction with the lacerated

tendon at the trigger point (B and D) at x300 and x1000 magnification, respectively.

4.4.2 Pulley Interaction with Circumferential Flexor Tendon Repair

A 6-0 Ethilon suture was used for a circumferential running suture on the volar aspect
(gliding surface) of the flexor tendon in the absence of any laceration under x3.5
magnification. The suture knot was positioned on the dorsal surface of the tendon and
away from direct contact with the pulley. A simulated motion at 70° of flexion and 400
g weight was performed for 10 minutes with lubrication, prior to the surface analysis.
This was in order to observe the effect of isolated suture material on the gliding

surfaces.

At each needle entry site into the tendon, a V shape laceration was identified.
Tensioning of the suture during the repair led to further longitudinal injury to the
tendon in line with the suture tensioning, yielding a cauliflower appearance (Figure
4.10A) of the injured tendon at the final position of the suture material, and an overall

Y-shaped laceration for each needle entry into the tendon (Figure 4.10B).

88



The suture material and iatrogenic injury to the tendon resulting from the needle and
suture tensioning had very little effect on the pulley layer following simulated motion

(Figure 4.11B) compared to the intact fresh pulley (Figure 4.11A).

SE 17-May-12 5a WD30. 9mm ;‘. S 17-May-12

A
Figure 4.10: SEM following circumferential suturing

(A) x30, (B) x60 maghnification.

Figure 4.11: SEM of the pulley interaction with a circumferential suture

(A) intact fresh pulley, (B) pulley from a circumferential suture material specimen (x300
magnification).

4.4.3 Pulley Interaction with a Single Suture Knot

A single suture knot was applied on the volar surface of a tendon using a 6-0 Ethilon

suture and five square knots; one surgeon's knot and three square throws.

A simulated motion at 70° of flexion and 400 g weight was performed for 10 minutes

with lubrication, prior to the surface analysis.
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The same findings were noted at the needle entry and exit sites as per previous
experiment (Figure 4.12A); however, the presence of a prominent knot was noted to
create areas of de-lamination on the corresponding section of the pulley (Figure 4.12A,

B, C, D).

Ethilon is a monofilament suture but was found to have been made of heavily packed
fibres (Figure 4.13C) that also fragmented during the simulated motion and when in
contact with the pulley (Figure 4.13A). This was most prominent on the apex of the
suture knot (Figure 4.13B). This progressive delamination of the suture material can

lead to further pulley damage with prolonged motion.

11-May-12 a WD33. 4m S 11-May-12

-

SE 11-May-12 %300 100um S 11-May-12

Figure 4.12: SEM of the suture knot and the effect on the pulley
(A) x30, (B) x100, (C) x300, and (D) x1000 magnification.
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17-May-12 W 3 SE 17-May-12

Figure 4.13: SEM of the suture knot
(A) x30, (B) x250 and (C) x400 magnification.

4.4.4 Pulley Interaction with a Fully Repaired Flexor Tendon Laceration

A fully lacerated flexor tendon was repaired with a core locked Kessler repair, using a
4-0 Ethibond suture, and a simple running circumferential repair using a 6-0 Ethilon
suture, under x3.5 magnification. The knot from the core suture was at the centre of
the tendon with five square knots and was cut short at a distance approximately 3 mm
from the knot to avoid the knot coming undone. The turkey flexor tendon was not
thick enough to allow for the core suture knot to be buried inside the tendon ends.
The knot from the circumferential suture was made by five square knots and was

located on the dorsal surface of the tendon, away from the pulley.

A simulated motion at 70° of flexion and 400 g weight was performed for 10 minutes

with lubrication, prior to the surface analysis.

latrogenic injury to the tendon from suturing was noted, similar to the previous

experiments (Figure 4.14A). Dehydration and critical drying of these specimens led to
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soft tissue shrinkage next to the suture material and relative elevation of the braided
suture material from the tendon at the locking points (Figure 4.14C-D). The suture
material, which was estimated to have been cut about 3 mm distal to the knot, was
measured at 1.78 mm without corrections for the curved appearance of the fibres

(Figure 4.14B).

Maximum pulley damage was observed in this specimen (Figure 4.15A-B), and was
most likely due to the excess of suture material (braided suture), extensive tendon
damage, and increased zone of tendon injury. De-roofing of the glandular layer of the

pulley was noted at x1000 magnification, indicating the loss of cellular integrity and

therefore loss of the lubricating mechanism within the gliding surface of the pulley.

17-May-12

SE 17-May-12

C

Figure 4.14: SEM of a full tendon repair
(A) x35, (B) x35, (C) x30, (D) x40 magnification.
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Figure 4.15: SEM of a pulley following full tendon laceration and repair

(A) x300, (B) x1000 magnification.
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Chapter 5 - Effect of Tendon Repair and Pulley Resection on the

Gliding Resistance and Co-efficient of Friction

5.1 Introduction

Paired studies have shown that the effect of tendon laceration on the gliding
properties of a tendon are significantly influenced by the degree of tendon motion and
the freedom of a repaired tendon within the A2 pulley (Tanaka et al., 2004). Whether
these studies are valid in terms of the comparison of paired specimens remains
debatable, as the paired specimens employed in these studies were not from the same
subject. Research carried out by Kennedy (2011) confirmed that paired specimens
from the same animal displayed similar properties, however further research by

(Douglas, 2013) indicated the opposite, leaving this question unanswered.

Studies reported in the literature have looked at different treatment methods for
flexor tendon repair in order to reduce gap formation and increase the strength of a
repair such that early passive and active motion can be started after surgery. The
effect of increasing weight (load) on the gliding properties of the flexor tendon in zone
2 have been investigated (Hajipour et al., 2010, Kennedy and Dias, 2013, Uchiyama et
al.,, 1997). Uchiyama et al. (1997) demonstrated that increasing the load in a synovial
tendon following tendon treatment and pulley resection does not lead to a significant
change in the GR due to the presence of lubricating synovial fluid and surface
structural properties. However, there is no clear evidence as to whether this is due to
tendon treatment or pulley resection, as there was no comparison with a paired
specimen. No studies are present in the literature that illustrate the effect of

increasing weight or flexion angle in a repeated measure or multiple experiments.

5.2 Aim

The aim of this experiment was to answer the following five questions:

1. Do the paired feet show similar CF and GR during simulated tendon movement

when completely intact (i.e. without any treatment to the tendon and the pulley)?
2. What is the effect of increasing the flexion angle and weight on an intact tendon?
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3. Does the pulley resection have an effect on the CF and GR when a tendon is intact?

Does the flexion angle or weight influence these parameters?

4. What is the effect of a tendon repair on the GR and CF? Does the flexion angle or

weight influence these parameters?

5. Does a pulley resection have an effect on the CF and GR when a tendon has been
fully repaired following 100% laceration? Does the flexion angle or weight influence

these parameters?

5.3 Methods

Paired feet from the same animal were obtained from the turkey farm and then
assessed in terms of their skin colour, size of foot and lower leg. This was part of the
visual assessment to evaluate if the feet were actually paired in the slaughter house
and if they were from the same animal. All the specimens were dissected as previously
described (Section 3.1 and section 3.2), and specimens that were damaged during the

dissection were disposed of as pairs.

All the specimens from the right legs were used in the control group and no procedure
was carried out on the flexor tendons. Experiments were carried out at 10° and 70° of
flexion (0.174533 and 1.22173 Radians respectively) and 200 g and 400 g weight; these
experiments were recorded as control experiments with an intact pulley (right side).
Following the experiments on the intact tendons and pulleys, all pulleys were
measured and recorded using a digital calliper. Pulley measurements were carried out
at this stage, as the soft tissues were flexible and relaxed after the first set of
experiments. Experiments were then repeated at 10° and 70° of flexion and 200 g and
400 g weight following 25%, 50% and 75% sequential A2 pulley resection from distal to
proximal direction (using a digital calliper and a sharp 15 surgical blade). These

experiments were recorded as control experiments with pulley resection.

All the specimens from the left legs were used in the procedure group. In this group
initial experiments were carried out at 10° and 70° of flexion and 200 g and 400 g
weight with both the tendons and pulleys intact. These experiments were recorded as

control experiments with an intact pulley (left side). The A2 pulleys were then
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measured and recorded using a digital calliper. A 100% laceration was made to the
flexor tendons for all specimens in this group. Tendons were then repaired using a 4-0
Ethibond locked Kessler core suture (2 strands) and a 6-0 Ethilon circumferential
running suture, under x3.5 magnification. Both suture sizes were chosen based on the
relative size of the tendon. The experiments were repeated following tendon repair at
10° and 70° of flexion and 200 g and 400 g weight and then following 25%, 50% and
75% sequential A2 pulley resection. For each pulley resection interval the experiments
were recorded at 10° and 70° of flexion and 200 g and 400 g weight. These
experiments were recorded as repaired tendon experiments and repaired tendons

with pulley resection, respectively.

All experiments were carried out following the system calibration as described in

Section 3.3.13. There were no tendon ruptures in this study.

Each experiment was conducted for 1 minute and the data (F1 and F2) was collected in
an Excel format for subsequent data analysis. A separate spreadsheet was constructed
for each angle measurements with a formula to allow the CF and GR to be measured

automatically using the CF formula described in Section 1.11.1.

The GR and CF for each experiment was then added to the Excel spreadsheet against

the corresponding weight and angle for data comparison and statistical analysis.

5.4 Data Analysis

The collected data was not normally distributed, as there was evidence of both
positive and negative skew (see Appendix 3). The Shapiro-Wilk W test for normal data
showed that the majority of samples were not normally distributed (See Appendix 4).
The CF was measured using the formula u = Ln[(F2 / F1)]/¢. As there is natural
logarithm within this formula, it was decided to use non-parametric tests for this data
and avoid further logarithmic conversion of the data to achieve a normal distribution.
This was a paired experimental design that required comparison of the results
between different subjects, as well as before-and-after observations within the same
subject. The experiments required repeated measures of the same subject (change of

flexion angle and weight) and therefore the Wilcoxon matched pair statistical analyses
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with a Bonferroni adjustment for multiple tests was used in addition to measuring the
distribution of the median, in order to avoid type 1 errors (concluding there is a

significant difference when it is not).

For a simple Bonferroni adjustment, the p value to be achieved for significance is
divided by the number of paired comparisons to be made from a set of data. In this
study, a set of data was compared for seven different settings and the significance of

the p value in these experiments is therefore 0.05/7 = 0.007.

A randomisation test for the paired specimens was used to assess if the paired feet
displayed similar gliding properties. The differences between the means of the actual
paired specimens were measured against the differences between the means
following 10000 times randomisation of the specimens. The null hypothesis was that
the mean differences between the GR and CF of the randomised specimens were less
than the mean differences of the GR and CF of the feet paired at the farm. As the
randomisation test is a strong test for a paired comparison, the Wilcoxon Signed Rank

test was not required for this part of the study.

IBM SPSS Statistics version 20 and Minitab 17 were used for the data analysis. Raw
data, the average mean for CF and the CF of each tendon for different experimental

measurements is recorded in Appendix 3.

