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Abstract i

ABSTRACT

The work of this thesis examines the application of lasers to cardiac surgery in two
areas - laser assisted anastomosis and laser balloon angioplasty. Both techniques
utilise laser interactions with tissue, particularly with the blood vessel wall.
Modification of the collagen component is a recurring feature of such interactions,
frequently determining the general response of the vessel as a whole. Hence an
introduction to collagen structure and biochemistry is presented in Chapter 2.

Laser Anastomosis

Our own exploration of Argon laser anastomosis in vivo is discussed in Chapter 3.
This establishes our experience in this area and highlights the shortcomings of the
technigue (namely inconsistent bonding). In vitro work was undertaken (Chapter 4)
to investigate the nature of the bonding process. Tissue bonds were successfully
created without the use of a laser, implicating dehydration as an important factor.
These bonds were christened 'dry bonds' and a bonding theory based on
dehydration was proposed to explain the phenomenon.

The results of investigation into the wide variation of the strength of dry
bonds (Chapter 5) were in agreement with the dry bonding theory. The work of
Chapter 6 undertook a comparison of laser and dry bonds in which the properties of
the two bond types were found to be very similar, further implicating dehydration
as the mechanism responsible for Argon laser anastomosis. This hypothesis is
examined on a theoretical basis in Chapters 7 and 8, the former providing the
groundwork of laser tissue interactions and the latter applying a numerical model to
describe the bonding process. A theoretical description based on dehydration is
shown to account for experimental observations and indicates that dehydration is
the mediator of Argon laser anastomosis. The work as a whole is summarised in
Chapter 9 to conclude that dehydration is the mechanism of Argon laser bonding.

Laser Balloon Angioplasty

Chapter 10 introduces the technique of balloon angioplasty applied to coronary
artery disease with consideration of laser recanalisation and laser balloon
angioplasty. The latter is an experimental technique designed to 'fix' a stenosed
vessel in an expanded state by laser irradiation during balloon inflation. However
the temperature dependent processes responsible for this action are not well
defined since vessel temperature is difficult to obtain during radiative balloon



Abstract iii

inflation. In response to this, Chapter 11 describes a technique to simulate the
thermal effects of the laser balloon while simultaneously providing accurate vessel
temperature. In addition, a technique permitting repeated angiography on an
excised section of myocardium is described, enabling analysis of vessel diameter
pre- and post angioplasty. Application of the technique to non-diseased coronary
arteries in vitro is related in Chapter 12. The results of this work reveal acutely
altered vessel diameters and indicate that the technique is both viable and useful.

Chapter 13 draws the work to a conclusion and considers its future application.
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Chapter 1

Lasers in Cardiac Surgery

1.1 INTRODUCTION

Townes and Schawlow utilised the principle of stimulated emission to develop the
microwave MASER (1,2), extended shortly thereafter to the optical spectrum by T
H Maiman (Hughes Research Laboratories) using a thin ruby rod a few inches long
with silvered ends, illuminated by a helical flash lamp (3,4). Thus the LASER (Light
Amplification by Stimulated Emission of Radiation) was born. The device consists
of a lasing medium pumped to population inversion by an energy source (which can
be radiant energy, electrical discharge etc.), which induces stimulated emission.
The radiation is confined between two mirrors. With one mirror slightly less than
perfectly reflecting, the non-reflected component emerges as a fine laser beam. A
brief discussion of its qualities is given below.

1.1.1 Directionality

The thin thread of light that emerges from a laser is an indication of the way in
which it was created. The highly reflective mirrors of the laser cavity cause the
photons to be reflected many times (typically 100) before they emerge from the
output mirror. The output thus incurs minimal divergence, equating to a few milli-
radians.

1.1.2 Monochromaticity
The beam of a laser is highly monochromatic. The frequency spread of the

632.8nm output of a HeNe laser is less than 0.005nm, predominantly caused by
Doppler broadening (ie. Doppler shifted light from the motion of emitting atoms
moving towards and away from the observer). The monochromaticity resuits from
the resonant phenomenon of stimulated emission, the radiation oscillating within
what is essentially a tuned cavity.
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1.1.3 Intensity
The inexpensive low powered TmW HeNe laser produces a beam of intensity many

times greater than the sun (5). This is the result of amplification due to repeated

stimulated emissions.

1.1.4 Coherence

The distinct speckle pattern of a laser beam on a surface is a manifestation of its
coherence. Coherence is a quality that refers to the ordered nature of the light, and
defines to what extent the electro-magnetic (EM) field in one part of the beam can
be related to another. The nature of stimulated emission keeps all emitted photons
in phase and therefore the state of the EM field at one point within the emitted
beam can be used to calculate the field elsewhere, up to quite large distances
(several metres). Along the axis of the beam, this is known as longitudinal
coherence, or coherence length. In the radial plane, the large number of reflections
within the cavity creates an output that approximates a plane wave and thus the
EM field is well defined across it - a property known as transverse or spatial
coherence. The significance of coherence is that it defines a distance over which a
stationary interference pattern can be expected to occur. It is the overall coherent
nature of the laser beam which creates interference patterns on a surface visible as
laser speckie.

1.2 TYPES OF LASER

By February of 1961, Javan, Bennet and Herricut were reporting successful
operation of a CW (ie. Continuous Wave output) HeNe gas laser at 1152.3nm (1),
and indeed the red HeNe laser is today the most popular device, being easy to
construct, inexpensive and reliable. All the noble gases have been made to lase, the
population inversion being created by ionisation in an electrical discharge. The most
extensively studied is Argon, operating CW at several Watts in the visible spectrum
(488nm, 514nm), although examples have been driven as hard as 150W CW.

The CO5 laser is another gas laser but its output is derived from vibrational
modes of the CO5 molecule. The beam is infra-red (10.6 um) and its efficiency can
be unusually high (15%) when the CO5 gas is combined with nitrogen and
hydrogen. With such a mixture, outputs of 60kW CW can be achieved.

The Nd:YAG laser relies on the optical transitions of the ionic rare earth
element neodymium (Nd3+) which is embedded within an yttrium-aluminium-
garnet crystal. It lases at 1.06um (infra-red), but the neodymium can also be made
to lase in other hosts such as glass.
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A semiconductor laser is reliant upon stimulated transitions between the
conduction and valence bands of a p-n junction. The first example was GaAs
(gallium-arsenide), constructed in 1962. These devices can be very small and can
be fabricated with techniques familiar to the semiconductor industry.

Lasing in the ultra-violet part of the spectrum is possible with the Excimer
laser, which uses rare-gas molecules or atoms in combination with halide atoms
pumped to an ionised state called an excited state dimer (from which the name
excimer is derived). The large energies involved are responsible for the high
frequency UV output.

Other laser sources include the chemical laser which requires no external
power source but is driven by a chemical reaction, dye lasers (for frequency
tuneable output) and metal vapour lasers. However, it is inappropriate to list these
in further detail here, and the reader is referred to other texts for further accounts
of these devices (5).

1.3 DANGERS OF LASER RADIATION

The greatest danger posed by a laser is its extreme intensity, with possible
accidental exposure of the eye. The sheer number of photons generated by the
stimulated amplification process is such that even the feeble 1TmW laser is
extremely bright. This is exacerbated by the fact that the eye focuses the beam
onto a small spot on the retina which can increase power density by a factor of up
to 105. With many lasers capable of generating substantially more than 1MW a
real hazard is evident - direct viewing of the beam has considerable potential to
blind. Good advice states simply that an observer should NEVER look directly into
the beam of a laser - a discussion of various accidents can be found in the
reference (6).

A classification system has been created to quantify the danger posed by
various systems. This is related to a quantity called the maximum permissible
exposure (MPE), above which a specified organ (principally the eye, but also haé
provision for other organs - skin) cannot be safely exposed (6,7,8,9). Such a
quantity takes account of not only intensity, but also laser frequency and the period
of time over which it is delivered.

Class 1 lasers are very low power and inherently safe, since any exposure
will not exceed the MPE. Classes 2 and 3a lasers are more powerful and potentially
harmful, but the viewer is protected by the blink reflex and other natural aversion
responses. Intrabeam viewing of class 3b lasers will cause blindness and class 4
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lasers are yet more hazardous with even diffuse reflections proving dangerous.
Burns to the skin are possible, and these lasers represent a fire hazard.

In order to protect the user from accidental exposure, laser protective
eyewear can be worn. Eyewear is classified according to wavelength and optical
density (OD). The OD details how many orders of magnitude the offending

wavelength is attenuated in passing through the goggle lens. Technically
Incident intensit
OD =log Y

' Transmitted intensity

However, this figure takes no account of the damage threshold of the lens, which
therefore may melt at high enough intensities even though the transmitted intensity
is below the MPE (10,11). The monochromatic nature of laser light permits the
construction of goggles that attenuate one particuiar wavelength but leave the rest
unaffected. This allows clear (if a little coloured) vision, but it is obviously
important that the goggle is suitable for the wavelength in use. Use of the wrong
wavelength goggle provides no protection at all.

1.4 APPLICATIONS OF LASERS TO MEDICINE

Although the laser has found many applications (communications, guidance
systems, generation of fusion neutrons, welding, cutting, surveying, holography,
computer data storage etc. (5)) since its description by Schawlow as an "invention
in search of an application”, the interest of this thesis is its medical utilisation.

In medicine, the dangerous aspects of the laser beam can be turned to
medical advantage under carefully controlled conditions (12-17). Its intensity can
be used for cutting. Its coherence is appropriate for eye testing. Its
monochromaticity can be used to induce localised frequency dependent reactions
(18).

1.5 APPLICATIONS OF LASERS TO CARDIAC SURGERY

Use of the laser in medicine is widespread and its list of applications grows daily,
however the opportunity is now taken to examine its role in cardiac surgery. A brief
description of the heart is given below followed by a discussion of the potential of
the laser in cardiac therapy.

1.5.1 The Heart, Vasculature and Problems

The adult human heart is typically the size of a loosely clenched fist, weighing
approximately 0.25kg in females and 0.3kg in males (19). It is a four-stage pump
with a two-stage low pressure side on the right side, and a two-stage high pressure
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side on the left. De-oxygenated blood returning from the venous system to the right
atrium is pumped at low pressure by the right ventricle through the lungs to re-
oxygen'ate the blood. Oxygenated blood returns to the left atrium to be pumped at
higher pressure by the left ventricle through the systemic circulation where it
eventually returns to the right atrium. The heart muscle itself (myocardium) requires
oxygenated blood to function and is supplied by a vascular network on its exterior
surface. The main supplying vessels are called the coronary arteries. This supply is
tapped from the root of the aorta, immediately beyond the left ventricular aortic
valve.

Apart from abnormalities in contraction and rhythm (bradycardia,
tachycardia, fibrillation - corrected by drugs or pacing) major problems of the heart
that can occur involve failure of a valve or inadequate blood supply to the
myocardium, both compromising function and ultimately leading to heart failure.
The cardiac surgeon attempts to rectify these problems.

With valve failure, replacement is possible (20), and with chronic heart
failure transplantation may be an option (21,22). However the bulk of the work of
the cardiac surgeon involves rectifying poor blood supply to oxygen starved
myocardium caused by blockages in the arterial network. The blockages result from
steady deposition of fats and minerals over a period of time which form
atheromatous plaques that obstruct the bore of the vessel. Significant blockage of
the larger supplying vessels (coronary arteries) is the more critical condition since
this affects blood flow to all myocardium downstream of it. The traditional surgical
approach attempts to bypass the blockage by anastomosing a patent vessel across
the blocked artery so that an alternative route for the blood is provided, restoring
the supply.