5.5 Results

Pulley measurements, for all specimens are shown in Table 5.1. During each pulley resection,

1/4 length of the correspondent pulley was excised.
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Table 5.1: Measurements of pulleys in all 20 specimens

Tendon Right foot Left foot

Number Full length (mm) 1/4 length (mm) | Full length (mm) 1/4 length (mm)
1 20.33 5.08 24.28 6.07
2 19.01 4.75 22.82 5.70
3 23.87 5.96 24.10 6.02
4 23.89 5.97 19.80 4.95
5 18.52 4.63 21.98 5.49
6 22.26 5.56 20.77 5.19
7 25.18 6.29 23.00 5.75
8 24.89 6.22 23.64 5.91
9 24.40 6.10 20.19 5.04
10 21.63 5.40 21.78 5.44

The results are presented are based on the research questions.

1. Do the paired feet show similar CF and GR during the simulated tendon movement

when completely intact (i.e. without any treatment to the tendon and the pulley)?

The average differences between the right and left foot GR and CF were measured at
two flexion angles and weights. The randomisation test assessed whether the paired
legs were related to each other by measuring the average differences in GR and CF,
and then following 10,000 times randomisation (see Appendix 5). The randomisation
test showed no significant p value, confirming the null hypothesis that the randomised

specimens had lower mean differences than those paired from the same animal.

This finding indicates that comparing the results between the right and left legs will
lead to errors and although a comparison between the pairs is not possible, the data
obtained from the sequential changes made in each leg individually remain valid for

analysis.
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2. What is the effect of increasing the flexion angle and weight on an intact tendon?

Increasing the flexion angle led to a significant decrease in the CF, but yielded no

significant change in GR in control studies of both the right and left foot when the

tendons were intact (Table 5.1).

Figure 5.1 and Figure 5.2 shows the GR median and CF median respectively, following

the increase in the flexion angle.

Table 5.1: Change of flexion angle in control tendons from both feet

Wilcoxon Signed Rank tests at p=0.007

Intact control tendons Right foot Left foot
(angle/weight) GR (p-value) | CF (p-value) | GR (p-value) | CF (p-value)
10/200 vs. 70/200 0.878 0.005 0.285 0.005
10/400 vs. 70/400 0.093 0.005 0.386 0.005
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Figure 5.1: Effect of the flexion angle on the GR for intact tendons
Horizontal axis label codes: side - flexion angle - weight, for example Rt10200: right specimen,

10° flexion angle, 200 g weight
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Figure 5.2: Effect of the flexion angle on the CF for intact tendons

Horizontal axis label codes: side - flexion angle - weight
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Increasing the weight led to a significant increase in the GR for both sides but had no

significant effect on the CF (Table 5.2). Figure 5.3 demonstrates a significant rise in the

GR median from 200 g to 400 g weight in each flexion angle, but no major change in

the CF median (Figure 5.4).

Table 5.2: Change of weight in control tendons of both sides

Wilcoxon Signed Rank tests (B) at p=0.007.

Intact control tendons Right foot Left foot
(angle/weight) GR (p-value) | CF (p-value) | GR (p-value) | CF (p-value)
10/200 vs. 10/400 0.005 0.139 0.005 0.022
70/200 vs. 70/400 0.005 0.386 0.005 0.009
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Figure 5.4: Effect of increasing weight on the CF for intact tendons

Horizontal axis label codes: side - flexion angle - weight

3. Does the pulley resection have an effect on the CF and GR when a tendon is intact?

Does the flexion angle or weight influence these parameters?

Although the paired specimens were rendered dissimilar, it was still possible to look at
the trend of change in the GR and CF for right foot specimens when the tendon was
intact, and to investigate the effect of pulley resection and change in flexion angle and

weight following pulley resection.
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Looking at the right foot specimens where the tendon was intact and sequential pulley

resection was carried out, there was no significant increase in the GR or CF for each

individual angle and weight (Table 5.4). Pulley resection up to 75% had no effect on

GR or CF.

Table 5.4: Effect of pulley resection on the right foot specimens for an intact tendon

Wilcoxon Signed Rank tests at p=0.007.

Angle (degrees)/ weight (g) | Pulley resection | GR (p-value) CF (p-value)
10/ 200 100% vs. 25% 0.386 0.445
100% vs. 50% 0.074 0.093
100% vs. 75% 0.093 0.093
From 25% to 50% 0.169 0.203
From 50% to 75% 0.575 0.646
10/ 400 100% vs. 25% 0.878 0.959
100% vs. 50% 0.333 0.333
100% vs. 75% 0.646 0.445
From 25% to 50% 0.241 0.203
From 50% to 75% 0.878 0.878
70/ 200 100% vs. 25% 0.445 0.386
100% vs. 50% 0.799 0.799
100% vs. 75% 0.508 0.508
From 25% to 50% 0.114 0.114
From 50% to 75% 0.285 0.241
70/ 400 100% vs. 25% 0.203 0.285
100% vs. 50% 0.959 0.959
100% vs. 75% 0.575 0.575
From 25% to 50% 0.333 0.333
From 50% to 75% 0.386 0.445
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A change in the flexion angle or weight during the three stages of the pulley resection

showed similar results to the findings for question 1. At each pulley resection stage,

increasing the flexion angle and weight, led to a significant decrease in the CF and a

significant increase in the GR respectively (Table 5.3 and Table 5.4). Figure 5.5 and

Figure 5.6 show these findings for the GR and CF medians.

Table 5.3: Change of flexion angle during the sequential pulley resection in the right foot

Wilcoxon Signed Rank tests at p=0.007.

Angle (degrees)/ weight (g) | Pulley resection | GR (p-value) | CF (p-value)

10/200vs. 70/ 200 25% 0.086 0.005
50% 0.508 0.005
75% 0.445 0.005

10/ 400 vs. 70 / 400 25% 0.017 0.005
50% 0.169 0.005
75% 0.508 0.005

Table 5.4: Change of weight during the sequential pulley resection in the right foot

Wilcoxon Signed Rank tests at p=0.007.

Angle (degrees)/ weight (g) | Pulley resection | GR (p-value) | CF (p-value)

10/ 200 vs. 10/ 400 25% 0.005 0.139
50% 0.005 0.047
75% 0.005 0.093

70/200vs. 70 / 400 25% 0.005 0.333
50% 0.005 0.445
75% 0.005 0.074
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Figure 5.5: Effect of pulley resection on the GR in the right foot

Horizontal axis label codes: side - flexion angle - weight - % of pulley resection
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Figure 5.6: Effect of pulley resection on the CF in the right foot

Horizontal axis label codes: side - flexion angle - weight - % of pulley resection

F1 values at 70° and 400 g (Figure 5.7) confirm that the gliding forces, as the tendon is

moved under the pulley during the experiment, show very little variation at each

pulley resection.
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Figure 5.7: F1 values for pulley resection in the right foot at 70° flexion and 400 g weight

4. What is the effect of a tendon repair on the GR and CF? Does the flexion angle or
weight influence these parameters?

Table 5.5 shows the results when comparing the intact and repaired tendons of the left
foot. These results indicate that at low flexion angles, the GR and CF do not change
significantly following tendon repair, regardless of the applied weight. During the
experiments it was observed that at the low flexion angle the contact between the
repaired tendon and the pulley was minimal with no evidence of triggering. At 70
degrees of flexion an increased level of contact was observed between the tendon and
the pulley with moderate triggering at 400 g weight and there was very prominent
triggering at 200 g weight. This was considered to be the main reason for the
significant increase in the GR following the tendon repair when compared to the intact
tendon for the 70° / 200 g group (Table 5.5 and Figure 5.8). The CF decreased
significantly following the increase in the flexion angle but remained relatively

unchanged at the lower flexion angle and weight (Figure 5.9).
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Table 5.5: Tendon laceration and repair compared with an intact tendon in the left foot

Wilcoxon Signed Rank tests at p=0.007

Angle (degrees)/ weight (g) | GR (p-value) | CF (p-value)
10/ 200 0.721 0.799
10/ 400 0.959 0.799
70/200 0.005 0.005
70/ 400 0.059 0.007
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Figure 5.8: Effect of tendon laceration and repair on the GR in the left foot

Horizontal axis label codes: side - flexion angle - weight - intact vs. laceration
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Figure 5.9: Effect of tendon laceration and repair on the CF in the left foot

Horizontal axis label codes: side - flexion angle - weight - intact vs. laceration
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The F1 values before and after tendon repair at the lower flexion angle and weight (10°
flexion and 200 g weight) showed very little variability and spiked from the baseline
(Figure 5.10A). At 70° of flexion and 400 g weight it becomes apparent that higher
forces were required to overcome the friction between the repaired tendon and the

pulley on the volar side (Figure 5.10D).
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Figure 5.10: F1 values in the left foot for an intact tendon and after tendon repair

Horizontal axis: time (100 = 1 sec), Vertical axis: Volts.

Table 5.6 shows the significant change in the CF and GR after increasing the flexion
angle and weight. A significant cross over increase in the GR with the change of angle
at 200 g weight was also noted. It is believed this change in GR is due to unexpected

high level of triggering.

Table 5.6: Effect of flexion angle and load on the GR and CF following tendon repair

Wilcoxon Signed Rank tests at p=0.007.

Angle (degrees)/ weight (g) | Wilcoxon Signed Rank tests

GR (p-value) | CF (p-value)
10/ 200 vs. 10/ 400 0.005 0.047
10/ 200 vs. 10/ 400 0.005 0.047
10/200vs. 70/ 200 0.007 0.005
10/400vs. 70/ 400 0.059 0.005

5. Does a pulley resection have an effect on the CF and GR when a tendon has been
fully repaired following 100% laceration? Does the flexion angle or weight influence

these parameters?

Following tendon laceration and a full repair, pulley resections were carried out based

on the original measurements for each pulley. Table 5.7A and B present a comparison
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of the data obtained when the tendon was intact and then after repair with pulley
resection. For example, intact vs. 25% indicates that the comparison is between the
intact control experiments and those after tendon repair and 25% pulley resection.
Each pulley resection was compared with the completely intact pulley and between

each other.

Pulley resection following tendon repair when compared to the intact tendon and
pulley mechanism did not lead to a significant change in the GR and CF. Pulley
resection from 25% to 75%, 50% to 75% or 25% to 75% did not cause any significant
change in the GR and CF at 10° flexion (Table 5.7A).

When intact tendon and pulley data was compared to a repaired tendon with pulley
resection at 70° flexion, irrespective of the weight, there was a significant increase in
the GR and a significant decrease in the CF. This indicates that the combination of

tendon repair and pulley resection may be responsible for these changes (Table 5.7B).

At 70° flexion and 200 g weight, comparing the repaired tendon with an intact pulley
to the sequential pulley resection showed no significant change in the GR and CF. This
indicates that at this flexion angle the tendon repair is the main component leading to

the changes in the GR and CF and not the pulley resection (Table 5.7B).

At 70° flexion and 400 g weight, comparing the repaired tendon with intact pulley to
the sequential pulley resection showed a significant change in the GR and CF. This
indicates that at this flexion angle the pulley resection is the main component leading

to the changes in the GR and CF and not the tendon repair (Table 5.7B).

A comparison between each stage of pulley resection at 70° flexion and 200 g weight
revealed a significant change in the GR and CF from 25% to 50% and from 50% to 75%
pulley resection. However, at 70° flexion and 400 g weight there was no significant
change in the GR and CF for the same analysis. Looking at the data shown in Figure
5.11 and Figure 5.12, the spread of data for Lt7040025, Lt7040050 and Lt7040075 was
wider than in the other groups and this may be the reason for the lack of significance

in these results.
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There was no significant change in the GR and CF between 25% and 75% pulley

resection following tendon repair at both weights and 70° flexion (Table 5.7B).