1.5.2 The Laser in Cardiac Surgery
The use of the laser in cardiac surgery has been directed towards attempted

alleviation of some of the difficulties encountered in bypass surgery. One aspect of
this is balloon angioplasty in which, as an alternative to surgery, a small deflated
balloon is inserted into the obstructed artery and then inflated to increase the bore
of the vessel by squashing the plaque outwards into the vessel wall (23).
Unfortunately the restenosis rate is high, but it is felt that introduction of the laser
to help thermally remodel the ballooned artery may reduce restenosis. This topic is
examined in detail in the latter part of this thesis (Chapters 10, 11, 12, 13). In
conditions where balloon angioplasty is not suitable, bypass surgery is an
alternative option. In this case the laser has been proposed as a potential tool to
improve surgery by replacing sutured anastomoses with a laser bond (24). The
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technique involves apposing (ie. butting together) the vessels to be anastomosed
and tracking a laser beam (Argon, Nd:YAG or CO5 with powers of typically several
hundred mW) along the length of the joint. Such bonds are simple to make and can
be very effective (25).

The non-sutured anastomosis of vessels predates the laser by many years,
since in 1963 (26) Sigel et al. demonstrated tissue anastomosis using a process of
high frequency electrocoagulation, the tissue apparently bonding as the result of
heating from the high frequency electric current (27). Using this technique, end-to-
end and end-to-side vessel anastomoses were created, the incisions being up to
25mm long. For closure of small incisions (<7mm) the success rate was high, but
for incisions larger than this, the failures outnumbered the successes. Histology
revealed welds of varying degrees of damage, with the best showing only moderate
tissue coagulation with preservation of fibre structure. These examples were
capable of withstanding internal pressures of 600-900mmHg. It was noted that
excessive heat created an amorphous coagulum, eventually resulting in
disintegration and carbonisation - poor bond strength was the result. In conclusion,
successful bonding required minimal tissue coagulation with carefully and
accurately aligned bonding faces.

The electrocoaptive work never proceeded further, perhaps due to the
technical difficulties of creating these bonds. It was not until some 14 years later
that Jain and Gorisch reported similar results, but in their case a laser was used for
bonding (24). Although it was recognised that sutured anastomoses of vessels of
diameter less than 0.5mm were very difficult (if not impossible) using conventional
techniques, it appeared that the laser provided a simple non-contact method for
achieving this goal. Using vessels of 0.3mm to 1mm diameter and a Nd:YAG laser
at 17W, incisions were sealed in 0.5mm sections with single 1/20 second bursts
(0.5mm spot diameter). Histology was encouraging, with the laser results reported
to be superior to that of electrocoagulation because of the cleaner, more precise
energy source. Jain and Gorisch concluded that the results warranted further
investigation, including the use of alternative lasers and some assessment of
temperatures induced in the vessel wall.

Their work spawned a whole series of investigations by other groups which
successfully produced similar results. Details are given below:

1.5.3 Technique
Quality of apposition was readily recognised as being of importance to the success

of a bond (25,28). To this end, apposing vessel faces were pulled together with a
few well placed stay sutures (29,30). In some cases it was felt that the adventitia
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should be stripped from the vessel at the bond edge so as not to hinder apposition
(31), whereas others attempted to incorporate the adventitia into the bond (32).
Equally ambiguous was the attitude held towards the presence of blood between
the bonding faces. Vessel faces were left in their natural state in Jain's experiment
(24) but extra blood was applied in the experiments of Kreuger et al. (33) to
enhance any fibrin induced adhesion. However the presence of fibrin is generally
accepted to impede adhesion by replacing true laser bonds with weaker fibrin-
based bonds.

Although the work of Jain (24) used a Nd:YAG laser at 9kWcm™2, a wide
range of other laser types and power densities have been used to successfully bond
vessels (Table 1.1). Nd:YAG output up to 38kWcm2 has been utilised (34), with
the CO» laser covering the middle ground at several hundred Wcm2 (25,35,36).
The Argon laser is used at lower power densities which typically equate to 10
Wem2 (37). The CO2 laser is the most common device for bonding purposes,
particularly for smaller vessels only a few millimetres diameter. The temperatures
achieved during bonding vary widely, with estimates in excess of 100deg.C. for the
CO2 laser (38), 70-80 deg.C. for the Nd:YAG (39) and less than 50 deg.C. with
the Argon laser (40).

Beyond the basic technique, many modifications have been tried in an
attempt to improve the laser bond. Pulsed laser output has been utilised (41). Laser
absorbing dyes (chromophores) have been used to localise and increase absorption
of laser energy in the bond area (42,43,44,45). Air has been blown onto the lased
tissue to keep it cool, and others have tried drops of cool saline to achieve the
same end (46,47). Glues have been used in an attempt to reinforce the bond
(45,48). Some prefer the use of absorbable sutures to minimise interference with
the vessel wall (49,50). Alternative laser sources have also been tried (51,52).

The exposure period suitable for a successful bond has been loosely defined
as requiring continuous lasing until certain changes are observed at the lased vessel
surface (53,54). The changes are usually described in terms of tissue discolouration
(37,55) or in one case as slight dehydration and shrinkage (56).

1.5.4 Results

The results of laser bonding are well documented. There have been many animal
studies, most of which have involved anastomosis of vessels a millimetre or two in
diameter. Lased vessels demonstrate superior long term patency, but patency rates
struggle to equal to those of sutures (57-61). The frequency of postoperative
aneurysms and pseudoaneurysms (30%) has caused concern (32,62) and appears
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GROUP DATE |LASER |POWER SUTURES |COMMENTS
Sigel 1963 -- N/A No Electrocaogulation
Sigel 1965 -- N/A No Electrocoagulation
Jain 1979|YAG 17W No Small vessels
Gomes 1983 |Ar 0.8-1.5W Yes
Okada 1985{C02 0.02-0.04W |Yes Clinical use
Pribil 1985 Ar 15W Yes Small vessels
White 1986|C02 1-2wW Yes

YAG A Yes

Ar 1.5W Yes
Quigley 1986/C0O2 0.07W Yes Aneurysms
Schober 1986|Ar 0.3w Yes SEM
Godlewski 1986/ Ar 0.3w Yes Small vessels
Neblett 1986{C0O2 0.08wW Yes Small vessels
Badeau 1986|C02 0.07-0.15W |Yes Thermography
Vance 1986 |Ar 0.4W Yes Chromophore
McCarthy 1986{C0O2 0.06-0.1W Yes
Negro 1986/C0O2 0.3W Yes
Vale 1986|CO2 0.1W Yes
White 1986/C02 1W Yes

YAG 1w Yes
Kopchok 1986|Ar 0.5wW Yes
White 1987|Ar 0.5W Yes Temperature
Nijima 1987|YAG 20W No Temperature
Koepchok 1988 Ar 0.5-1W Yes Intervascular splint
Ulrich 1988|YAG 12.5W Yes Temperature
Ruiz-Razura 1988|C0O2 0.8wW Yes Long term follow up
Kopchok 1988|Ar 0.5W Yes Strength

C02 0.15W Yes Temperature
Travers 1988/C02 0.03-0.04W |Yes
Flemming 1988,C0O2 0.1W Yes 240 anastomoses
Fujitani 1988 |Ar 0.5w Yes
Shapiro 1989|YAG 5W Yes
Unno 1989 |Diode 0.06W Pulsed
Chuck 1989 |Ar 0.3wW Yes
Nakata 1989|C0O2 0.065W Yes Chromophore
Shiiya 1989|C02 0.035W Yes Small vessels
Ninomiya 1989 YAG 1-1.5W Yes
Murray 1989|Ar 0.5W Yes Contact method
Jacobowitz 1990(/C0O2 0.08W Yes
White 1990|Ar 0.5W Yes Pulsed
Flemming 1990|C0O2 0.1W Yes Absorbable sutures
Ruiz-Razura 1990|C02 0.07-0.08W |Yes Strength
Gennaro 1991|C0O2 0.1W Yes
Ashton 1991 |Diode 4.8 Wecm-2 Yes Strength
Basu 1991|C0O2 0.2W Yes
Table 1.1 A range of lasers at various powers have been used to

successfully anastomose vessels.
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to be associated with use of the CO» laser rather than Argon or Nd:YAG, being
attributed to poor apposition or interruption of the elastic lamina and its inability to
adequately regenerate. Endothelial damage by laser or suture is similar. Re-
endothelialisation following laser surgery has been observed to be complete within
7 days (56), but is more widely reported to require 2 weeks (30,54). Although
intimal hyperplasia is similar in both cases, lased arteries heal more quickly, having
a reduced inflammatory reaction and a more organised collagen/elastin response.
Testing of bond strength after lasing reveals that bursting pressure of a
lased vessel exceeds systemic pressure (63,64,65). Although the laser bond
appears to be less strong than a sutured anastomosis initially, the two become
equal 2 weeks or more post-operatively, with Hartz (66) reporting superior laser

bond strength at 6 weeks.

1.5.5 Mechanism

The wide range of bonding conditions reported makes it difficult to determine a
single mechanism responsible for the laser bonding effect - many mechanisms have
been proposed. Some have attributed bonding to enhanced fibrin clotting (48) and
others to thermal fusion of vessel proteins (61,67). Some groups have talked more
specifically of fusion of collagen fibres and collagen-collagen bonds (68). Schober
(34) reports interdigitation of lased coliagen fibres suggesting that this might be an
important requirement for bonding.

1.5.6 Complications

Although laser bonding has much to commend it, it is not without problems. The
extent and degree of vessel coagulation is difficult to control while lasing. This
directly affects bond strength, which is further complicated by the problem of poor
apposition (37,69). The failure rate of bonds has not been widely reported, but
Frazier (70) talks of weld disruption in 40% of samples while Godlewski (37)
reveals that 25% of his bonds ruptured within hours to days of lasing. It is also
recognised that adequate experience is required before consistent bonding can be
achieved (71).

1.5.7 Advantages

In spite of these complications, there are advantages of laser bonding as compared
to sutures. The time to create bonds is less, in a manner which reduces trauma and
distortion of the vessel wall (54,35). The technique is non-tactile and more sterile,
and the increased precision obtainable with a laser beam makes it applicable to
small vessels not amenable to sutures (24,72).
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In summary, it became apparent that typical qualities of laser assisted
anastomoses included improved healing, reduced foreign body response and
potentially superior long term patency, all from a technique that required less
dexterity than sutures. The CO2 laser produced good bonds, especially with smaller
vessels of only a few millimetres diameter, but also had a tendency to create
aneurysms around the area of the joint. The greater tissue penetration of the Argon
beam (Table 1.2) was credited with producing superior bonds in thicker walled
vessels (diameter > 4mm) with no signs of aneurysm (73). The Nd:YAG had its
proponents, but neither it nor the Argon laser were considered the equal of the
CO3 laser in the realm of small and average sized vessels.

Closer examination has attempted to characterise bonding conditions and
laser parameters in order that they might be correlated with the strength and
quality of the bond. Mechanical properties have been examined (74,75,76). Light
and electron microscopy have been utilised (77,78,79,80). Thermal cameras were
used to analyse the temperature conditions induced within the lased tissue
(36,47,81,82). The result is a consensus of opinion (principally from the CO5 and
Nd:YAG work) that concludes bonding is a thermal effect similar to that observed
by Sigel et al., the tissue proteins (major component - collagen) being heated to a
temperature sufficient to cause denaturation, creating a protein coagulum which
subsequently sets to bind the tissue faces together. Certainly this was supported
by the histology which showed thermally denatured tissue bonds along with
evidence of interdigitated collagen fibres (34).

It was the work of White et al. with the Argon laser that cast doubt on this
theory, since he asserted that bonds could be created with the Argon laser at
temperatures in the region of 40 - 50 deg.C. (40,46,47,68), temperatures rather
less than that required to denature the tissue (62 deg.C.). In reality these
temperatures were barely above normal body temperature which prompted White
to suggest that the bonding effect was unlikely to be thermal and was possibly
photochemical in nature (40,79). This would imply some direct, closely coupled
interaction between the photons of the laser and the molecules of the collagen
fibres. However, with bonding conditions being so different to that of the CO5 and
Nd:YAG bonds, it was recognised that the photochemical mechanism may not
apply to these. Hence it was proposed that the low temperature Argon mechanism
may be fundamentally different to that of the high temperature bonds created with
the CO5 and Nd:YAG lasers.

In addition to experimental work, a theoretical framework was constructed,
describing the nature of the laser interaction with tissue and the resultant heat flow
and temperature distributions that would arise (83-90). The introduction of a



Chapter 1: Lasers in Cardiac Surgery

11

Argon Laser

Nd:YAG Laser

CO2 Laser

514 nm

1.06 ym

10.6 ym

Linear Attenuation

Coefficient (per cm)

10

200

Kubelka-Munk Absorption

Coefficient (per cm)

11

0.9

Kubelka-Munk Scatter

Coefficient (per cm)

11

2.8

Table 1.2

various laser wavelengths.

Absorption and scattering coefficients of vessel wall at
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thermal camera to monitor tissue temperature while lasing provided potential
experimental validation of the theoretical model (36,47,82). The details of this
work are more fully discussed in Chapters 7 and 8. The aim of the theoretical
approach is to obtain as much information as possible about the flow of energy
within the lased tissue, which can then be correlated with bond strength and
histology in the hope of enhancing understanding of the bonding mechanism. It
attempts to answer such fundamental questions as: 'ls the process
photochemical?’', 'To what extent is thermal denaturation responsible for the
creation of a tissue bond?'.

Unfortunately, these issues are still currently unresolved. The mechanism of
laser tissue bonding is not yet understood. It is important to understand the
mechanism because as yet the success of laser bonding does not equal that of
sutures (it varies from group to group) and although laser bonds show potential
they are not yet consistent enough to be trusted in patients (although there is the
occasional report of clinical application (91,92)). As a result, each group has its
own way of doing things and yet is unable to justify why they think their method is
better than that of another group. The picture has become confused by the large
number of alternative approaches that have been tried. Despite the wealth of data
collected, many fundamental questions remain unanswered:

What tissue temperature should be achieved?

Is there an appropriate power or exposure?

Is the bonding mechanism photochemical?

Is denaturation required?

This thesis attempts to establish some of the ground rules necessary for the
creation of laser tissue bonds. It starts with a necessary introduction to collagen
(Chapter 2), followed by a series of in vivo experiments with the Argon laser, used
to establish the problems and techniques of laser assisted vascular anastomoses
(Chapter 3). The following two chapters (Chapters 4 and 5) describe a
fundamental investigation of the bonding mechanism which leads to numerous
conclusions about the nature of the Argon bond. Chapter 6 attempts to validate
these conclusions with a number of laser experiments and the theoretical
background is dealt with in Chapters 7 and 8. Finally an overview of the work
performed and its clinical implications are discussed in Chapter 9. Chapters 10
onwards are concerned with the related application of laser balloon angioplasty.
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Chapter 2

Collagen

2.1 INTRODUCTION

Laser assisted vessel anastomosis involves apposing the faces of the vessels to be
joined (usually achieved with two or three stay sutures (Fig. 2.1)) and carefully
tracking a laser beam along the Iength of the joint. The bonding process has been
attributed to the creation of collagen-collagen bonds induced by the laser (34,79).
It is therefore appropriate at this stage to consider the structural components of the
vessel wall and particularly the role played by collagen. These issues are considered
below, concluding with a summary of histological techniques used to identify
collagen within the vessel wall.

2.2 VESSEL STRUCTURE

A simple but inclusive system applicable to all vessels is used to classify
components of the vessel wall (93). However, the generality of this model is also
its weakness. Classifications can not be pressed too strongly since the adaptive
nature of vessels inevitably blurs sharp delineations between components. The
classification system considers vessel structure to consist of three concentric
layers (tunica intima, tunica media, tunica adventitia) each with its own cellular
orientation (Fig. 2.2).

The innermost layer (tunica intima) is a delicate layer of connective tissue
organised longitudinally which merges with the media. At the lumenal surface of
the vessel the intima supports the endothelium. This is a smooth layer of cells only
one cell thick which presents a smooth surface to the circulating blood. This lining
coats the whole of the vascular system from the smallest vessel to the largest. In
contrast the components of the media (the middle layer) are arranged in
circumferential fashion, consisting of muscle cells and connective tissue. Beyond
the media lies the adventitia - longitudinally organised connective tissue - which
acts as an interface with surrounding tissue. These components act together to
balance the internal pressures presented by the circulation (94).
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Stay sutures are used to pull the vessel faces together for
good apposition prior to bonding.
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Vessel cross-section showing three layered arrangement of

vessel structure.
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Peripheral resistance is primarily dictated by the internal bore of the vessel
and controlled by the muscular cells of the vessel wall. Their response time is slow
in comparison to the pulsing of the circulation, and therefore vessel response at
this frequency is determined by the elasticity of the vessel wall. Vessel elasticity
not only provides compliance but also renders the pulsatile flow of the heart rather
more continuous in the peripheral vessels.

2.2.1 Arteries

Arteries can be identified by their thick media, containing muscle cells interspersed
with elastin and collagen fibres. In addition, a dense layer of elastin tends to be
sandwiched between endothelium and media. The larger arteries are more elastic

than small ones.

2.2.2 Veins

Veins are also composed of the three layered structure. A vein of the same internal
bore as an artery has a thinner media which is mainly muscular but with much
reduced content of both muscle and elastin. The adventitia consists of longitudinal
elastic and muscle fibres and is much thicker than for an artery. The adventitial
thickness of the largest veins can exceed that of the media.

2.3 COLLAGEN

Collagen is an abundant protein accounting for nearly a third of body proteins. It is
part of the connective tissue matrix whose function it is to maintain the structural
integrity of tissue. This results from the highly ordered manner in which collagen is
packed conferring great tensile strength on the matrix. Collagen is itself a fibrous
matrix, the fibres being embedded within an amorphous gel-like substance (the
extra-fibrillar matrix) whose content critically affects the properties of collagen as a
whole (95). Subtle changes in the protein sequence of the collagen molecules and
extra-fibrillar matrix creates collagens with a range of differing properties, so that
to date at least 13 types have been identified (96). Collagen type | is the most
prevalent, being found in interstitial tissues, skin, tendon and bone (97). Type Il is
similar but less abundant. Type |l is found in hyaline cartilage and type IV is not
fibrous - it is present in the vitreous humour of the eye. Our interest is in the fibrous
type | and lll collagens present in the walls of blood vessels.
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2.3.1 Molecular Structure

The basic building block of collagens is a triple amino acid sequence which can be
describéd as glycine-X-Y, where X and Y may be any amino acid but are most
frequently proline and hydroxyproline (96,97,98).. The glycine-X-Y sequence
repeated many times (Fig. 2.3) forms a left handed helical rod (pitch 0.9nm) some
338 triplets long. This a-chain is terminated at both ends by a non-triplet amino
acid called a telopeptide. Three a-chains (a9, ap, and a3, of which aq and a3 are
identical for type | collagen) are wrapped around each other to form a right handed
triple stranded thread with a length of approximately 300nm, a diameter of 1.4nm
and a pitch of approximately 9nm. This molecule - tropocollagen - has a molecular
weight of 300,000. The a-chains of the helix are bound together by covalent links
along the length of the molecule. There is also space for a single hydrogen bond
within each triplet which acts in conjunction with the covalent links of the
telopeptides to bind to other neighbouring tropocollagen molecules. In this case the
hydrogen bonds are bridged by water molecules (96). The distribution of forces
between each tropocollagen molecule stacks them in a quarter-staggered array (ie.
although aligned in parallel, each is shifted axially from its neighbour by one quarter
of the molecular length) held stable by both polar and anionic interactions. This
repeated longitudinal stacking gives rise to periodic charge concentrations
responsible for the characteristic banding pattern of period 67nm (Fig. 2.4) visible
under the electron microscope (67nm x 4 equals approximate length of
tropocollagen). The lateral interaction between rods creates a structure of
pentagonal cross-section approximately 3.6nm in diameter. The result is a long thin
micro-fibril consisting of a highly ordered pentagonal array of tropocollagen
molecules.

2.3.2 Fibrous Structure

Micro-fibrils pack in a tetragonal lattice (95) to form sub-fibrils of some 30nm
diameter (Fig. 2.5). Further aggregation occurs as sub-fibrils form collagen fibrils
which have a wide range of diameters from 50nm to 500nm. It is believed that
fibril formation results from growth into very long filaments which then aggregate
laterally. The distribution of fibril sizes is related to the stresses the collagen must
sustain (99). Fibrils embedded within the extra-fibrillar matrix align to form collagen
fibres.

Throughout this structure, the molecular cross-links are responsible for
forming both inter- and intra-molecular bonds. Inter-fibrillar bonds although
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Figure 2.3

Tropocollagen constructed from three intertwining helices
(pink, white and blue). Each thread is itself a helix based
on the Gly-X-Y sequence, represented by the red, green

and blue dots.
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Figure 2.4
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The characteristic banding of collagen under the electron
microscope (top picture). This is destroyed by denaturation

(bottom picture). (Reprinted from Schober 1989)
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containing an anionic component are predominantly polar in nature, and thus water

content plays an important role in determining the properties of collagen.

2.3.3 Extra-Fibrillar Matrix

The gel-like amorphous substance in which the fibrils are embedded consists of
proteoglycans and water (95). Proteoglycans are a high molecular weight
hyaluronic acid with associated mucopolysaccharides. These maintain the fibrous
hierarchy of the collagen structure, its properties being a strong function of water
content.

2.3.4 Mechanical Properties
It is clear that water, by virtue of its ability to form cross-links, plays an important

part in the conformation of collagen fibres (100). Hence it is instructive to consider
the sequence of events in the rehydration of dehydrated collagen (95).

The first 7% of water by weight is incorporated into the tropocollagen
structure. From 7% to 25%, water molecules bind to tropocollagen side chains and
are adsorbed between the helices of the micro-fibrils. 25% to 45% represents a
transition region in which not all water is bound, but some is free to be sorbed
within the extra-fibrillar matrix. Above 45% rehydration, water freely rehydrates
the matrix. The density of hydrated collagen is a little greater than the dehydrated
sample because it is thought that water induced cross-links pull the fibre
components more closely together. It is not surprising to find that tensile strength
is a function of water content with maximum strength achieved above 33%
rehydration. However, excessive accumulation of water ultimately leads to a
reduction in stfength as excess molecules squeeze between and force apart
bonding sites, reducing molecular attraction.