Table 5.7: Sequential pulley resection following tendon repair at 10° and at 70°

Wilcoxon Signed Rank tests at p=0.007.

(A): At 10 degrees of flexion

Angle (degrees)/ weight (g) | Tendon vs. Pulley resection | GR (p-value) | CF (p-value)
10/ 200 Intact vs. 25% 0.059 0.074
Intact vs. 50% 0.093 0.241
Intact vs. 75% 0.037 0.047
Repaired vs. 25% 0.285 0.203
Repaired vs. 50% 0.037 0.059
Repaired vs. 75% 0.028 0.047
From 25% to 50% 0.386 0.508
From 50% to 75% 0.333 0.386
From 25% to 75% 0.386 0.333
10/ 400 Intact vs. 25% 0.333 0.445
Intact vs. 50% 0.445 0.386
Intact vs. 75% 0.241 0.386
Repaired vs. 25% 0.139 0.139
Repaired vs. 50% 0.169 0.169
Repaired vs. 75% 0.285 0.241
From 25% to 50% 0.508 0.508
From 50% to 75% 0.646 0.646
From 25% to 75% 0.508 0.508
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(B): At 70 degrees of flexion.

Angle (degrees)/ weight (g) | Tendon vs. Pulley resection | GR (p-value) | CF (p-value)
70/ 200 Intact vs. 25% 0.005 0.005
Intact vs. 50% 0.005 0.005
Intact vs. 75% 0.005 0.005
Repaired vs. 25% 0.047 0.037
Repaired vs. 50% 0.009 0.009
Repaired vs. 75% 0.013 0.013
From 25% to 50% 0.005 0.005
From 50% to 75% 0.005 0.005
From 25% to 75% 0.022 0.047
70/ 400 Intact vs. 25% 0.005 0.005
Intact vs. 50% 0.005 0.005
Intact vs. 75% 0.005 0.005
Repaired vs. 25% 0.005 0.005
Repaired vs. 50% 0.005 0.005
Repaired vs. 75% 0.017 0.005
From 25% to 50% 0.022 0.013
From 50% to 75% 0.508 0.721
From 25% to 75% 0.445 0.114
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Figure 5.13: GR in intact, lacerated and following pulley resection in the left foot

Horizontal axis label codes: side - flexion angle - weight - intact vs. laceration-pulley resection%
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Figure 5.14: CF in intact, lacerated and following pulley resection in the left foot

Horizontal axis label codes: side - flexion angle - weight - intact vs. laceration-pulley resection
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Figure 5.15 demonstrates the raw data for F1 (from tendon specimen number 1) as the
pulley is resected at 70° flexion and 400 g weight. The peaks and troughs are evident,
with a sharp rise from the complete intact pulley (red) to each pulley resection (25%,

green; 50%, purple and 75%, blue).

= |ntact pulley
= 25% pulley resection
= 50% pulley resection

——=75% pulley resection
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Figure 5.15: F1 data: tendon repair and pulley resections at 70° flexion and 400 g weight

Increasing the flexion angle during the pulley resection led to a significant increase and
decrease in the GR and CF, respectively (Table 5.10), while increasing the weight led to
a significant increase in the GR only (Table 5.11). The increase in the GR that resulted
from increasing the flexion angle were most likely related to the triggering observed in

this group.
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Table 5.8: Tendon repair and sequential pulley resection with a change of flexion angle

Wilcoxon Signed Rank tests at p=0.007.

Angle (degrees)/ weight (g) | Pulley resection | GR (p-value) | CF (p-value)

10/200vs. 70/ 200 25% 0.005 0.005
50% 0.005 0.005
75% 0.005 0.005

10/400vs. 70/ 400 25% 0.005 0.005
50% 0.005 0.005
75% 0.005 0.005

Table 5.9: Tendon repair and sequential pulley resection with a change of weight

Wilcoxon Signed Rank tests at p=0.007.

Angle (degrees)/ weight (g) | Pulley resection | GR (p-value) | CF (p-value)

10/ 200 vs. 10/ 400 25% 0.005 0.047
50% 0.005 0.386
75% 0.005 0.445

70/200vs. 70 / 400 25% 0.005 0.959
50% 0.005 0.445
75% 0.005 0.721

5.6 Discussion

Based on the five research questions this section will discuss each question

individually.

1. Do the paired feet show similar CF and GR during the simulated tendon movement,

when completely intact (i.e. without any treatment to the tendon and the pulley)?

The randomisation test identified that the paired tendon specimens from the same

animal had significant differences in their GR and CF under the same experimental

114



settings. There was sufficient visual evidence, based on the size and skin colour, size of
the proximal phalanx and the flexor tendon, that the turkey feet were paired as per
instructions to the farm. However, the lack of similarity in the CF and GR between the

feet could be related to:

e Within subject variability of the digits.
e Previous minor injuries to the digits (not detected macroscopically).
e The effect of dissection on each leg, which could lead to surface alterations to

each specimen.

In previous studies where a treatment has been compared to an intact tendon
specimen, the digits have been from the same animal or human cadaver but not paired
in the same manner as in these experiments (Tanaka et al., 2004, Tang et al., 2009).
Tanaka et al. (2004) looked at the effect of sequential pulley resection (proximal to
distal and distal to proximal) in 32 cadaveric human fingers from 11 cadavers. The
specimens were not paired and the results of the pulley resection were compared
between the intact and repaired tendons of two different specimens, and so these
comparisons were made between dissimilar subjects. As concluded from this
experiment, there is a significant difference between the gliding properties of these

paired specimens, and consequently between-subject comparisons will lead to errors.

It is therefore more important to analyse the trend in the CF and GR change within the
same specimen before and after treatment, rather than to compare the treatment

between paired groups.

2. What is the effect of increasing flexion angle and weight on an intact tendon?

Many studies in the past have shown that a change in flexion angle and weight do not
affect the gliding properties of an intact tendon (Berschback et al., 2005, Hajipour et
al., 2010, Kennedy and Dias, 2013). However, in this study a significant change in the
CF and GR was noted with increasing flexion angle and weight, respectively, in the
intact tendons of both feet (Table 5.1 and Table 5.2). The formula for the
measurement of these values indicates that as the flexion angle (in radians) is part of
the CF formula (u = Ln[(F2 / F1)]/¢ ) and the difference in weight is part of the GR

formula, then an increase in the flexion angle and weight should lead to a change in
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the CF and GR, respectively. All data from this experiment were calculated at 3
different occasions to exclude calculation errors. The significant decrease in CF while
there is a significant increase in the GR for the same analysis could not be explained. It
is difficult to clarify if the previous results are tendon batch dependent or if there has
been an error in the calculations. These observations were made in intact tendons and

are subject to variation when a tendon surface has been altered during treatment.

A significant increase in the GR and a significant decrease in the CF indicate that the

friction forces had increased at the tendon pulley interface.

3. Does the pulley resection have an effect on the CF and GR when a tendon is intact?

Does the flexion angle or weight influence these parameters?

The pulley resection at each specific weight and angle did not have a significant effect
on the GR or CF despite the reduced contact surface, which leads to point loading over

the remaining segment of the pulley (Table 5.4).

When comparing the 25% to 50%, 50% to 75%, or 25% to 75% resection, there was no
significant change in the GR or the CF. These findings are different to those found by
Tanaka et al. (2004) as in their study 75% resection of the pulley (from proximal to
distal resection group) led to a significant increase in the GR when compared to 25%
and 50% resection in the intact tendon group. The authors explained that as the FDS
tendon is divided into two slips and glides within the A2 pulley distally, it reduces the
antero-posterior height of the pulley. When the pulley is cut from the proximal toward
the distal edge, the proximal FDS and FDP tendons also bowstring away from the
curved proximal portion of the proximal phalanx, which further reduces the cross-
sectional area. These anatomic factors may explain why the 25% distal pulley had a
higher GR than under the other conditions. When the pulley was cut from the distal
toward the proximal edge, the residual proximal portion of the pulley was less affected
by this bowstringing effect. The authors also noted that the distal 25% of the A2 pulley
was stiffer (Doyle, 1988, Tanaka et al., 2004) than the proximal portion and deformed
less, leading to a higher GR in their experiments. However similar to Tanaka's study,
distal to proximal sequential pulley resection has no significant effect on the GR at the

tendon pulley interface.
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Here, only the A2 pulley, proximal phalanx (with both PIPJ and DIPJ equivalents
disarticulated) and the FDP tendon were used as the specimen and although the
bowstring phenomenon was not demonstrated (due to proximal and distal joint
disarticulation), the flexion angle of 70° did resemble the bowstring appearance as the

tendon was flexed acutely at the edge of the pulley and away from the phalanx.

Increasing the flexion angle and weight led to a significant change in the frictional
forces (decrease in the CF and increase in the GR) in the intact tendons of the right
foot at each pulley resection interval (Table 5.3 and Table 5.4). This is consistent with
the previous part of this study (question 2) and confirms the fact that friction is
independent of the contact surface area between the two objects if both surfaces are

made of the same material.

4. What is the effect of a tendon repair on the GR and CF? Does the flexion angle or

weight influence these parameters?

Evidence in the literature suggests that the GR increases significantly following tendon
laceration to twice the level of an intact tendon (Hajipour et al., 2010, Kennedy and
Dias, 2013). Bunata et al. (2011) showed an average increase of 229% for the GR of a
lacerated tendon that had been repaired compared to an intact tendon, and the GR
was reduced by 15%, 25%, and 22%, when there was pulley venting of 50%, 66% and

pulley enlargement, respectively.

In this study tendon repairs when compared to the intact tendon in the same foot did
not lead to any significant change in the GR and CF until the flexion angles were
increased to 70°. As the surface of the repaired tendon contains suture material, the
interface between the tendon and the pulley is changed and therefore based on the
definition of friction, the GR and CF should change following a tendon repair and pulley
resection as the surface contact material and tendon size have changed. This was not

observed for low flexion angles in this study for two possible reasons;

1. Turkey toes have three flexor tendons, and as the other two flexor tendons were
absent in the specimen a large space was created within the pulley. At the low
flexion angle, due to the large space under the A2 pulley, the contact surfaces had

a soft contact that did not show any evidence of triggering despite the increased
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tendon size at the repair site. At the higher flexion angle triggering at both ends of
the pulley was observed and this is believed to be the reason why the GR and CF

were only significantly affected at the higher flexion angles.

2. It must be clarified that following tendon repair in vivo pulley venting is usually
performed at one end to allow the tendon repair site and zone of injury to move
under the pulley without triggering. In these experiments the zone of injury was
designed to move in and out of the intact pulley completely, in order to obtain
sufficient data for analysis. Therefore these results are a magnified version of what
happens in vivo as the zone of injury usually moves within one end of the pulley

during tendon excursion.

The effect of increasing the flexion angle on the GR, in addition to the significant
decrease on the CF was a new finding. This was attributed to the altered contact

surfaces following the tendon repair and the triggering during tendon gliding.

5. Does a pulley resection have an effect on the CF and GR when a tendon has been
fully repaired following 100% laceration? Does the flexion angle or weight influence

these parameters?