Collagen fibril orientation is an important factor in determining the
mechanical properties of the tissue, the fibrils generally being aligned with the axis
of stress. They exhibit a crimped structure (crimp length 1-100um, crimp angle 5-
25 degrees) which acts as a compliance mechanism as the collagen is stretched
(95). At low strains (Fig. 2.6) a non-linear stress-strain relationship exists (the 'toe'
of the curve) as the fibrils uncrimp independently of each other. Having uncrimped
all fibres, higher strains provide a linear elastic region due to elastic deformation of
the fibrils. At yet higher strains a yield point is reached as inter-fibrillar cross-links
start to break, and beyond this a second yield point indicates breaking of intra-
fibrillar links.
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Figure 2.6 Diagram demonstrating the periodic crimp of collagen
fibres. This is responsible for the non-linear 'toe’ region of
the stress-strain curve.
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The linear elastic region has a stiffness directly related to the proportion of
collagen in relation to the matrix. Therefore a bimodal distribution of fibril diameters
is associated with a stiffer material since the smaller diameter fibrils can fit
between the larger inter-fibrillar gaps. In contrast, the extra-fibrillar matrix is
considered to be the factor controlling the creep and viscoelastic properties of the
material.

It is the nature of the cross-links that provide collagen fibres with their high
tensile strength, and equally that they display little resistance to flexion or torsion.

The cross-links can be disrupted through heating (101), this occurring at a
temperature of approximately 62 deg.C. under normal circumstances (ie. conditions
of normal acidity, hydration and stress). This process is called thermal denaturation.
Intermolecular cross-links are broken to the extent that the banding pattern under
electron microscopy is no longer visible. The ordered structure of collagen is lost
and it becomes a jumble of random coils. This change remains on cooling and is
essentially irreversible. Denaturation also affects the physical properties of collagen
- it shrinks and the elastic modulus is much reduced. The high degree of symmetry
of non-denatured collagen makes it optically active, but this birefringence is lost
with denaturation.

2.4 ELASTIN

A brief note on the structure of elastin is merited since it is also present in the
vessel wall and forms a major component of the connective tissue matrix (97).
Although elastin lacks distinct periodicity, it does aggregate to form long parallel
fibrous threads, constructed of 5nm diameter rods aligned in parallel to form a 5-
6um core surrounded by a sheath of micro-fibrils which are approximately 10-12um
in diameter. Elastin has a much lower modulus of elasticity than collagen (ie. its not
so stiff) and is more resistant to denaturation (its temperature of thermal
denaturation is higher).

2.5 HISTOLOGICAL TECHNIQUES

Identification of collagen within tissue structure is achieved with histological
techniques. This is an established method in which prepared tissue is cut into
tissue sections a few microns thick, and stained with a chemical specific for a
particular protein sequence. The slice is thin enough to be translucent, with the
coloured stain localising in only those components for which it is specific. Viewed
through a microscope, the colouring of the stain permits ready and accurate
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identification of particular structures, which contrast against the rest of the
material.

Paraffin wax processing was used to prepare the tissue for staining. This is
a process in which fresh tissue is initially 'fixed' in formaldehyde (glutaraldehyde
may also be used) thus cross-linking the sample, effectively stopping its
decomposition. The fixed tissue is stiffened so that it can be cut cleanly by
embedding it in and replacing its water content with wax. A microtome (effectively
a bacon slicer on a small scale) is used to cut sections a few microns thick. The
reverse of the wax dehydration process is used to rehydrate the tissue, at which
juncture it is chemically stained. The section is mounted on a glass slide and
covered with a cover slip to stop it drying out. The coverslip glue is refractive index
matched with the glass for distortion free viewing.

Throughout this study the Elastic van Gieson stain was used to identify
general components of a vessel. Elastin is stained black, other connective tissue
purple/red and muscle yellow (Fig. 2.7).

The stain specific for collagen is Picrosirius Red, discussed in some detail
below.

2.5.1 Picrosirius Red F3BA
Sirius red is a strongly anionic dye whose rod like molecules are of short length in
comparison to those of tropocollagen (4.6nm). The sulphonic acid groups along its
length react with the base groups of collagen, the molecules of both aligning
themselves. Approximately 120 sirius red dye molecules are known to associate
with each tropocollagen molecule. The result of this union is enhanced
birefringence (in excess of 7 times that of collagen itself (102,103)). Viewed under
the microscope with the sample placed between crossed polarisers, the collagen-
sirius red combination is readily visible as areas of brightness against a dark non-
birefringent background (Fig 2.8). Since the natural birefringence of collagen types |
and lll are slightly different, their difference is enhanced with staining, visible by
their different colours (104). The presence of picric acid within the dye is important
since it stops the indiscriminate staining of non-collagenous components.

If denatured collagen is stained with picrosirius red, it displays no
birefringence because of the essentially random orientation of the proteins due to
breaking of molecular cross-links (105).
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A section of an arterial vessel wall stained with Elastic Van
Gieson. Muscle stains yellow (media), collagen stains

red/pink and elastin dark gray or black (intima).
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Figure 2.8
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The collagen component of a vessel wall is readily
observed (the white areas) when stained with Picrosirius

Red and viewed between crossed polarisers.
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Chapter 3

Laser Bonding In Vivo

3.1 INTRODUCTION

The creation of Argon laser tissue bonds in an animal model required the equipment
specification shown in the diagram (Fig. 3.1). The Argon laser provides the beam to
bond the tissue, with the output being switched on or off by the electro-mechanical
shutter. The low power HeNe beam bypasses the shutter arrangement and is
therefore always present. Mirrors are used to coaxially combine both beams which
are coupled to the optical fibre by a focusing lens. The fibre transports the light and
allows flexible positioning of the handpiece, which produces a small diameter,
collimated output beam for lasing the vessel. This arrangement was augmented by
two items of additional equipment, namely, a thermal camera to monitor vessel
temperature during bonding and a micromanipulator (ie. a vernier clamp) to hold the
laser handpiece, enabling accurately controlied movement during lasing. Each item
is discussed in detail below:

3.1.1 Argon Laser

A Spectra Physics 2000 Argon ion laser was used, providing continuous wave
(CW) output in the blue-green part of the spectrum, with variable power output to a
maximum of 10 Watts. The Argon lasing process is only 0.1% efficient, with the
result that large amounts of energy are required to produce moderate amounts of
laser light. This necessitates a 3-phase electrical supply and the laser tube has to
be water cooled to dissipate the large quantity of energy (heat) not converted to
light. Argon gas within the tube is ionised by electrical discharge. The Argon ions
become further excited by multiple electron collisions perpetuated by the intense
electric field across the tube. This creates the population inversion necessary for
the active medium to lase. The laser transitions are complex, but primary lines are
514.5nm and 488.0 nm. The reader is referred to other texts (5) for the
fundamentals of laser action.
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3.1.2 Coupling Optics

A mirror and transparent glass plate combine the red HeNe (632.8nm) aiming beam
coaxially with the Argon beam (Fig. 3.2). A single lens focuses both beams onto
the cleaved face of a fibreoptic cable.

3.1.3 Fibreoptic Cable

~The fibreoptic cable (100um fibre - Optical Fibres 100/140B) consists of a fine
glass core surrounded by plastic cladding, protected by an outer jacket
strengthened by the integration of Kevlar strands. (Kevlar is a tough protective
material used in bullet proof jackets). The sharp refractive index change at the
core/cladding boundary confines light travelling within the glass core by total
internal reflection. Light that exceeds the critical angle for total internal reflection is
lost to the sheath. Light that catches the boundary at a more glancing angle is bent
towards the core centre and can undergo multiple total internal reflections along its
length with minimal losses and is thus 'conducted’ along the length of the fibre. It
is apparent that, for successful transmission, light entering the cable must fall
within a cone narrow enough to satisfy the condition for total internal reflection -
this is the acceptance angle of the fibre. Similarly, rays emerging from the other
end of the fibre will also be contained within such a cone. Thus for effective
coupling the focusing lens must have a long enough focal length for the outer
edges of the focused beam to fall within the acceptance angle of the fibre. In
addition it is also desirable that the diameter of the focused spot at the face of the
fibre should be comparable to the diameter of the fibre core itself - a function of
the quality of the focusing lens.

In our experiments, the laser power required for bonding was typically less
than 100mW. With 10W of output available, there was no real need to optimise
the coupling, since inefficiencies could be easily compensated by simply increasing
the Argon laser output. However, with experience, it was found that the condition
of the fibre faces critically affected the amount of light that could enter and leave
the fibre, and therefore particular care was taken to cleave the faces cleanly before
aligning the optics.

3.1.4 Delivery Handpiece

The handpiece essentially reverses the action of the coupling optics, converting the
emerging cone of light from the fibre, into a parallel beam. A small diameter beam
is required in order to localise its effects during the bonding of 2mm diameter
vessels. Parallel output is desirable since this provides an irradiance that is invariant
with the distance from the handpiece, giving a constant exposure at the surface of
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Figure 3.2

Coupling optics. The HeNe and Argon beams are combined

and focused on the optical fibre (right of picture).
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the vessel. A simple solution used a single hemispherical lens placed close to the
fibore face to intercept the expanding cone of light while it was still of small
diameter. The small radius of curvature (2mm) of the lens provided the short focal
length required, but this produced non-linear effects which degraded the desired
parallel output to a near-parallel beam of half angle divergence less than 2 degrees.
A typical working distance from lens to vessel surface was between 5 and 10mm,
the 2 degree divergence producing a nominal variation in power density of the order
of 20% during our experiments.

3.1.5 Micromanipulator

Bonding a vessel with the laser involves tracking the beam along the length of the
vessel joint. A delicate 2mm diameter vessel requires precision delivery of the laser
energy. The micromanipulator (Newport Corp - Fig.3.3) forms an accurate and
stable platform suitable for the purpose. A clamping arm grasps the delivery
handpiece, which can be translated manually along 3 orthogonal axes. Movement is
controlled with three rotary knobs, each of which can move the arm independently
along an axis. A set of vernier scales permits accurate measurement of movement
to within 0.1Tmm.

3.1.6 Camera

The thermal camera (Fig. 3.4) is an infra-red imaging device. A germanium lens
focuses the infra-red scene onto a pyroelectric vidicon , which translates the
thermal image to a raster scan suitable for viewing on a television monitor. The
lens is transparent to radiation in the 8-14um band, a range in which maximum
radiant energy is emitted from objects at near ambient temperature. Under optimum
conditions the camera is capable of resolving temperatures of as little as 0.2 deg.C.
Spatial resolution can be better than 0.5mm. In our case the camera was used to
monitor tissue temperature during lasing.

3.2 EXPERIMENTAL PROCEDURE

3.2.1 Introduction

In cardiac surgery, laser bonding would be directed towards anastomosis of vessels
of the heart (eg. coronary artery bypass grafts) currently performed with suture
techniques. In vivo work in humans was not possible at this early experimental
stage, but a suitable alternative proved to be in vivo anastomosis of the carotid
vessels in the neck of the rabbit, whose size and structure are similar to those of
coronary arteries in humans. The rest of this chapter describes in vivo anastomosis
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Figure 3.3

The micromanipulator - used for accurate movement of the

laser handpiece during lasing.
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Figure 3.4

Thermal camera and monitor, with a thermal image on the

screen.
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of carotid arterial vessels in an animal model followed by a discussion of the merits

and problems of the technique.