Pulley resection up to 75% showed no significant change in the GR and CF at a low
flexion angle. This was similar to the right foot specimens, indicating that the tendon
repair at a lower flexion angle regardless of the pulley size does not increase the GR or
CF. However, as explained in question 4, this may partly be due to the increased
volume under the pulley from resection of the other flexor tendons. This is mainly due

to the reduced contact area of the repaired tendon with the A2 pulley at this angle.

When the intact tendon and pulley data were compared to that for repaired tendon
with pulley resection at 70° of flexion, the significant change in the GR and CF was
attributed to the combination of tendon repair and pulley resection. However, at 70°
flexion and 200 g weight, comparing the repaired tendon with intact pulley to the
sequential pulley resection showed no significant change in the GR and CF. Therefore it
was concluded that at this flexion angle, tendon repair is the main component leading

to the changes in the GR and CF and that pulley resection had no significant role.
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At 70° flexion and 400 g weight comparing the repaired tendon with intact pulley to
the sequential pulley resection showed that the significant change in the GR and CF is

mainly due to the pulley resection for this flexion angle.

Due to the spread of the data it was difficult to conclude the precise differences
between each stage of pulley resections at 70° flexion and 400 g weight, but it was
clear that at 70° flexion and 200 g there was a stepwise change in the GR and CF from
25% to 50% and 50% to 75% pulley resection. However, under both settings there was
no significant change in the GR and CF between the 25% and 75% pulley resection. This
is quite important, indicating that although the GR is raised after 75% pulley resection,
there is no significant difference between 25% and 75% resection. This means that
when in a clinical setting a tendon repair requires pulley resection, up to 75% resection
may not influence the GR, although tendon bowstringing may still be an issue and

should be carefully considered and assessed before pulley resection is carried out.

Tanaka et al. (2004) showed that the remaining 25% of the distal pulley has a higher
GR when compared with the paired tendon. The authors showed a significant rise in
friction from 50% to 75% pulley resection. This finding was not consistent with the
results of this study and as explained in question 1 it may be due to the fact that paired
specimens do not show similar gliding properties and therefore it is not accurate to

compare paired specimens as it had been the case in their studies.

The effect of the flexion angle led to a significant change in the GR and CF at each
pulley resection interval, which was consistent with the previous findings for question
4 and related to surface changes of the tendon. In this section the reduction in contact
surface between the tendon and the pulley following sequential pulley resection may
have contributed to the significant increase in the GR due to the progressive point

loading in the remaining part of the pulley.

Increasing the weight however, led to a significant increase in the GR at each pulley
resection interval, confirming the previous results of this study and other studies that
in presence of tendon repair and injury increasing the load can significantly increase

the GR of the tendon pulley complex (Hajipour et al., 2010). In clinical terms,
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increasing the activity load after flexor tendon repairs can lead to increasing GR and

failure of tendon repair.

These results are consistent throughout the experiments where the pulley-tendon-
bone complex are one specimen and tendons are not harvested and used against a
standard single bone-pulley complex, as in the study by Uchiyama et al. (1997).
Specimens in this study were from one subject, were discarded at the end of each
experiment, and were not reused in parts; and this may explain the different pattern

of results that were observed.
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Chapter 6 - Effect of a Peripheral Suture and Knot on the

Gliding Resistance and Co-efficient of Friction

6.1 Introduction

Studies in the literature have focused mainly on the tensile strength of the peripheral
suture and suture knot with an interest in the 2 mm gap formation and load to failure
(Moriya et al., 2012, Wang and Tang, 2003). The effect of peripheral sutures or the

suture knot on the GR and CF in isolation has not been studied.

6.2 Aim

The aim of this experiment was to answer three questions.

1. What is the effect of isolated circumferential suture material in the absence of
tendon laceration on the CF and GR in comparison to a control group? Does the flexion

angle or weight influence these parameters?

2. What is the effect of an isolated suture knot in the absence of tendon laceration on
the CF and GR in comparison to a control group? Does the flexion angle or weight

influence these parameters?

3. What component of the tendon injury and repair has the most significant effect on

the CF and GR?

6.3 Method

Ten turkey feet were used for each experiment; all specimens were dissected as
previously described (Section 3.1 and section 3.2) and specimens that were damaged

during the dissection were excluded.

Ten specimens were used for the experiments in the running circumferential suture
group and an additional 10 specimens in the single knot group. Before and after
applying the running suture or the single knot the specimens were put through control
experiments at 10° and 70° flexion and 200 g and 400 g weight. In the circumferential

suture group a 6-0 Ethilon running suture was inserted on the volar surface of the
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intact tendon, under x3.5 magnification. The suture knot was applied on the dorsal

aspect of the tendon away from the volar gliding surface.

In the knot group a suture knot (6-0 Ethilon) was applied on the volar surface of the
intact tendon under x3.5 magnification. The suture knot was made from a single
surgeons knot and three additional throws. The suture was cut a 3 mm distance from

the knot.

All experiments were carried out following the system calibration described previously

in Section 3.3.13.

Each experiment was carried out for 1 minute and the data (F1 and F2) was collected
in an Excel format for subsequent data analysis. A separate spreadsheet was
constructed for each angle measurements with a formula to allow the CF and GR to be
measured automatically using the CF formula described in Section 1.11.1. The GR and
CF for each experiment was then added to an Excel spreadsheet against the

corresponding weight and angle for data comparison and statistical analyses.

6.4 Data Analysis

As described in the previous chapter (Section 5.4), the data was not normally
distributed and therefore Wilcoxon matched pair statistical analyses with a Bonferroni
adjustment for multiple tests was used in addition to measuring the distribution of the
median in order to avoid type 1 errors (i.e. concluding there is a significant difference

when it is not).

In this study a set of data was compared at three different settings and the significance

of the p value in these experiments will be 0.05/3=0.016.

Histograms to assess the distribution and the raw data (average mean for the CF and
the CF of each tendon for different experimental measurements) are recorded in

Appendix 3.
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6.5 Results

1. What is the effect of isolated circumferential suture material in the absence of

tendon laceration on the CF and GR in comparison to a control group? Does the flexion

angle or weight influence these parameters?

Table 6.1 shows the p values when the results for the intact tendons were compared

to those following insertion of a circumferential suture. The suture material on its own

in the absence of tendon laceration had no significant effect on the GR or the CF,

independent of change in flexion angle and weight.

Table 6.1: Comparison of the intact tendon and circumferential repair

Wilcoxon Signed Rank tests at p=0.01
Angle (Degrees)/ Weight (g)
GR CF
10/ 200 0.028 0.047
10/ 400 0.878 0.575
70/ 200 0.241 0.203
70/ 400 0.508 0.445

Gliding Resistance
N

= o

C10200 $10200

BE =

C10400 510400 C70200 $70200 C70400 S$70400

Figure 6.1: Effect of a circumferential tendon repair on the GR

Horizontal axis label codes: control vs. suture - flexion angle - weight
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Figure 6.2: Effect of a circumferential tendon repair on the CF

Horizontal axis label codes: control vs. suture - flexion angle - weight
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Figure 6.1 and Figure 6.2 show the distribution of the data and the median value for

each group. There was no significant variation when the groups were compared for

each flexion angle and weight.

Table 6.2 shows the effect of a change in the flexion angle on the intact tendon and

following the insertion of a circumferential suture. Similar to previous studies,

increasing the flexion angle led to a significant decrease in the CF.

Table 6.2: Effect of the flexion angle on an intact tendon vs. a circumferential tendon suture

Wilcoxon Signed Rank tests at p=0.016.

Angle (Degrees)/ Weight (g) Intact tendon Circumferential tendon suture
GR CF GR CF

10/200 vs. 70/200 0.089 | 0.000 0.089 0.000

10/400 vs. 70/400 0.402 | 0.000 0.402 0.000
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A change in the load (weight) led to a significant increase in the GR, similar to the

previous studies, for both the intact and treated tendon (Table 6.3).

Table 6.3: Effect of change in weight on an intact tendon vs. a circumferential tendon suture

Wilcoxon Signed Rank tests at p=0.016.

Angle (Degrees)/ Weight (g) | Intact tendon | Circumferential tendon suture
GR CF GR CF

10/200 vs. 10/400 0.012 | 0.341 0.005 0.721

70/200 vs. 70/400 0.000 | 0.958 0.005 0.508

Figure 6.3 and Figure 6.4 illustrate the change in median GR and CF following change in
flexion angle and load. The CF decreases significantly after increasing the flexion angle

to 70°.

Gliding Resistance
N

= = B B

C10200 C70200 C10400 C70400 $10200 $70200 $10400 $70400

Figure 6.3: Effect of the flexion angle on the GR for an intact tendon vs. a circumferential

tendon suture

Horizontal axis label codes: control vs. suture - flexion angle - weight
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Figure 6.4: Effect of the flexion angle on the CF for an intact tendon vs. a circumferential

tendon suture

Horizontal axis label codes: control vs. suture - flexion angle - weight

2. What is the effect of an isolated suture knot in the absence of tendon laceration on
the CF and GR in comparison to a control group? Does the flexion angle or weight
influence these parameters?

Table 6.4 shows the p-values when the results for the intact tendons were compared to
those with a single knot. The isolated knot on its own had no significant effect on the

GR or the CF independent of a change to the flexion angle and weight. This finding was
also observed in the median distribution of the data for both the GR and CF (Figure 6.5

and Figure 6.6).
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Table 6.4: Comparison of an intact tendon and a single knot

Wilcoxon Signed Rank tests at p=0.016.
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Angle (Degrees)/ Weight (g)

Wilcoxon Signed Rank tests at p=0.016

GR CF
10/ 200 0.257 0.280
10/ 400 0.650 0.464
70/ 200 0.214 0.188
70/ 400 0.565 0.533
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Figure 6.5: Effect of a suture knot on the GR
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Figure 6.6: Effect of a suture knot on the CF

Horizontal axis label codes: control vs. knot - flexion angle - weight

Table 6.5 shows the effect of a change in the flexion angle on the intact tendon and
following the insertion of a single knot. Increasing the flexion angle also led to a
significant decrease in the CF, as in previous studies. This finding was also observed in

the median distribution of the data for both the GR and CF (Figure 6.5 and Figure 6.6).

Table 6.5: Effect of the flexion angle for an intact tendon vs. a tendon with single knot

Wilcoxon Signed Rank tests at p=0.016.

Angle (Degrees)/ Weight (g) Intact tendon Tendon with single knot
GR CF GR CF

10/200 vs. 70/200 0.017 | 0.005 0.799 0.005

10/400 vs. 70/400 0.074 | 0.005 0.139 0.005
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A change in the load (weight) showed a significant change in the GR and CF for both

intact tendons and those with a single knot (Table 6.6). This change in the CF with

increasing weight was not consistent with the previous experiment on control subje

(Figure 6.7 and Figure 6.8).

Table 6.6: Effect of weight for an intact tendon vs. a tendon with single knot

Wilcoxon Signed Rank tests at p=0.016

cts

Angle (Degrees)/ Weight (g) Intact tendon Tendon with single knot

GR CF GR CF

10/200 vs. 10/400 0.005 | 0.047 0.005 0.005

70/200 vs. 70/400 0.005 | 0.005 0.005 0.009

13
1.2
o = =
1.0
0.9

0.8

Gliding Resistance

0.7
0.6

= 8w B
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C10200 C10400 C70200 C70400 K10200 K10400 K70200 K70400

Figure 6.9: Effect of weight on the GR for an intact tendon vs. a tendon with a suture knot

Horizontal axis label codes: control vs. knot - flexion angle - weight
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Figure 6.10: Effect of weight on the CF for an intact tendon vs. a tendon with suture knot

Horizontal axis label codes: control vs. knot - flexion angle - weight

It appears that this group of randomly allocated specimens demonstrated different

properties compared to the previous groups.

By comparing the F1 values for the control tendons in each of the three experiments
(Figure 6.11), it was noted that the F1 forces had significantly higher variation in the
intact tendons where the tendons were treated with a circumferential suture and an
isolated knot, compared to those from the first experiment (tendon repair and pulley
resection). This was especially prominent in the knot group, which may be the reason
why increasing the load in this group led to an unexpected increase in the CF before
and after knot insertion. The different observations in the control specimens could be
due to the variability in the size and the shape of the tendons, which were dissected
and used a few months after the first experiment. The first experiment was carried out
during the Christmas period and the specimens were considerably larger as the turkeys

were older than average.
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Although the baseline for these experiments are high, the effect of the knot insertion
or circumferential suture in absence of tendon laceration did not lead to a significant

change in the GR and CF when compared to the intact tendon of the same group.

2.5 -
1.5 - W = 10/200
= 10/400
1 - _ 70/200
S MM, WX N —70/400
0.5 -
0 T
1 A B C

Figure 6.11: F1 forces for intact tendons in the three different experimental groups
(A) control specimens experiment 1, (right foot), (B) control specimens (circumferential

suture), (C) control specimens (Knot). Vertical axis: Volts, Horizontal axis: time.

6.6 Discussion

1. What is the effect of isolated circumferential suture material in the absence of
tendon laceration on the CF and GR in comparison to a control group? Does the flexion

angle or weight influence these parameters?

Many studies in the literature have compared the strength of circumferential sutures
in terms of their resistance to gap formation and load to failure (Moriya et al., 2012,
Wang and Tang, 2003). In the last decade more complex peripheral repairs have been
shown to be superior to simple running or simple cross-stitch patterns (Dona et al.,
2003, Mishra et al., 2003, Moriya et al., 2010, Takeuchi et al., 2010); however, most of
these studies have not looked at the gliding properties of the repaired tendons with
different peripheral sutures. An ideal peripheral repair should minimise the gliding

friction between the repaired tendon and the pulley. Gulihar et al. (2012) showed that
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compared to the Halsted and Silfverskiold repair, a simple running suture had a lower
GR following a 50% tendon laceration and full repair. Kubota et al (1996) also showed
that a locking peripheral suture (Lin-locking) has a higher GR compared to other non-
locking suture techniques. A simple running peripheral suture is still widely used
because the complexity of many other techniques limits their clinical application (Tang
et al.,, 2013). These suture techniques are difficult to insert and result in a large

exposure of the suture material on the tendon surface.

In this study the running circumferential suture alone in the absence of a tendon injury
had no significant effect on the GR or CF. A change in the flexion angle and weight led
to a significant fall and rise in the CF and GR, respectively, showing the same pattern as
in the previous experiment. This indicates that the peripheral suture material on its
own does not increase the GR and that other factors are more important in the gliding

properties of the tendon following tendon laceration and repair.

2. What is the effect of an isolated suture knot in the absence of tendon laceration on
the CF and GR in comparison to a control group? Does the flexion angle or weight

influence these parameters?

Joyce et al. (2014) and Peltz et al. (2014) showed that a knotless barbed core suture
had good tensile strength, but required less load for a 2 mm gap formation. They also
concluded that due to the lower cross sectional area at the repair site, the gliding
properties must be better but did not assess the GR in their studies. The effects of
cellular damage to the tendon from a single knot has been studied by Wong et al.

(2006) but the effect of an isolated suture knot on the GR and CF is not known.

In this study, in the absence of tendon laceration the suture knot on the volar surface
did not lead to a significant change in the GR and CF. A change in the flexion angle led
to a significant decrease in the CF, consistent with previous experiments. However, a
change in load led to a significant change in both the GR and CF, which was believed to
be due to the increased zone of injury as the experiments progressed. The isolated
knot was pulled under the pulley as it entered and exited the pulley, and this led to a
longitudinal tear of the tendon substance and therefore higher gliding forces at 70°

flexion and 400 g weight.
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3. What component of the tendon injury and repair has the most significant effect on

the CF and GR?

It is therefore concluded that as there was no significant change in the GR and CF
following the insertion of an isolated running suture or suture knot, the combination of
the initial tendon injury, insertion of the core suture, and the iatrogenic tendon injury
from insertion of core suture, are responsible for the raised gliding properties of the

flexor tendon following a tendon repair in zone 2.
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Chapter 7 - Conclusions

To allow a clear understanding of the results, a summary of the current knowledge and

the results will be discussed for each of the seven aims of the study.

1. Is the turkey animal model suitable with regards to flexor tendon

experimentation?

Turkey toes are very similar to the human fingers. There are currently no evidence in
the literature that clearly defines the anatomy of turkey feet or outlines the superficial
and deep structures present. Previous experiments carried out on this animal

originated in our Health and Science laboratory in Leicester.

The full anatomical assessment of the turkey toes confirmed that their tendon-pulley-
bone structures are equivalent to those of humans. Although the size of each
component is different, the biomechanical properties, macro and micro structures are

similar.

The differences between the human fingers and turkey toes are:

e Three phalanxes in the human finger compared to four in the long turkey toe.
e Two flexor tendons to each human finger compared to three in the long turkey

toe.

Turkey toes are therefore a suitable alternative to chicken and porcine tendons. They

are easily available, cheap and closely resemble the anatomy of human fingers.

2. SEM study of the tendon surface and pulley when intact and following tendon

repair.

Tendon laceration and subsequent tendon repair leads to a significant damage on the

tendon surface which can be responsible for the changes in the GR.

There is evidence in the literature showing that following a tendon laceration and
subsequent tendon repair, there is significant tissue damage around the zone of injury,
first from the direct trauma, and secondly from the tissue handling and tendon repair.

At a cellular level, cellular death is evident up to 14 days after a repair (Wu and Tang,
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2013); this increased zone of injury subsequently leads to increased frictional forces.
This knowledge has led to the use of lubricating factors following tendon repair to
minimise the frictional forces at the tendon pulley interface during the early stages of
rehabilitation. Although this is well understood, the tendon surface changes have not

been fully studied.

Electron microscopy investigations in this study on the turkey tendons showed:

e Both the flexor tendon surface and pulley appeared to contain a glandular layer,

responsible for the production of lubrication material and synovial fluid.

e Tendon laceration creates tendon flaps on each side of the laceration line and
these flaps enlarge following triggering, as they interact with the pulley edge and
therefore increase the zone of injury. However, the pulley only suffers mild

delamination of its glandular layer.

e Tendon repair led to iatrogenic tendon injury. The cauliflower appearance of the
tendon was observed as the suture needle entered and exited the tendon, both
with the core suture and circumferential suture. However, these tendon changes

led to very little delamination of the pulley following simulated tendon gliding.

e Tensioning the knot or the suture creates a longitudinal tear within a tendon.
Suture knots, especially the prominent apex of the knot, leads to mild
delamination of the pulley. However, a running suture in the absence of a knot

had no significant effect on the pulley.

e The maximum amount of tendon damage was seen following a full tendon repair

with core and circumferential suture in addition to maximum pulley damage.

These findings indicate that the tendon damage, from an initial injury and following a
tendon repair, is responsible for the maximum pulley injury and potential subsequent
increase in the GR. It is clear that a prominent suture knot can cause significant injury
to the pulley and current surgical practice indicates that a suture knot should be

positioned away from the gliding surfaces.

3. Do the paired specimens from the same animal behave the same in terms of their

GR and CF when intact?
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Paired specimens from the same animal did not display the same gliding properties.

Currently there are no studies in the literature looking at paired specimens from the
same animal. Most studies compare the experimental settings to a control intact
specimen but this is not from the same animal. This means that the specimens are not

compared like for like.

In this study the specimens were paired in the farm following a prior agreement. They
all appeared to be paired based on a visual inspection of the skin colour and size of the
feet. However, based on the randomisation test the paired specimens showed a
significant difference in their GR and CF under the same settings. It was concluded that
even digits from the same animal may have different gliding properties or that the
process of dissection and specimen preparation affects these properties more than
was previously expected, and therefore paired experiments are not as accurate as

previously thought.

4. To evaluate the effect of a full of tendon repair on the GR at the equivalent A2
pulley level when compared to an intact tendon for a paired specimen and to

understand the effect of increasing the flexion angle and load.

Following a full tendon repair, GR is increased significantly only at higher load and

flexion angles.

Current data in the literature indicates that the GR and CF increase 2-fold after a
partial tendon laceration and 229% following a tendon repair; this is thought to be due
to the tendon injury, tendon repair and suture material (Bunata et al., 2011, Hajipour

et al., 2010, Kennedy and Dias, 2013).

This study confirms the previous studies, as the GR and CF changed significantly only at
high flexion angles where the tendon contact with the pulley was at a maximum. This
means that at the lower flexion angles motion leads to lower friction despite changes
to the surface properties of the tendon. This is due to the fact that at lower flexion
angles other tendons within the pulley are relaxed, leading to a wider pulley volume
and less compression against the pulley as the tendon glides. Increasing the load leads

to an increased GR, and increasing the flexion angle leads to an increase in the GR and
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a decrease in the CF, both of which are related to the high resistance of the tendon
and triggering at the intact pulley edge. These findings indicate that low flexion angle

and load exercises immediately after surgery may be more appropriate.

5. To evaluate the effect of sequential pulley resection on the GR at the equivalent A2
pulley level when compared to the intact tendon in a paired specimen and to

understand the effect of increasing the flexion angle and load.

At lower flexion angles and loads, up to 75% of pulley resection does not lead to any

significant change in GR.

Tanaka et al. (2004) have shown that the distal 25% of the A2 pulley is more rigid, and
when it is the only remaining part of the pulley (both in intact and repaired tendon
groups), it leads to a higher GR due to the bowstringing effect of the tendon proximal
to this section. The effect of increasing the flexion angle and load in these settings has

not been studied previously.

In this study the GR and CF did not change significantly following pulley resection when
the tendon was intact, which may be related to the fact the bowstringing phenomenon
was not observed, as both the proximal and the distal joints in the specimens were
disarticulated. Increasing the flexion angle and weight in each subgroup led to a

significant decrease in the CF and an increase in the GR, respectively.

When the tendon was repaired, up to 75% pulley resection (distal to proximal
direction) at a low flexion angle did not lead to any significant change in the GR and CF,
similar to the intact tendons. However, at a higher flexion angle the pulley resection
did cause a significant increase in friction. The main finding was that the resection
from 50% to 75% did not lead to any significant change in the GR or CF. Increasing the
flexion angle and load led to a significant increase in the GR and CF, similar to the
repaired tendon experiment (without pulley resection), indicating persistent triggering
of the tendon at the pulley edges. These findings indicate that up to 75% pulley
resection did not have a significant effect on the GR and CF (when compared with 50%
pulley resection) and can be cautiously considered during surgery if there is persistent

triggering of the repaired tendon at the edge of the pulley.
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6. To identify the individual effect of a suture knot and peripheral suture on the GR at
the A2 pulley level and to understand the effect of increasing the flexion angle and

load.