3.2.2 Method

A New Zealand White Rabbit was anaesthetised (halothane, nitrous oxide and
oxygen) supine on the operating table. A vertical midline incision was made along
the anterior length of the neck, and opened to expose the left and right carotid
arteries (typically 1-2mm diameter with a wall thickness of approximately
0.15mm). Blood viscosity was reduced by an injection of 500 units of heparin to
prevent clotting. The left carotid artery was clamped at 2 points approximately
2cm apart to isolate a section of the vessel. This action does not cause the animal
distress since a plentiful blood supply can reach the brain via the other carotid
artery. A 6mm longitudinal incision was made along the isolated section of the
vessel using microvascular scissors. The separated vessel edges fell together
naturally to form a butt joint along which the laser beam could be run to form a
bond. In this experiment no stay sutures were used. Chromophore (a solution of
1% fuchsin ethanol) was applied along the length of the vessel edges using a fine
glass capillary tube. The power of the Argon beam at the handpiece was set to the
desired output (approximately 100mW) with reference to a Scientech 362 laser
power meter. With a 2mm diameter spot, average power density at the vessel
surface was approximately 3wem 2. The Argon beam was switched off to allow
the HeNe aiming spot to be placed over the incision and the micromanipulator
manoeuvred so as to align one of its translational axes parallel with the bond line.
As a result, the beam could be tracked along the bond line by the turning of a
single micromanipulator knob, giving smooth and accurate delivery of the lasing
beam. An attempt was also made to align other axes so that the handpiece
remained equidistant from the vessel over its length.

Alignment of the thermal camera involved placing a small piece of card (1cm
x 0.5cm) with a thin black line down its centre, over the vessel with the line lying
on top of the incision. The Argon beam was switched on and tracked up and down
the artery in a manner similar to that used for bonding the vessel. Heated by the
beam, the black line presented a moving localised temperature spot to the camera,
which was used to set up the orientation and focus of the camera.

With the Argon beam absent, the card was removed and the HeNe spot
placed at one end of the incision. The working distance (ie. the distance between
the base of the handpiece and the vessel surface) was set to between 5 and
10mm. The Argon beam was switched on and the spot tracked slowly (0.2 mms™1)



Figure 3.5 Argon laser bonding requires steady tracking of the beam,

along the length of the incision.
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Figure 3.6

A series of stills showing an isolated vessel (top left), with
longitudinal incision (top right), lased (bottom left) and

successful anastomosis (bottom right).
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up and down the length of the incision (Figs 3.5 & 3.6) until slight discolouration of
the bond line was visible. Tracking speed affected the bonding temperature
observed through the camera and hence it was possible to crudely control the
bonding temperature by altering the speed at which the beam was moved. A scan
line analyser interfaced to the thermal imager permitted accurate measurement of
the temperatures recorded by the camera. The infra-red images captured by the
camera were recorded on video tape for subsequent analysis.

After lasing, the vessel clamps were removed and the bonded joint
examined for leaks. If leaking blood was visible, the clamps were re-applied and the
area treated again with the laser in an attempt to stop the leak. In the majority of
cases this sealed the vessel. Those cases in which the leak persisted were deemed
a technical failure and the failed anastomosis excised, the exposed ends of the
vessel in vivo being closed with sutures.

Following removal of the clamps after successful anastomosis (no leaks),
the position of the bond was marked by attaching a small (5mm) clip to
neighbouring tissue to aid identification of the bond area during radiography and at
post mortem. The experimental procedure was repeated on the right carotid artery
to provide 2 laser assisted vascular anastomoses per rabbit - one on the left, one
on the right. The neck of the rabbit was sutured back together and the revived
animal returned to its cage for observation.

Examination of the vessels was performed at post mortem. Providing the
animals did not die first, the rabbits were electively sacrificed at between 1 and 14
days of the post operative period. A small proportion were sacrificed at 3 or 4
months to assess longer term survival.

3.2.3 Post Mortem
Immediately following death or elective sacrifice, a vertical midline incision along
the anterior length of the neck was made to expose the anastomosed carotid
vessels. Location of the position of each anastomosis was aided by locating the
metal clip placed next to the vessel for the purpose. Vessels were examined by low
power stereo-microscopy. Each artery was cannulated 1cm proximal to the
anastomosis and white contrast medium injected. Those bonds that had developed
a leak subsequent to the operation were evident by the presence of white contrast
medium spilling out of the vessel. For the anastomoses that remained in tact,
radiography revealed the presence of a blocked or patent vessel (Fig 3.7).

The vessels were excised, cut into lengths of approximately 3mm and fixed
in glutaraldehyde. The fixed tissue was processed, embedded in paraffin wax and
cut into 3um thick sections. The sections were stained with haematoxylin/eosin
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Figure 3.7

Arrows indicate the area of anastomosis on the two
carotid vessels. Thrombosis is visible on the image on the

right by lack of flow distal to these sites.
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(nuclear and cytoplasmic stain) and Millers elastic (elastin stain) counterstained

with Martius Scarlet Blue (muscle and collagen stain) for histological evaluation.

3.2.4 Variations in Technique

The preceding description describes the basic techniques on which all the
experiments were based. However, small variations in bonding technique were
employed throughout the series in response to the findings of results as they arose.

The group variations in experiments are listed below:

Group 1
Bilateral LAVA were performed on 6 animals, and laser output was set to
100mW.

Group 2
Bilateral LAVA were performed on 25 animals, and laser output was set to

80mW. At the conclusion of each successful anastomosis, cyanoacrylate gel (ie.
superglue) was smeared around the vessel over the length of the anastomosis, so
as to encase the vessel in an attempt to reinforce the bond.

Group 3
This formed a control group in which 10 vessels were neither incised nor
lased, but simply smeared with the cyanoacrylate gel.

3.2.5 Pressure Testing

At post mortem, a small proportion of the anastomosed vessels were excised and
set aside to test their strength by subjecting the 2cm long section to a steadily
increasing internal pressure until the vessel ruptured. The equipment is shown in
figure 3.8.

A purse string suture was used to bind the excised vessel tightly to the
cannula - an effective water-tight seal. The other end of the vessel was sealed shut
with several liga clips. The cannula was connected to a saline-filled syringe via a T-
piece where a pressure transducer measured fluid pressure, its output being
recorded on an X-Y plotter. Care was taken to remove all air from the system. A
linear motor was used to slowly advance the plunger of the syringe, the speed
being set to cause a steady increase in pressure of approximately 10mmHg per
second. The X-Y plotter recording the pressure increase, ideally reveals a sharp
visible pressure drop when the anastomosis bursts.
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3.3 RESULTS

3.3.1 Group 1

Bilaterél LAVA were performed on 6 animals with laser output set to 100mW.
Continuous lasing times varied from 2 to 16 minutes, with a mean of 6 minutes.
Typical bonding temperatures averaged 60 - 70 deg.C. as observed by the camera.
None of the animals survived the initial 24 hour period. Two died from bilateral
thrombosis, and the other 4 from unilateral leaks. All of the non-leaking vessels
were patent. Histologically, these suffered from substantial medial necrosis
involving of the order of 50% of vessel circumference. The adventitia showed mild
acute inflammation with several vessels containing thrombi (Figs. 3.9 & 3.10).

3.3.2 Group 2
25 animals received bilateral LAVA, with laser output set to 80mW. Continuous

lasing times varied between 1 and 4 minutes. Typical bonding temperatures
averaged less than 50 deg.C. as observed by the camera. In this group, the bonded
vessel was reinforced with a superglue shell after lasing in an attempt to reduce
the number of leaks. Of 50 anastomoses (bilateral x25), 4 were technical failures,
but all 4 rabbits survived the operation since the other carotid artery in each case
was anastomosed satisfactorily. Of the 46 anastomoses remaining, 2 rabbits died
within 24 hours as a result of unilateral leaks, leaving 42 anastomoses available for
examination after the first day. 37 of these vessels were examined at elective
sacrifice between 4 and 14 days post operatively - 12 were patent and 25
thrombosed. 5 LAVA were left for long term evaluation, 2 of which were examined
at 3 months - 1 vessel was patent, the other thrombosed.

Under histological examination, the vessels of group 2 had a greater degree
of medial necrosis than group 1, with a marked increase in adventitial
inflammation. These would be important contributing factors to the degree of
thrombosis encountered. A proportion of vessels were made available for
destructive pressure testing. Catastrophic bursting pressures varied widely, ranging
from 100mmHg up to 1000mmHg.

3.3.3 Group 3

5 animals formed the control group, in which cyanoacrylate glue was smeared over

the vessel (bilateral), but no laser was used and no incision made. Explanted
between 4 and 14 days, none of the 10 vessels showed evidence of thrombosis.
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Figure 3.9 Histology - vessel cross-section. This vessel has
thrombosed following anastomosis. The swollen region on

the left is a hyperplastic response to the laser bonding in

that area.
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Figure 3.10

LUMEN *

Sub- intimal thrombus

At higher magnification the section shows the presence of

sub-intimal thrombus.
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3.4 DISCUSSION

Most laser tissue bonding to date has been performed with the CO2 laser which
has proved quite successful when used with stay sutures (106,107,108). Other
lasers have been used, the strongest proponent of the Argon laser being White et
al. in the USA (50,79). Their experimental protocol includes cooling the vessel with
drops of saline while the vessel is being lased, and they maintain that this yields
results superior to CO5 bonds. In particular, the problem of pseudo-aneurysms
associated with CO5 bonds does not appear to occur with those vessels bonded
under the conditions reported by White (73). Additionally, while bonding in the
presence of a thermal camera, it is reported that bonds were created at
temperatures below 50deg.C. (46,68) - a value well below the denaturation
temperature of the tissue. This has important implications with respect to the
currently accepted mechanism for laser bonding (Chapter 1) which points to
collagen denaturation as being responsible. Denaturation is known to occur with
the relatively high temperatures produced by CO5 laser bonding (greater than
100deg.C. (36,38)), and thus it has been suggested that a different mechanism
may be active with the low temperatures encountered by White.

Furnished with similar equipment to White, our group has been able to
confirm his findings. Successful bonds were created at recorded temperatures
below 50deg.C., even although significant differences exist between the respective
experiments. White employed greater power density, applied for a longer period
(energy fluence approximately 1300Jcm™2 (47,58)). The vessel was simultaneously
cooled with drops of saline. In contrast, the use of chromophore in our experiments
permitted a reduction in incident laser energy, which when combined with reduced
lasing times resulted in a mean energy fluence of 70Jcm 2. White used stay
sutures to pull the vessel faces together, whereas we simply left the incised vessel
faces to fall into natural apposition. Comparison of results reveals that a higher
percentage of satisfactory bonds without leaks was obtained by White, despite our
own confidence in our experimental method and execution. A case for technical
incompetence could be argued had we failed to produce bonds in the first place,
but in nearly all cases, leak- free bonds were successfully created. Rather, failure of
the bonds occurred in the ensuing 24 hour period without glue, or by thrombosis
over a longer period if glue was used. It seems likely that the stay sutures used by
other groups would confer greater strength on the anastomosis while reducing the
stress on the laser bond itself, resulting in improved long term survival. This can be
envisaged as creation of a primary bond with the laser, subsequently reinforced by
other measures - sutures in the case of White and superglue in ours. The use of
superglue produced a dramatic fall in the number of animals dying from ruptured
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vessels, but introduced a marked increase in death through thrombosis. Since the
presence of glue on the non-incised vessels produced no thrombosis, it may
indicate that the aggravated thrombogenic reaction was the result of contact
between the blood components and the glue, possibly mediated by a pin-point leak
confined within the superglue shell.