Isolated suture knot and isolated circumferential suture (without the knot) have no

effect on the GR in absence of tendon laceration.

Previous studies have shown that a simple running suture has the lowest GR
compared to other more complicated and locked peripheral sutures (Gulihar et al.
2012). There is also a general understanding that the presence of a prominent knot will

lead to more triggering but the effect of this on the GR and CF has not been studied.

In this study a running circumferential suture or a single knot alone, in the absence of a
tendon injury, had no significant effect on the GR or CF. A change in the flexion angle
and load led to a significant change in the CF and GR respectively, which is the same
finding as in the previous experiment; however, increasing the load led to a significant
decrease in the CF related to the longitudinal increase in the zone of injury, as the knot

came into repetitive contact with the pulley.

7. What component of the tendon injury and repair has the most significant effect on

the CF and GR?

Currently there are no studies in the literature that can answer this question. In this
study it has been clearly observed that the suture material, pulley resection and
presence of a knot on their own has no effect on the gliding properties of a tendon in
zone 2. It is the initial tendon injury and the extent of iatrogenic tendon damage from
the insertion of a core and circumferential suture that are the most prominent factor

affecting the gliding properties at this level.

7.1 Problems and Limitations

Avian influenza: The initial stage of this research coincided with a local avian influenza
epidemic and therefore serious measures were put into place to avoid contracting or
transmitting the virus. A health and safety application was completed and all infection

protocols were followed.
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Control board and the load cells: Both required fixation and replacement due to a
short circuit in the laboratory, as both are sensitive to electrical current changes and
temperature. Both load cells required calibration at the start of the experiments and
hourly thereafter, with 15 minutes breaks every two hours to avoid overheating and

inaccurate readings which were observed with temperature changes.

Anatomical variation: Due to the hardened mid-section of the tendons at the lower leg
level, it was not possible to simulate a dynamic range of motion through flexion of the

adjacent joints, which led to a static study only.

Freezing process: It was not possible to experiment on fresh specimens from the farm
on the same day, as the initial dissection for each specimen took between 20-25
minutes. Access to the laboratory at night time was limited in the absence of another
university member and therefore specimens were frozen following the initial

dissection.

Uchiyama apparatus: This apparatus, while ideal for measuring the gliding properties
for an isolated arc of contact, does not allow measurements of a dynamic arc of

contact.

7.2 Strengths and Weaknesses

For the simplicity of the discussion, the strengths and weaknesses of each section of

the research are discussed separately.

1. The anatomy of turkey feet

Strengths: The turkey toes were fully dissected under magnification by a single
surgeon. All specimens for this part of the study were collected close to the Christmas
period when turkeys were allowed to grow to a larger size and therefore larger

specimens were used for accurate dissection.

Ethical approval or permission from the Home Office was not required for the use of
the turkey feet and storage in the laboratory freezer did not impose a health and

safety hazard.
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Weaknesses: More proximal dissections showed that in the mid-section, proximal to
the level of the foot, the flexor tendons become bone-like structures with different
gliding properties, before their attachment to the muscle, and therefore dynamic
studies were not possible. Flexor tendons are about half the size of the human
equivalent (in terms of width and depth) and therefore their treatment required
modification (suture size, suture material and applied load) for the purposes of this

research.

2. Electron microscopy

Strengths: This part of the study was carried out in a staged manner; each factor
affecting the flexor tendon repair was studied individually and accurately, leading to a
better understanding of the flexor tendon repair and its effect on the already injured
tendon and pulley. The electron microscopy department provided excellent specimen
preparation and images at three to four different magnifications to allow better

visualisation of the iatrogenic tendon injury and the suture material.

Weaknesses: It was difficult to quantify the degree of delamination of the suture
material. It remains unclear as to how much of this damage was due to the processing
of the specimens for electron microscopy and how much was related to the simulated
gliding for 10 minutes. It was not possible to measure the extent of pulley damage in

the form of a percentage of the surface area.

3. Specimen dissection and set-up

Strengths: All specimen dissections were carried out by one person (myself) under x3.5
maghnification to avoid iatrogenic injury to the specimens. The Uchiyama set-up (which

has previously been approved) was used following multiple calibrations for accuracy.

Weaknesses: All the experiments were carried out on frozen specimens. Due to the
time required for specimens to be collected from the farm, dissected and set up, it was

logistically not possible to perform these experiments on fresh specimens.
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4. Effect of tendon repair, peripheral suture, suture knot and pulley resection on

the GR and CF.

Strengths:. All the experiments were carried out by one trained surgeon under x3.5
magnification and the same technique was used for all the specimens for the purpose
of a better comparison. A digital calliper was used for precise pulley measurements. All

the results were analysed following statistical advice from two different statisticians.

Weaknesses: Due to the lack of similarity in the paired tendons it was not possible to
compare the pairs as previously planned. The experiments that required pulley
resection required two hours of experimentation. This could have led to a higher GR as
a result of prolonged tendon exposure and experimentation. Due to the small size of
the tendon it was not possible to increase the load to those experienced in active and
passive human finger motions. Due to the prolonged periods of experimentation and

the risk of tendon drying, only two flexion angles were employed.

7.3 Clinical Implications

1. Turkey toes as experimental specimens

The full understanding and similarity of the turkey toe anatomy to human fingers
allows other researchers to consider this animal model for future studies of the flexor,
extensor tendons and for bony experiments. These are better alternatives to chicken
specimens which are smaller or porcine specimens which are larger than their human

counterparts.

2. Tendon repair

Electron microscopy of the treated tendon illustrates the secondary damage to the
tendon created by the tendon repair. This means that less soft tissue handling, careful
use of needle type (non-cutting versus cutting tip), careful positioning of the suture
knot and the use of a simple non-locking running suture can lead to less damage to the

tendon and pulley following rehabilitation.
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3. Pulley venting

Although in this study 75% pulley resection was not significantly different from 50%
pulley resection in terms of the gliding properties, such extensive pulley venting has to
be carefully and cautiously considered, as it can lead to bowstringing and a subsequent
reduction in the functional range of motion of the affected joints. Pulley resection

should be limited and only to allow trigger free motion.

4. Post-operative rehabilitation

As the higher flexion angles and loads lead to increased frictional forces at the tendon-
pulley interface, it seems logical to modify rehabilitation protocols to lower flexion
angles with the aid of a flexion block splint and lower loads at the start of therapy to

facilitate tendon gliding and avoid excessive friction.

7.4 Impact Statement

The relevance of this research to the clinical application of zone 2 flexor tendon repairs

are summarised as:

I.  Minimal tissue handling.
II.  Use of a non-cutting suture needle.
lll. A strong two strand core suture.
IV.  Asimple running circumferential suture.
V.  Asuture knot away from the volar surface of the tendon.
VI.  Minimal pulley resection (<75%).
VIl.  Early range of motion rehabilitation at lower flexion angles and loads with

application of flexion block splint.

7.5 Future Directions

1. Experimental set-up

The experiment frame that was used in this study required manual elevation of the
experiment plate to allow for 10° flexion from 70° in each experiment. An
experimental frame that allows angular movement to be digitally controlled would

reduce the experimental time and improve accuracy. It would also allow different
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flexion angles at each end of the pulley, so that the tendon on one side of the pulley
could have a different flexion angle compared to the other side, therefore simulating
different IPJ flexion angles that are used during the rehabilitation programme. This
could be achieved by an interlocking circular frame and a glider which controls the

flexion angle on the frame.

2. Tendon repair

As the paired specimens do not share similar gliding properties it is more important to
consider comparing the flexor tendon treatment modalities to the initial intact tendon
before the repair has been performed, instead of comparing to another randomly

selected intact tendon.

For a better understanding of the GR in zone 2 injuries, a multicentre trial based on
flexor tendon repair of human fingers would be more appropriate. With a patient
awake during surgery and the use of miniature pressure sensors, both the active and
passive range of motion could be assessed at different flexion angles, allowing a more

accurate and dynamic measurement of the CF and GR at the time of tendon repair.

3. Rehabilitation

This research indicates that lower flexion angles and loads lead to a lower GR of the
tendon-pulley interval in zone 2, however further studies are required to determine
the exact flexion angle and load that is safe to be used following flexor tendon repair
without risking tendon rupture and while maintaining tendon motion. A flexion block

splint may be more appropriate to avoid high flexion angles during early rehabilitation.
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Appendix 3 — Raw Data

Raw data: Effect of tendon repair and pulley resection on the gliding resistance and co-efficient of friction

Rt102000G | Rt102000F | Rt1020025G | Rt1020025F | Rt1020050G | Rt1020050F | Rt1020075G | Rt1020075F | Rt104000G | Rt104000F
R C R C R C R C R C
0.2267 0.7428 0.4391 1.5791 0.4393 1.5747 0.4512 1.6019 0.8801 1.5329
0.6443 1.9832 0.638 1.9684 0.6362 2.0008 0.6077 1.906 1.1136 1.8265
0.7804 2.5921 0.7409 2.4478 0.6582 2.093 0.71 2.3228 1.2225 2.0322
0.4421 1.5159 0.3838 1.3 0.3915 1.3338 0.4062 1.3823 0.9034 1.5449
0.3745 1.2605 0.3599 1.1984 0.3645 1.2184 0.3774 1.2644 0.8488 1.4348
0.4113 1.4588 0.3985 1.4059 0.3872 1.3512 0.3892 1.3541 0.9095 1.5931
0.3583 1.2456 0.3619 1.2678 0.3449 1.1984 0.3381 1.176 0.8595 1.4984
0.3234 1.1067 0.3014 1.0257 0.3178 1.0805 0.2945 0.9944 0.8151 1.398
0.335 1.1397 0.3517 1.2005 0.2865 0.965 0.2994 1.0121 0.818 1.3971
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Rt1040025G | Rt1040025F | Rt1040050G | Rt1040050F | Rt1040075G | Rt1040075F | Rt702000G | Rt702000F | Rt7020025G | Rt7020025F
R C R C R C R C R C
0.9244 1.6187 0.9386 1.6588 0.9439 1.6626 0.3995 0.2151 0.4448 0.2366
1.1231 1.8354 1.1035 1.7863 1.082 1.7571 0.7432 0.3264 0.6652 0.3022
1.2179 2.0271 1.1939 1.9711 1.2036 1.9892 0.5703 0.2609 0.68 0.321
0.8873 1.5213 0.8811 1.5079 0.8921 1.522 0.4697 0.2399 0.3763 0.1897
0.8607 1.4524 0.9024 1.527 0.886 1.4929 0.3535 0.175 0.3759 0.1846
0.9161 1.6042 0.8916 1.5469 0.9034 1.5653 0.3807 0.1992 0.3985 0.2008
0.8422 1.4685 0.8388 1.4535 0.8117 1.4057 0.3413 0.1766 0.3162 0.1651
0.7988 1.3705 0.8114 1.3846 0.8244 1.4088 0.3243 0.1649 0.2593 0.132
0.8442 1.4472 0.8187 1.3995 0.8375 1.434 0.314 0.1577 0.2973 0.1511
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Rt7020050G | Rt7020050F | Rt7020075G | Rt7020075F | Rt704000G | Rt704000F | Rt7040025G | Rt7040025F | Rt7040050G | Rt7040050F
R C R C R C R C R C
0.4833 0.2611 0.5014 0.2685 0.86 0.2204 0.9261 0.2355 1.0122 0.2556
0.68 0.3098 0.6225 0.2826 1.2714 0.2965 1.1711 0.2751 1.0953 0.2566
0.6971 0.334 0.6209 0.2892 1.0228 0.2431 1.1412 0.2752 1.1555 0.2756
0.3842 0.1903 0.3975 0.1991 0.8288 0.2042 0.7516 0.1878 0.8885 0.2196
0.4208 0.2056 0.4464 0.2157 0.8679 0.2129 0.8485 0.2083 0.9106 0.2216
0.353 0.1844 0.3497 0.1801 0.8856 0.2255 0.8165 0.2079 0.8019 0.2046
0.3096 0.1604 0.2932 0.1513 0.7742 0.197 0.7647 0.1948 0.7317 0.1872
0.271 0.1379 0.2692 0.1362 0.7998 0.2002 0.6751 0.17 0.6947 0.1758
0.3045 0.1531 0.2631 0.1323 0.7467 0.1874 0.7939 0.1985 0.7679 0.1925
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Rt7040075G | Rt7040075F | Lt102000G | Lt102000F | Lt10200LacG | Lt10200LacF | Lt1020025G | Lt1020025F | Lt1020050G | Lt1020050F
R C R C R C R C R C
1.121 0.2777 0.2267 0.7428 0.4109 1.3054 0.3877 1.2372 0.5169 1.622
1.0638 0.2526 0.3831 1.3018 0.4104 1.3924 0.3854 1.3069 0.3733 1.2564
1.1565 0.2749 0.3116 1.0439 0.3615 1.2116 0.3567 1.2076 0.3641 1.2086
0.8788 0.2167 0.2628 0.8636 0.2271 0.743 0.337 1.0836 0.3299 1.0645
0.986 0.2369 0.3942 1.4042 0.3268 1.1478 0.3487 1.2241 0.3935 1.3784
0.8148 0.2057 0.3743 1.3189 0.3541 1.219 0.3618 1.2369 0.3745 1.2826
0.684 0.1751 0.3259 1.1188 0.2972 0.9979 0.3372 1.1254 0.3479 1.1637
0.8094 0.2017 0.3056 1.0487 0.2905 0.9842 0.3645 1.2598 0.3071 1.0375
0.7956 0.1988 0.448 1.5917 0.4542 1.6296 0.4797 1.7199 0.4388 1.5735
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Lt1020075G | Lt1020075F | Lt104000G | Lt104000F | Lt10400LacG | Lt10400LacF | Lt1040025G | Lt1040025F | Lt1040050G | Lt1040050F

R C R C R C R C R C
0.4277 1.3242 0.2846 0.5126 0.657 1.0526 0.6546 1.0703 0.8195 1.3503
0.3477 1.1624 0.85 1.4473 0.875 1.489 0.8547 1.4476 0.8317 1.4049
0.3695 1.2292 0.7945 1.3405 0.8577 1.4568 0.8605 1.4502 0.8212 1.389
0.3486 1.1307 0.7141 1.1945 0.6654 1.114 0.7393 1.2228 0.729 1.2019
0.3888 1.3666 0.8672 1.5155 0.782 1.3546 0.8126 1.41 0.9115 1.5882
0.3699 1.2775 0.8613 1.5059 0.8369 1.4466 0.8758 1.5042 0.8464 1.4576
0.3619 1.2186 0.817 1.4042 0.7741 1.3137 0.7586 1.2891 0.7997 1.3651
0.3542 1.2099 0.7862 1.3539 0.7131 1.2192 0.7579 1.3065 0.7498 1.2856
0.4682 1.6643 0.9216 1.6136 0.9634 1.6892 0.9467 1.6656 0.9215 1.6276
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Lt1040075G | Lt1040075F | Lt702000G | Lt702000F | Lt70200LacG | Lt70200LacF | Lt7020025G | Lt7020025F | Lt7020050G | Lt7020050F
R C R C R C R C R C
0.6126 1.0204 0.3175 0.1495 0.5296 0.2711 0.6706 0.3169 0.7199 0.3467
0.8118 1.3668 0.3378 0.1668 0.5107 0.2512 0.5326 0.262 0.5661 0.2766
0.8352 1.409 0.3201 0.1591 0.6022 0.2902 0.4774 0.2362 0.5387 0.2642
0.7816 1.2963 0.2553 0.1244 0.3595 0.1711 0.8376 0.3724 0.866 0.3979
0.833 1.4478 0.3501 0.1818 0.465 0.2376 0.5588 0.2875 0.7294 0.3709
0.8574 1.4777 0.3233 0.1686 0.5711 0.2883 0.6575 0.3241 0.7313 0.3622
0.8173 1.3915 0.2329 0.116 0.4421 0.2144 0.5621 0.2733 0.634 0.3053
0.7842 1.3508 0.2738 0.1402 0.3805 0.1908 0.4933 0.2519 0.6139 0.3034
0.9312 1.6316 0.4167 0.2206 0.4526 0.2419 0.5367 0.2859 0.6832 0.3577
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Lt7020075G | Lt7020075F | Lt704000G | Lt704000F | Lt70400LacG | Lt70400LacF | Lt7040025G | Lt7040025F | Lt7040050G | Lt7040050F
R C R C R C R C R C
0.8211 0.3689 0.5806 0.1377 0.8203 0.2287 1.0463 0.2453 1.3777 0.3201
0.4578 0.2247 0.8251 0.2031 0.9609 0.2348 1.0391 0.2532 1.163 0.2806
0.6654 0.3238 0.8504 0.2094 1.0308 0.249 1.1978 0.2877 1.1184 0.2718
0.9607 0.368 0.6609 0.1624 0.8236 0.1992 1.0864 0.2598 1.6056 0.3811
0.6673 0.3436 0.7882 0.1987 0.9628 0.2434 1.3749 0.3409 1.4571 0.3648
0.5699 0.2812 0.7852 0.1986 1.2578 0.311 1.419 0.3547 1.4762 0.3714
0.6251 0.2996 0.7229 0.1798 0.8944 0.2177 1.1155 0.2728 1.3484 0.325
0.5918 0.3003 0.8211 0.2066 0.3805 0.1908 1.0848 0.2728 1.2545 0.3096
0.6501 0.3445 0.8719 0.2224 1.0051 0.255 1.1471 0.2879 1.1387 0.2889
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Lt7040075GR | Lt7040075FC
1.1253 0.2764
0.9348 0.2288
1.4537 0.3437
1.8404 0.4291
1.3449 0.3344
1.144 0.2857
0.9872 0.5949
1.1305 0.2803
1.1852 0.3013
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Raw data: Effect of a circumferential suture on the gliding resistance and co-efficient of friction

1C10200GR | 1C10200FC | 1C10400GR | 1C10400FC | 1C70200GR | 1C70200FC | 1C70400GR | 1C70400FC | 1S10200GR | 1S10200FC
0.5048 1.7951 1.0679 1.9047 0.533 0.2772 1.1061 0.283 0.4716 1.6566
0.5768 2.0779 1.1776 2.1059 0.5491 0.2966 1.1892 0.3113 0.5686 2.0875
0.5464 1.9725 3.7923 2.033 0.4936 0.2673 1.1259 0.2945 0.4653 1.7005
0.5815 2.1183 1.1511 2.0596 0.5277 0.2813 1.0491 0.2798 0.4067 1.5513
0.5074 1.8049 1.113 1.9805 0.3921 0.2169 1.0966 0.2879 0.5033 1.8031
0.4877 1.7369 1.1051 1.967 0.4695 0.2461 1.0807 0.2786 0.4787 1.7088
0.4902 1.7382 1.1123 1.9745 0.4955 0.2599 1.1053 0.2852 0.4916 1.7377
0.7128 2.7454 1.3659 2.542 0.7028 0.3994 1.3469 0.3625 0.7224 2.7891
0.7358 2.8809 1.3846 2.602 0.7271 0.4198 1.3769 0.3748 0.7131 2.7878
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1S10400GR | 1S10400FC | 1S70200GR | 1S70200FC | 1S70400GR | 1S70400FC
1.0893 1.9065 0.4633 0.2395 1.073 0.2759
0.8438 1.6099 0.6031 0.3299 1.2275 0.324
1.1259 2.0195 0.5485 0.2922 1.1266 0.2923
3.7936 2.0599 0.567 0.3062 1.1827 0.3101
1.1666 2.1066 0.5313 0.2862 1.0157 0.2739
1.0889 1.9267 0.4876 0.2573 1.137 0.2957
1.0919 1.9301 0.4757 0.2486 1.0989 0.2828
1.3833 2.5825 0.7348 0.4222 1.3766 0.3734
1.3824 2.6067 0.7259 0.4203 1.3838 0.3776
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Raw data: Effect of a single suture knot on the gliding resistance and co-efficient of friction

1C10200GR | 1C10200FC | 1C10400GR | 1C10400FC | 1C70200GR | 1C70200FC | 1C70400GR | 1C70400FC | 1K10200GR | 1K10200FC
0.5072 1.845 1.1109 1.9983 0.4756 0.2524 1.1232 0.2931 0.4835 1.724
0.5156 1.8696 1.1241 2.0023 0.4491 0.2324 1.1608 0.303 0.5177 1.8509
0.5301 1.8977 1.119 1.9932 0.4873 0.2553 1.101 0.2842 0.5476 1.9791
0.5644 2.0478 1.1411 2.0435 0.545 0.2923 1.1706 0.3065 0.5569 2.0262
0.5586 2.0185 1.141 2.0412 0.5388 0.2872 1.1713 0.3062 0.5567 2.0027
0.5765 2.0947 1.1517 2.0562 0.564 0.3034 1.1875 0.3118 0.5515 1.9908
0.5392 1.9289 1.1781 2.1126 0.5633 0.3016 1.199 0.3151 0.5696 2.0803
0.552 1.9761 1.1529 2.054 0.5188 0.2769 1.1388 0.2977 0.5482 1.9879
0.5529 1.9712 1.0864 1.9283 0.4781 0.2517 1.0984 0.2853 0.4585 1.6195
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1K10400GR | 1K10400FC | 1K70200GR | 1K70200FC | 1K70400GR | 1K70400FC
1.1099 1.9817 0.464 0.2438 1.112 0.2889
1.1466 2.0523 0.5288 0.281 1.242 0.3287
1.1373 2.0377 0.5144 0.2724 1.1408 0.2967
1.1419 2.0493 0.5701 0.3087 1.1505 0.3002
1.1557 2.065 0.5631 0.3037 1.1807 0.3093
1.1681 2.0982 0.5405 0.2888 1.1662 0.3055
1.1767 2.1259 0.584 0.317 1.2354 0.3277
1.1655 2.0997 0.5423 0.2924 1.1532 0.3024
1.0508 1.8621 0.4785 0.2522 1.0188 0.2612
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Effect of a circumferential suture on the gliding resistance and co-efficient of friction
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Effect of a single knot on the gliding resistance and co-efficient of friction
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Appendix 4 - Data Test for Normal Distribution

order rt102000gr rt1020025gr rt1020050gr rt1020075gr rt104000gr rt1040025gr
rt1040050gr rt1040075gr rt702000gr rt7020025gr rt7020050gr rt7020075gr
rt704000gr rt7040025gr rt704005