Conflict exists between the histological results and the bonding
temperatures indicated by the thermal camera. The widespread medial necrosis
apparent histologically is not consistent with the low temperatures displayed by the
imaging device. Such findings throw doubt on the temperature recorded by the
camera during the bonding process. A possible explanation contends that the small
diameter of the temperature spot induced by the laser exceeds the resolution of the
camera. This would be expected to cause the imager to underestimate the true
temperature value. Resolution tests under conditions similar to those while bonding,
would yield important information regarding the limitations of the camera and may
provide a suitable correction factor. This is the subject of another investigation.
Application of mathematical techniques to model the energy exchange and heat
flow processes within the lased tissue would provide a theoretical temperature map
that could be correlated with that seen by the camera. Consistent agreement
between the resolution adjusted camera temperatures and those predicted by the
mathematical model would provide a sound basis on which to assess temperature
related effects.

Further inaccuracies may be caused by the presence of thin films of water
on the vessel surface, since water is highly absorptive in the infra-red region (8-
12um) in which the camera is sensitive. Again, this would cause it to under-read.

Previous work in our department (unpublished), in which bonding was
carried out with a laser output of 300mW and a similar experimental protocol
(without glue), produced vessels with increased adventitial inflammation and more
medial necrosis than those examined here using 100mW. It is clear that the lower
laser energy resulted in reduced vessel damage. However, vessels lased at 300mWwW
showed reduced thrombosis as compared to vessels in this experiment, which is
the converse of what would be expected.

As a general observation, damage to the vessel wall was widespread,
encompassing the whole circumference. Such widespread destruction could be
expected to greatly inhibit the healing processes, due to lack of viable tissue
components within the damaged area capable of acting as a nucleus for healing.
This widespread effect is probably the result of a large lasing spot, encompassing
most of the vessel and causing tissue disruption beyond the area of the bond line.
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Shrinking of the spot size to localise its effects to the area immediately surrounding
the bor)d line may prove advantageous.

Bonding at temperatures below denaturation if possible, has advantages:
the proportion of viable tissue would greatly increase and improved healing would
probably result. Of course, this has essentially been the approach of White, by
cooling the vessel during lasing. Alternative strategies could involve the blowing of
cold air over the bonding area or using a pulsed beam to allow a short period of
cooling between pulses.

The pressure testing system proved less than successful. Rarely was a
marked loss in pressure recorded as the vessel ruptured. Too often, 'rupture’ took
the form of a pin-point leak, which at higher pressures sprayed a fine jet of saline
several feet. The compliance of the vessel wall was able to compensate for the
small water volume loss caused by the leak with resultant minimal change in
recorded pressure. In addition, since saline was being pumped into the vessel at a
rather greater rate than was being lost by the leak, intravascular pressure still
steadily increased but at a slightly reduced rate. The combination of the two meant
that the change in gradient of the pressure trace was so small as to be
indiscernible. In one or two cases however, the above did not occur, and the vessel
burst uniformly and catastrophically at high pressure, marked clearly by a sudden
loss of recorded pressure on the X-Y plotter. Such cases revealed bursting
pressures of up to 1000mmHg.

3.5 CONCLUSION

In conclusion, we have successfully mastered the techniques of laser
bonding, acquiring invaluable first hand knowledge of the problems and limitations
of the procedures involved. Successful bonds were created at apparent
temperatures below the denaturation temperature of the tissue. Unfortunately, the
presence of a leak free bond immediately after lasing was no guarantee that it
would stay that way over the next 24 hours. Without glue to reinforce the bond,
many vessels ruptured several hours after the operation. However, a small
proportion of vessels maintained structural integrity to provide patent vessels in the
long term with excellent healing characteristics. Unfortunately, there was no
visually apparent difference following lasing, between those vessels that would last
and those that would not. It thus becomes clear that although successful laser
bonds are feasible, we were not in a position to be able to produce such bonds
consistently. The application of secondary measures - whether it be sutures or glue
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- to reinforce the bond, significantly improves survival, but in our case the glue
produced a strongly thrombogenic reaction. Our lack of success in the creation of
robust patent bonds gives little hope for general application of the technique
elsewhere. Sutured anastomoses may be time consuming, but they do create
bonds that work consistently. Laser bonds will have to be at least their equal
before they can be proposed as a viable alternative.



48

Chapter 4

Dry Bonds In Vitro

4.1 INTRODUCTION

Although much of the bonding work to date has been performed with the CO2
laser, other lasers have been used (Nd:YAG, Argon) to produce similar results:
improved healing; reduced foreign body response; superior long term patency etc.
(50,76,108). This similarity suggests a common bonding mechanism. Experimental
observations have led to the proposition that thermal coagulation of the vessel
proteins is the primary mechanism, and that this forms a glue which binds the
tissue faces (61). However, the Argon laser can apparently produce bonds at
temperatures well below that required for denaturation (40), indicating a different
mechanism. White has suggested that the mechanism may be photochemical (79).
However, in our experience (Chapter 3), temperatures measured by thermal camera
cannot be considered accurate since they appear to conflict with histological
evidence. Thus it is further uncertain whether bonding is primarily thermal or
photochemical in nature. The exact mechanism is important, since a photochemical
bond would be specifically light dependent, being affected by properties such as
wavelength, coherence and intensity. In contrast, a bond produced by a thermal
stimulus would not necessarily require the use of a laser, which simply acts as a
convenient source of energy to heat the tissue.

The photochemical/thermal issue has not been resolved, but the majority
opinion is towards a thermal effect for several reasons. Firstly, there is little direct
evidence to suggest that bonding is photochemical. Should such an effect exist, it
would be expected to be the result of resonances between particular laser
wavelengths and protein molecules. However, bonding occurs over a wide
wavelength range spanning from Argon (488nm) in the visible spectrum to CO»
(10600nm) in the far infra-red. Such a wide bandwidth resonance would be an
unusual phenomenon. Secondly, thermal bonding was attributed to the work of
Sigel et al. in 1963 (26) where a high frequency electric current was used to fuse
apposed tissue. Their description of the resultant bond and subsequent healing is
strongly reminiscent of bonds created by laser.
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A reasonable starting assumption is that laser bonding is a thermal effect.
This implies that viable tissue bonds could be created without the use of a laser.
Experimental verification of this was attempted using pieces of sheep aorta as
follows:

i) Two separate pieces of aortic tissue were held together using a
scissor clamp and immersed in constant temperature water or saline for several
minutes over temperatures ranging from 20 to 100 deg.C. No bonds resulted.

i) The experiment was repeated at higher temperatures by replacing the
water with vegetable cooking oil. At temperatures in the region of 120 deg.C. and
above, tissue bonds did seem to form. The tissue sizzled vigorously.

iii) At temperatures of about 120 deg.C. and above, individual aortic
slices appeared to bond to most things eg. metal plates, glass ..., all accompanied
by sounds of sizzling. Furthermore, if the tissue was removed from the surface, and
the previously bonded face reapplied to the hot surface, bonding did not occur, and
neither was sizzling heard.

iv) It was noticed that slices of aorta left on a glass plate at room
temperature, stuck to the plate as the tissue dried out. Application of water
rehydrated the sample, and with time it floated off relatively easily.

These preliminary observations indicate that both temperature and
dehydration are factors contributing to a form of bonding. Hence a more detailed
experiment was devised to create a series of in vitro bonds (without a laser) over a
range of constant temperatures in both wet and dry (ie. dehydrating) conditions.
The quality of the resultant bonds was assessed by destructive testing.

4.2 EXPERIMENTAL DESIGN: Principal Concerns

4.2.1 Tissue Preparation

The difficulty of handling small rabbit carotid vessels in vitro meant that they were
unsuitable for this experiment. A ready supply of sheep aorta was available from
the abattoir, and this was felt to be a suitable analogue of the rabbit carotid and
human coronary arteries for the terms of this experiment.
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4.2.2 Tissue Bonding

Bonding at constant temperature presents problems. Accurate knowledge of bond
temperature is required, but the temperature distribution or apposition of tissue
must not be disturbed by the insertion of probes or sensors. Remote temperature
sensing can be employed, but as has been seen, the resulting temperature data is
difficult to interpret. Such difficulties can be overcome by placing the tissue in
thermal equilibrium with an object of large thermal mass of known temperature.
Since a stable low temperature oven was not available, suitable equipment had to
be designed and built in the laboratory.

4.2.3 Tissue Bond Strength

Breaking strength can be used as an indicator of the quality of a bond, thus

permitting comparison between samples. Strength testing involves attaching the
sample to a force balance. The sample is progressively stressed, and the force at
which the bond breaks is noted.

4.3 EQUIPMENT

4.3.1Bonding

Good tissue bonding requires adequate apposition, a condition most easily met by
overlapping slices to create an overlap bond. The overlapped tissue was gently held
between the jaws of a temperature stabilised clamp (approximator). Approximator
temperature was readily monitored by thermocouple, and the bond temperature
assumed to be the same by conduction. The approximator was constructed from
perspex and figure 4.1 shows its dimensions.

Although better designs can be envisaged, this particular device was cheap,
simple to make, reliable and available. It was heated to a steady temperature by
the infra-red radiation from a 120W spotlight. The distance between the radiative
source and the approximator could be varied to alter the equilibrium temperature. A
thermocouple attached to the rear of the approximator close to the area which held
the tissue recorded the clamp temperature, also assumed to be the temperature of
the tissue. Direct radiative heating of tissue was prevented by the use of radiation
shields. A passive reflector was placed a short distance behind the approximating
jig to reflect excess radiation back onto the jig thus providing a more even energy
distribution.
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4.3.2 Temperature Uniformity of Approximator
The following describes two short experiments designed to assess the suitability of

the clamp as a temperature stabilised approximating device, by investigating the
volume distribution of temperature when the clamp was heated. The experiments
consist of evaluating the temperature gradient across the thickness of the
approximator, and also the variation in temperature across the approximator face in

the region where tissue would be held.

4.4 TEMPERATURE GRADIENTS ACROSS THE THICKNESS OF THE
APPROXIMATOR

This experiment establishes the presence of minimal temperature gradients across
the thickness of the approximator in the region where the tissue is held.

4.4.1 Method
The experiment was arranged as shown in figure 4.2. The conductive housing of
the thermocouple was shielded from direct radiative effects with tin-foil. The face
of the thermocouple was held in contact with the front approximator plate by a thin
elastic band and the temperature recorded. The 120W spotlight was switched on
and the temperature and time recorded at frequent intervals. After an hour the
spotlight was switched off and the approximator left to cool to room temperature.
The thermocouple was removed and held in a similar position on the rear
face of the approximator. The lamp was switched on, and again temperature was
recorded as a function of time for a one hour period. After the clamp had cooled,
the whole experiment was repeated to get a measure of reproducibility.
Data was plotted graphically, showing recorded temperature rise of the
approximator as a function of time.
4.4.2 Results
Figure 4.3 plots the temperature rise of the approximator as a function of time. The
estimated error of the thermocouple reading was 0.2 deg.C, with timing accurate
to 0.1 minutes. All graphs are very similar, with temperatures differing little over
the 1 hour period. The mean temperature rise of all 4 experiments at one hour
equalled 24.5 deg.C with a standard deviation of 0.7 deg.C. Clamp temperature
was the same as room temperature at the start of each experiment, varying by up
to 2 deg.C. This did not affect the eventual temperature rise of the clamp which
appeared to be relatively independent of room temperature.
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4.4.3 Discussion

Insignificant temperature gradients were found across the thickness of the clamp
during heating, even though the experiment was performed without a passive rear
heat reflector. Inclusion of this item would further improve temperature uniformity.