> Ogr rt7040075gr 1t102000gr 1t10200lacgr 1t1020025gr 1t1020050gr 1t1020075gr
[t104000gr 1t10400lacgr  1t1040025gr 1t1040050gr 1t1040075gr  1t1040025gr
[t1040050gr [t1040075gr 1t70200

> Ogr 1t70200lacgr 1t7020025gr 1t7020050gr [t7020075gr [t704000gr 1t70400lacgr
[t7040025gr 1t7040050gr [t7040075gr

. foreach xvar of varlist rt102000gr- [t7040075fc {
2. swilk “xvar'
3.}
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+
T

rt102000gr | 10 0.85788 2.190 1.461 0.07204
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z Prob>z

-+
T

rt1020025gr | 10 0.77761 3.427 2.421 0.00774
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z Prob>z

-+
T

rt1020050gr | 10 0.80596 2.990 2.117 0.01713
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z Prob>z

-+
T

rt1020075gr | 10 0.83703 2.512 1.743 0.04065
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z
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4
T

rt104000gr | 10 0.76006 3.698 2.595 0.00473
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

4

rt1040025gr | 10 0.78979 3.239 2.294 0.01089
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z Prob>z

+

rt1040050gr | 10 0.80034 3.077 2.180 0.01464
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+

rt1040075gr | 10 0.80702 2.974 2.105 0.01764
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+

rt702000gr | 10 0.81287 2.884 2.038 0.02078
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z Prob>z

-+

rt7020025gr | 10 0.82935 2.630 1.840 0.03286
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z Prob>z

-+

rt7020050gr | 10 0.83914 2.479 1.716 0.04309
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+

rt7020075gr | 10 0.89910 1.555 0.792 0.21417
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

192



4
T

rt704000gr | 10 0.78316 3.342 2.364 0.00905
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z Prob>z

4
T

rt7040025gr | 10 0.85838 2.182 1.454 0.07303
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z Prob>z

+
T

rt7040050gr | 10 0.94641 0.826 -0.322 0.62632
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+
T

rt7040075gr | 10 0.92889 1.096 0.158 0.43710
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+
T

[t102000gr | 10 0.97825 0.335 -1.697 0.95513
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z Prob>z

-+
T

[t10200lacgr | 10 0.96589 0.526 -1.038 0.85039
Shapiro-Wilk W test for normal data
Variable | Obs W \Y z Prob>z

-+
T

[t1020025gr | 10 0.76371 3.641 2.559 0.00524
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z Prob>z

-+
T

[t1020050gr | 10 0.81198 2.898 2.048 0.02027
Shapiro-Wilk W test for normal data
Variable | Obs W \ z  Prob>z
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4
T

[t1020075gr | 10 0.57837 6.498 4.008 0.00003
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

4
T

[t104000gr | 10 0.66257 5.200 3.422 0.00031
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z Prob>z

+
T

[t10400lacgr | 10 0.95047 0.763 -0.451 0.67405
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+
T

[t1040025gr | 10 0.96619 0.521 -1.051 0.85344
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+
T

[t1040050gr | 10 0.77497 3.468 2.448 0.00719
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+
T

[t1040075gr | 10 0.75525 3.772 2.641 0.00413
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+
T

[t702000gr | 10 0.97235 0.426 -1.352 0.91177
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+
T

[t70200lacgr | 10 0.95373 0.713 -0.561 0.71272
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z
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4
T

[t7020025gr | 10 0.90208 1.509 0.736 0.23090
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

4
T

[t7020050gr | 10 0.97328 0.412 -1.402 0.91950
Shapiro-Wilk W test for normal data
Variable | Obs W V z Prob>z

+
T

[t7020075gr | 10 0.93442 1.011 0.018 0.49272
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+
T

[t704000gr | 10 0.88861 1.717 0.980 0.16358
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+
T

[t70400lacgr | 10 0.89802 1.572 0.812 0.20837
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+
T

[t7040025gr | 10 0.84562 2.379 1.630 0.05152
Shapiro-Wilk W test for normal data
Variable | Obs W \ z Prob>z

-+
T

[t7040050gr | 10 0.94359 0.869 -0.237 0.59364
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+
T

[t7040075gr | 10 0.91271 1.345 0.524 0.30016
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z
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4
T

animal| 10 0.97016 0.460 -1.239 0.89237
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z Prob>z

4

rt102000fc | 10 0.89745 1.580 0.823 0.20537
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

+

rt1020025fc | 10 0.85070 2.301 1.561 0.05921
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+

rt1020050fc | 10 0.87751 1.888 1.164 0.12215
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+

rt1020075fc | 10 0.87982 1.852 1.127 0.12989
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+

rt104000fc | 10 0.83181 2.592 1.810 0.03518
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+

rt1040025fc | 10 0.86521 2.077 1.354 0.08788
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+

rt1040050fc | 10 0.86609 2.064 1.341 0.08999
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z
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4
T

rt1040075fc | 10 0.83886 2.483 1.719 0.04276
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z Prob>z

4

rt702000fc | 10 0.90421 1.476 0.695 0.24354
Shapiro-Wilk W test for normal data
Variable | Obs W V z Prob>z

+

rt7020025fc | 10 0.88908 1.709 0.972 0.16559
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+

rt7020050fc | 10 0.87984 1.852 1.127 0.12993
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+

rt7020075fc | 10 0.90691 1.435 0.642 0.26041
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+

rt704000fc | 10 0.84013 2.464 1.703 0.04428
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+

rt7040025fc | 10 0.86087 2.144 1.418 0.07813
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z Prob>z

-+

rt7040050fc | 10 0.94328 0.874 -0.228 0.59006
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z
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4
T

rt7040075fc | 10 0.93138 1.057 0.096 0.46163
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

4
T

[t102000fc | 10 0.97973 0.312 -1.795 0.96370
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

+
T

[t10200lacfc | 10 0.98160 0.284 -1.929 0.97315
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z Prob>z

-+
T

[t1020025fc | 10 0.74972 3.857 2.693 0.00354
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+
T

[t1020050fc | 10 0.76567 3.611 2.540 0.00554
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+
T

[t1020075fc | 10 0.55335 6.883 4.167 0.00002
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z Prob>z

-+
T

[t104000fc | 10 0.71629 4.372 2.991 0.00139
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z Prob>z

-+
T

[t10400lacfc | 10 0.96063 0.607 -0.817 0.79303
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z
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4
T

[t1040025fc | 10 0.98346 0.255 -2.074 0.98096
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

4
T

[t1040050fc | 10 0.78390 3.330 2.356 0.00924
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z Prob>z

+
T

[t1040075fc | 10 0.75264 3.812 2.666 0.00384
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+
T

[t702000fc | 10 0.97939 0.318 -1.772 0.96182
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+
T

[t70200lacfc | 10 0.95397 0.709 -0.569 0.71548
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z Prob>z

-+
T

[t7020025fc | 10 0.96701 0.508 -1.088 0.86179
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z Prob>z

-+
T

[t7020050fc | 10 0.94880 0.789 -0.397 0.65431
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+
T

[t7020075fc | 10 0.91899 1.248 0.389 0.34863
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z
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4
T

[t704000fc | 10 0.86870 2.023 1.302 0.09654
Shapiro-Wilk W test for normal data
Variable | Obs W \ z Prob>z

4
T

[t70400lacfc | 10 0.95793 0.648 -0.713 0.76208
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z Prob>z

4
T

[t7040025fc | 10 0.88833 1.721 0.985 0.16237
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

+
T

[t7040050fc | 10 0.93723 0.967 -0.057 0.52259
Shapiro-Wilk W test for normal data
Variable | Obs W Vv z  Prob>z

-+
T

[t7040075fc | 10 0.86602 2.065 1.342 0.08982
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Appendix 5 - Randomisation Test

> source("pair.test.vl.r.txt")
> pair.test
function(leg.l, leg.r, n.sims, rand.seed)
set.seed(rand.seed);
leg.l.len <- length(leg.l);
leg.r.len <- length(leg.r);
stopifnot(leg.l.len==leg.r.len);
# t.legs <- cbind(leg.l, leg.r)
Ir.diff <- mean(abs(leg.| - leg.r));
array.v.Ir.diff <- rep(NA, n.sims)
for (i in 1:n.sims)
v.leg.r <- sample(leg.r, leg.r.len, replace=FALSE);
v.leg.l <- sample(leg.l, leg.l.len, replace=FALSE);
v.Ir.diff <- mean(abs(v.leg.| - v.leg.r));
array.v.lr.diff[i] <- v.Ir.diff;
xx <- 1*(Ir.diff > array.v.Ir.diff);
# print(cbind(v.leg.l, v.leg.r, v.Ir.diff);
print(paste("Ir.diff =", Ir.diff, sep=""));
print(paste("mean(array.v.Ir.diff) = ", mean(array.v.Ir.diff), sep=""));
print(paste("p.value =", sum(xx)/n.sims, sep=""));
> pair.test(datalSLt102000GR, datalSRt102000GR, n.sims=10, rand.seed=1)
[1] "Ir.diff = 0.1207632668"
[1] "mean(array.v.Ir.diff) = 0.13528392306"
[1] "p.value = 0"
> pair.test(datalSLt102000GR, datalSRt102000GR, n.sims=10000, rand.seed=1)
[1] "Ir.diff = 0.1207632668"
[1] "mean(array.v.Ir.diff) = 0.1346281824275"
[1] "p.value = 0.1673"
> pair.test(datalSLt702000GR, datalSRt702000GR, n.sims=10000, rand.seed=1)
[1] "Ir.diff = 0.1317293511"
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[1] "mean(array.v.Ir.diff) = 0.12444312802326"
[1] "p.value =0.7672"

> pair.test(datalSLt104000GR, datalSRt104000GR, n.sims=10000, rand.seed=1)

[1] "Ir.diff = 0.1801948604"
[1] "mean(array.v.Ir.diff) = 0.17074731879768"
[1] "p.value = 0.8639"

> pair.test(datalSLt704000GR, datalSRt704000GR, n.sims=10000, rand.seed=1)

[1] "Ir.diff = 0.150540982"

[1] "mean(array.v.Ir.diff) = 0.14322858723688"

[1] "p.value = 0.7348"

> pair.test(datalSLt102000FC, datalSRt102000FC,
rand.seed=1340110512)

[1] "Ir.diff = 0.4113236391"

[1] "mean(array.v.Ir.diff) = 0.4522894226443"

[1] "p.value = 0.2204"

> pair.test(datalSLt702000FC, datalSRt702000FC,
rand.seed=1341110512)

[1] "Ir.diff = 0.0658689187"

[1] "mean(array.v.Ir.diff) = 0.05981349849666"

[1] "p.value = 0.8584"

> pair.test(datalSLt104000FC, datalSRt104000FC,
rand.seed=1342110512)

[1] "Ir.diff = 0.3127672142"

[1] "mean(array.v.Ir.diff) = 0.28777843546306"

[1] "p.value = 0.8939"

> pair.test(datalSLt704000FC, datalSRt704000FC,
rand.seed=1343110512)

[1] "Ir.diff = 0.037032217"

[1] "mean(array.v.Ir.diff) = 0.03416747446264"

[1] "p.value = 0.839"

n.sims=10000,

n.sims=10000,

n.sims=10000,

n.sims=10000,
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