The exponential nature of the curves is reminiscent of Newtonian cooling.

4.5 TEMPERATURE GRADIENTS ACROSS THE FACE OF THE APPROXIMATOR
This experiment establishes the presence of minimal temperature gradients across
the face of the approximator in the region surrounding the bonding area.

4.5.1 Method

The experiment was set up as shown in figure 4.4, arranged to simulate tissue
bonding at 55 deg.C., with radiation shields closed and reference thermocouple
attached to the rear approximator plate. No tissue was used. Pin-head
thermocouples were placed where the overlapping tissue would have been, and the
approximator plates were lowered to within Tmm of the thermocouple heads. Three
other pin-head thermocouples were taped to the approximator below the others as
shown, providing a thermocouple array to monitor temperature. The 120W
spotlight was switched on to start heating, and the temperature of all
thermocouples recorded after approximately 55 minutes.

4.5.2 Results

The temperature data is tabulated in table 4.1. Apart from the hotspot at the
approximator centre (thermocouple 4 - exceeds the reference thermocouple
temperature by 4.2 deg.C.) temperatures across the approximator face differed by
less than 3 deg.C. and the temperatures at the tissue positions closely matched
that of the reference thermocouple to within 1 deg.C.

4.5.3 Discussion
The results of the above experiments show that temperature is acceptably uniform
in the volume of the approximator surrounding the tissue bonding area. From these
results it is reasonable to quote tissue bonding temperatures as being within +3
deg.C. of that recorded by the reference thermocouple.

The following section describes application of the above equipment to the
bonding of tissue slices without a laser.
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4.6 SHEAR STRENGTH OF TISSUE BONDS AS A FUNCTION OF BONDING
TEMPERATURE

The bonding equipment described above enables accurate assessment of bonding
temperature. Since Argon bonds appear to be created in the region of 40 - 50
deg.C. and denaturation occurs between 60 and 65 deg.C., a suitable temperature
range for investigation was taken as 20 - 90 deg.C.

4.6.1 Method: Dry Bonds

Normal sheep hearts were obtained fresh from the abattoir, and 2 - 3cm of aorta in
the region of the aortic root excised. Each aortic piece was stored in refrigerated
saline and used within 7 days.

A longitudinal cut enabled the piece to be laid flat, and a rectangle of tissue
approximately 2.5 x 1cm was cut from the centre (Fig. 4.5). A small nick was
made at the half thickness point of one corner of the rectangle, and the slice gently
peeled apart to provide 2 thinner slices approximately 0.5mm thick (Fig. 4.6). The
peeled face of each slice was marked and designated the bonding face. After
washing in distilled water, slice thickness was measured with a Mitutoyo tissue
gauge. This instrument gently holds the tissue between two flat pads
(approximately 1cm2) the distance between them being the thickness
measurement. Rather than a spot measurement, this represents thickness averaged
over the pad area.

One of the peeled slices was taken, cut in half and laid onto the preheated
approximator base plate with its bonding face upward. The other half of the cut
slice was placed on top to form an overlap, with the peeled bonding face
downward, so that the peeled faces of both halves were in contact/apposition. This
exercise was repeated with the other peeled slice, giving 2 sets of overlapped
slices, one at either end of the approximator base plate. The clamping approximator
plates were gently lowered onto the overlapped slices, and secured by two thin
rubber bands to apply a gentle pressure of 5+2 kPa to the slices (Fig. 4.7). This
arrangement ensured good thermal contact throughout the heating phase of the
experiment, the pressure helping to take up any slack if tissue shrinkage occurred.
With radiation shields in place, the approximator was heated by the 120W lamp for
as long as was necessary to completely dehydrate both samples. This was
discernible by a change in the consistency of the tissue from a floppy opaque white
to a brittle translucent brown (Figs. 4.8 & 4.9). The process took 2 hours at 70
deg.C. and 5 hours at 40 deg.C. Equilibrium temperature recorded by the reference
thermocouple, was monitored throughout the experiment, and was seen to vary by
less than 2 deg.C. in all cases. |
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Figure 4.6

Separating the aortic wall into slices approximately 0.5mm
thick.
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Figure 4.7

61

Picture of approximator. Thermocouple and white tissue
slices are clearly visible. The tin foil to the left and right of
the slices are radiation shields in the open position. During
the experiment they are closed in front of the slices to

protect them from direct radiative effects.



Chapter 4: Dry Bonds In Vitro

Figure 4.8 The opaque white tissue slice before dehydration.
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Figure 4.9

The slice turns translucent brown after dehydration in the

approximator.
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When heating was finished, the lamp was switched off, the tissue removed
from the approximator and rehydrated in room temperature saline for 10 minutes.
The tissue regained its colour, opacity and floppy nature within the first 3 minutes
of rehydration.

4.6.2 Wet Bonds
The procedure for tissue bonding under wet (ie. non dehydrating) conditions was

similar to that already described. Tissue was prepared and overlapped on the
approximator as before, which was then immersed in a temperature controlled
water bath full of saline. The bonds were heated by immersion for the same period
as the dry bonds were irradiated at the same temperature (ie. 2 hours at 70 deg.C.,
5 hours at 40 deg.C.). After heating, the tissue bonds were immersed in room
temperature saline for 10 minutes (as per the dry bonds) to minimise procedural
differences between bonds created under wet or dry conditions.

Both types of bonds were subsequently tested to destruction to evaluate
their breaking shear strength. The extent of the overlap area actually bonded by the
approximator could be seen by examining the edges of the bor_1d. The resultant
bond length and breadth was measured with calipers to calculate bond area,
ideally, equating to the full area sandwiched by the approximator. The bonded slice
was held between the jaws of two clamps, one of which was attached to a force
balance, the other held by hand with a scissor clamp. The jaws of both clamps
were aligned parallel to the edge of the bond to minimise off-axis forces. The tissue
was steadily stretched and the force at which the bond suddenly broke (ie. the
breaking shear strength) was noted. The breaking shear strength per unit area was
calculated.

The experiment was performed at the following approximator temperatures -
20, 40, 55, 70 and 90 deg.C. Several bonds were created and evaluated at each
temperature. Breaking shear strength per unit area was plotted as a function of
bonding temperature. Non-parametric statistical methods (Mann-Whitney U) were
applied to the data sets since the data was not established as having come from a
normal distribution.

4.7 RESULTS

Figure 4.10 plots the breaking shear strength of dry bonds as a function of bonding
temperature (also tabulated in Table 4.2). In the interests of clarity, the errors of
the individual points are not shown, but the error in bond strength per unit area is
estimated to be +30% and bonding temperature is accurate to +3 deg.C. The
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Bond strength |Bond strength |Bond strength |Bond strength |Bond strength
at 21+ 3 deg.C.|at 41+ 3 deg.C.|at 55+ 3 deg.C.|at 70+ 3 deg.C.|at 90+ 4 deg.C.
(g cm-2 +£30%)|(g cm-2 £30%)|{g cm-2 £30%)|{g cm-2 £30%)|(g cm-2 £30%)

630 544 206 169 408
190 120 321 258 627
124 109 245 1260 329
285 300 79 308 708
39 39 908 238 389
59 11 156 94 320
40 193 106 255 614
0 163 148 857 557
39 150 385 520 383
116 83 413 408 654
891 247 187 916 408
157 53 538 365 210
79 670 245 479 475
106 275 79 256 709
225 258 400 574
267 1270 237 476
131 368 222 692

202 188 284

250 298

132 557

Table 4.2

Recorded dry bond strength as a function of the

temperature at which bonds were created.
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points with arrows attached, denote those samples that did not break while being
strength tested, but simply slipped out and pulled free from the clamps. In these
cases, the shear stress at the time the tissue slipped from the clamp was recorded
and plotted, but clearly, the breaking shear strength exceeds this value. These
samples were returned to saline to be rehydrated for a further 4 to 5 hours before
being strength tested again.

With regard to the results of figure 4.10, the non-parametric Mann-Whitney
U test was applied to determine differences between groups. No significant
difference in mean group strength was found for temperatures ranging from 20 to
55 deg.C. (p>0.1). Neither was there any significant difference between mean
strength of bonds created at 70 or 90 deg.C. (p>0.1). A significant difference was
recorded however between those bonds created at 55 deg.C. and those created at
70 deg.C. (p<0.01). On this basis the 20, 40 & 55 deg.C. data was assimilated to
form one group representing bonds created at temperatures below the denaturation
temperature of the tissue (mean strength = 271 +254 gcm‘2, n=59), and the
data at 70 and 90 deg.C combined to represent bonds created above the
denaturation temperature {mean strength=563+300 gcm‘2, n=40). The two
groups were significantly different with p<0.01.

The data for those bonds rehydrated for a further 4 - 5 hours is plotted in
figure 4.11, the values at 10 minutes showing the point at which the tissue pulled
free of the clamp. The breaking shear strength after extended rehydration was
significantly reduced as compared to the values at 10 minutes (p <0.01).

The results of bonding under wet conditions is shown in figure 4.12.
Although rather fewer points are shown, the data appears to follow a trend similar
to that of figure 4.10, in which mean bond strength increases above the
denaturation temperature. Hence the results were collated into 2 groups - bonds
created below denaturation (20, 40, 55 deg.C: mean strength=23+15 gcm'2,
n=9) and those created above denaturation (70, 90 deg.C: mean
strength=51+18 gcm'z, n=7). The mean bond strength of the two groups was
found to be significantly different (p <0.01).

Bond strength data is summarised in the graph of figure 4.13, the points
showing dry bond strength means and standard deviation. The summarised wet
bond means are depicted by the dotted line. The wet bonds were considerably
weaker than any of the dry bond groups (p < =0.02) at all temperature points.
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4.8 DISCUSSION

Although the issue of whether bonding is a photochemical or thermal effect has not
been resolved, current discussion tends to focus on whether denaturation is
required. Evidence from CO52 work (72,106), Sigel et al. (26,2,7) and Schober
(who reported changes in collagen structure as a result of bonding (34)) suggests
that denaturation may be necessary. The work of White and Gorisch (47,79)
however casts doubt on this. The conclusion must be that either the 45 deg.C.
temperatures quoted by White et al. are wrong (and at this temperature nothing is
expected to happen to collagen, so why does it bond? - hence the photochemical
suggestion); or the temperatures as measured by White are correct and a different
mechanism exists below denaturation; or the same bonding mechanism is active in
both the CO5 and Argon cases but denaturation is not a necessary condition. The
denaturation question is important, and is the impetus for accurate knowledge of
bonding temperatures. The biggest disadvantage of the laser is this lack of
temperature information, for although tissue temperature can be measured (directly
or remotely), it must be asked to what extent such readings provide a true
reflection of the temperature at the bond faces. This is particularly true of the
thermal camera, the readings of which are resolution limited and compromised by
the présence of water. An error of less than 5 degrees would be sufficient to
completely misdiagnose the denaturation state of the collagen. Furthermore, it is
not known to what extent micro hotspots may be occurring within the bonding
faces, causing localised denaturation with associated tissue bonding. Such rises in
temperature would be undetectable because of their small size.

The advantages of the non laser heating of tissue bonds described in this
experiment are: tissue temperature can be gauged to within a few degrees;
denaturing hotspots cannot be occurring because the bond and approximator are in
thermal equilibrium. The results show that tissue bonds of significant strength can
be produced by purely thermal effects and thermal denaturation is not required. But
it appears that dehydration is the more important factor, as bonds created under
wet conditions proved very weak in comparison to those created by dehydration. A
strong thermal dependence was also seen, since bonds created at temperatures
below denaturation were almost half the strength of those created above
denaturation. Those bonds that did not break after 10 minutes rehydration suffered
considerable reduction in bond strength following further rehydration. This may be a
result of the bond being weakened by the first strength test, or perhaps may be a
strength degrading effect of rehydration alone. The latter is supported by the
preliminary experiments in which partially dehydrated tissue which had adhered to
a glass surface could be more easily removed if left to soak in water.
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Although the data has provided some interesting results, two major areas
remain to be addressed:
i) Scatter - The spread of strength data at any
particular temperature is considerable.
i) Equivalence - It is not known to what extent the
dry bonds created in this experiment are in

any way the same as those created by laser.

4.8.1 Scatter
The spread of results in each temperature group makes it difficult to be certain that
true differences in bond strength exist. Looking at the raw data of figure 4.10, it is
not immediately obvious that those bonds created at temperatures above
denaturation have distinctly different bond strengths to those created at 20 - 55
deg.C. The results would be more acceptable if the scatter in bond strength were
reduced. Pockets of air trapped between the apposed tissue faces seem the most
likely cause of the scatter. The tissue faces were not perfectly smooth since they
had been peeled apart by hand. Air gaps could be seen between the dehydrated
tissue faces as speckled areas that scattered the light differently to the translucent,
well apposed regions. These air gaps were difficult to measure, especially if spread
diffusely across a bond. Their effect is to reduce bond strength due to decreased
contact between slices. In addition, a reduction in the calculated strength per unit
area results because the simple measurement of bond area described in this
experiment does not effectively account for the true loss in bonding area due to air
gaps. This is further complicated by a standard result of stress analysis which
states that bond strength is a function of bond geometry, which in our case is
determined by the air gaps present. A two step solution is appropriate:

i) Improve intimacy and consistency of apposition.

i) Improve assessment of bonded area, to more

accurately account for losses in bond area due
to air gaps.
These ideas are explored in the next chapter.

4.8.2 Equivalence

To what extent are the dry bonds created in this experiment the same as those
created by laser? At this stage it is not clear, but similarities do exist. Firstly, our
work with the rabbits (in agreement with White) suggested bonding temperatures
of 40 - 50 deg.C., and this has been shown possible by the dry bonding. Secondly,
when bonding with the laser, lasing was continued until the incision became
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slightly discoloured which has been described by some groups in terms of
dehydration (56). Thirdly, in our experience laser bonds were inconsistent: some
apparently strong, lasting several weeks; others weak, rupturing a few hours after
lasing. This parallels the scatter in the strength of dry bonds. Furthermore, is it
possible that the bonds that ruptured in the rabbits several hours after lasing, did so
as a result of the bond weakening from rehydration? Rehydration would result from
blood within the lumen and the capillaries in the adventitia of the vessel.

There is little data available in the literature pertaining to the strength of
overlap bonds. Jenkins (109) did report creating them with a Nd:YAG laser at
rather higher temperatures than ourselves (above 100 deg.C., overlap area bonded
under pressure of 185kPa). His results show a large amount of scatter with a
maximum mean shear strength of 286 gcm'2 which fits well with the mean
strength of non-denatured dry bonds (271 gcm‘2) in our experiment.

However, dissimilarities between laser and dry bonding also exist. Dry
bonding times are very long compared to the laser and the creation of large overlap
bonds is rather different to the delicate butt joints most often associated with laser
bonding. It is also recognised that the techniques used here are not easily
reconciled with the bonding technique advocated by Kopchok, White et al (47) in
which drops of saline are used to keep the bonding area moist and cool in an
attempt to maintain moisture content So as to encourage improved healing due to
minimal thermal damage.

4.9 POSSIBLE BONDING MECHANISM
It was noted earlier that tissue drying on a surface will adhere to it, and rehydration
can reverse this process. Similarly, it is common experience that after eating a
meal, dirty plates left 'to soak’ are much easier to clean. The standard explanation
of this process (110) is that food molecules contain locally polarised regions that
bond through Van der Waals forces to surrounding water molecules. Should the
water be removed by dehydration, the bond sites become free to bond to the plate
surface. By immersing the food and plate in water, water molecules preferentially
re-occupy the bond sites (depending on how strong the affinity between water and
food molecules is) terminating bonding with the plate surface and the food is easily
rubbed off.

Given the similarity between laser and dry bonds, the above model of
adhesion is extended to explain tissue bonding in terms of dehydration without
denaturation being required.
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Figure 4.14
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Proposed bonding model. Water molecules (yellow) loosely
bind to polar regions of the collagen molecules (a). With
dehydration the water is lost (b) leaving spare bond sites
that allow the collagen molecules to bind to each other (c).
Water preferentially re-occupies these sites following

rehydration and the collagen-collagen bonds are broken (d).
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Collagen is a major component of arterial tissue and is based on a molecular
triple helix. Although the molecule is electrically neutral overall, locally polarised
regions exist along its length. These regions can form weak hydrogen bonds with
surrounding water molecules (Fig. 4.14). Dehydration of the tissue drives the water
off, leaving the polarised regions free to bond to surrounding molecules, and
collagen-collagen bonds are formed. With rehydration, the water molecules
preferentially reoccupy the bond sites and the collagen no longer bonds to itself.

With denaturation, the molecular crosslinks of the triple helix are irreversibly
broken. This reveals yet more bond sites that can be used for collagen-collagen
bonding when dehydrated, and an increase in bond strength results. The bonding as
described, relies on short range Van der Waals forces and thus intimacy of apposed
bonding faces would be critical to the strength of any bond.

This model can satisfactorily account for dry bonds created at temperatures
below denaturation and provides an explanation for the increase in bond strength as
the denaturation temperature is exceeded. It also suggests that bond strength
might decrease with rehydration and hints at a possible reason (ie. poor apposition)
for the high degree of scatter observed in the experimental results.

If applied to laser bonding, this theory would suggest that the laser creates a
localised area of dehydration within the tissue under the area of the beam. The only
conditions for a successful bond are that water is driven out of the bond faster
than it is replaced (eg. by capillary action) and that apposition of bonding surfaces
is good.

4.10 CONCLUSION

The dry bonding experiment answers both the photochemical and thermal
denaturation questions in that neither is required to create a satisfactory tissue
bond. A model of bonding based on dehydration can account for the experimental
results. However, model nor experiment reveal whether such bonds are the same
as laser bonds {(although there are similarities). Further investigation is required.
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Chapter 5

Scatter of Dry Bonds

5.1 INTRODUCTION

The bonding experiment of Chapter 4 highlighted the importance of dehydration in
the formation of overlapped tissue bonds. The equivalence of such bonds with
those created by laser remains to be established. A stumbling block to acceptance
of the interpretation of the dry bond data presented in Chapter 4 is the substantial
scatter of data points at any particular temperature. The proposed bonding model
suggests that this is the result of poor intimacy at the bonding faces. This seems a
plausible explanation given that the apposed tissue faces were not particularly
smooth and air gaps could be seen between them.

To investigate this further, a modified re-run of the previous experiment (at
one temperature only) was performed, in which surface intimacy of tissue slices
was progressively improved through:

i) introduction of smoothly cut bonding faces;
i) careful removal of inter-surface air gaps with
improved quantification of any that remained;
iii) application of increased pressure to the
overlapped slices for improved apposition.
Quality of bonds was compared by obtaining their breaking shear strength per unit
area. This experiment and the necessary modifications to the approximator are
described below.

5.2 MODIFICATION OF APPROXIMATOR TO PERMIT APPLICATION OF
INCREASED PRESSURE TO OVERLAPPED BONDING SLICES

The higher pressure apposition of tissue slices during bonding required minimal
modifications to the approximator. Dry bonding experiments to date have utilised
thin elastic bands wrapped around the approximator to apply a small but steady
force to the faces of the overlap bond to assist good apposition. This is particularly
important when it is considered that dehydration causes the tissue to shrink and
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the overlapped slices get thinner. The pressure applied to the approximator plates
ensures good thermal contact as well as keeping the tissue approximated. The
pressure applied to the tissue is easily changed by replacing the thin elastic bands
with stronger ones. This experiment determines the pressure applied to the tissue
with the use of different elastic bands.

5.2.1 Method

The approximator with elastic bands was rigged as for a bonding experiment, with
approximator plates removed (Fig. 5.1). It was held inverted by a vernier clamp and
attached via the elastic bands to a set of scales as shown in the diagram. The
elastic bands were attached to the weighing platform in such a way that raising the
approximator extended the bands in a manner similar to that of the approximator
plates. Under such conditions, the applied force can be read on the scales.
Lowering the approximator relaxes the tension on the bands until no force is
exerted on the weighing platform. Further downwards movement of the
approximator forcibly depresses the weighing platform. The large spring constant of
the scales dictates that a large force is required for a small depression:

From a position of depressing the balance by several millimetres, the
approximator was progressively raised by increments of 0.5mm - the displayed
weight being recorded at each point - until the band was stretched by several
millimetres, supporting a force of hundreds of grams. The recorded force was
plotted as a function of vernier position. The elastic band was exchanged for a
stronger one, and the experiment repeated.

To conclude the experiment, the elastic bands were removed from the
approximator, and the approximator plates fully inserted. The distance the plates
protruded above the approximator body was measured. This information in
combination with the typical thickness of overlapped tissue provided a value for the
expected extension of the bands during a bonding experiment, from which the
force applied to the plates could be calculated. Knowledge of overlapped tissue
area converts this result to an apposing pressure.

5.2.2 Results

Load-position graphs are plotted for low and moderate pressure configurations,
created by the use of weak and stronger elastic bands. Vernier position was
accurate to 0.1mm and force accurate to 2 grams.
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5.2.3 Low Pressure
Figure 5.2 shows a curve comprised of two straight lines of different gradients. The

line of steeper gradient results from that part of the experiment in which the
weighing platform is forcibly depressed (gradient (mg,,) = -424gmm-1). As the
applied force changes from balance compression to elastic extension the gradient
changes to a gentler slope (gradient (m) = -21 .ngm’1, correlation coefficient =
-0.999). The latter is a composite slope consisting of the extension of the elastic
band plus the sympathetic extension of the balance, which must be subtracted
from the composite result to provide the true elastic gradient:

Combined displacement (D) = band + balance
extension (Bg) displacement (B,,)
ie. D=B;+B,
oD _XB;+B,)

F 5 (F = applied force)

F
but the force per unit extension (5 ) is the gradient (m):

1 1 1
— = +— (mge =Elastic gradient)
m mg, M,

(mg, =Balance gradient)
_om.mg,

BE mBAL -m

It should be noted however, that the gradient of the balance (mg, ) is
typically 10-20 times that of the combination (m), and so its contribution to the
gradient of the band is insignificant. Therefore the true elastic gradient may be
quoted as equal to the gradient of the combination (m):

My, =— 21.3gmm”

The approximator plates were measured as protruding above the approximator
body by 2.0mm, which with the addition of a typical overlapped tissue thickness of
0.8mm produces an effective band extension of 2.8mm. The force generated acts
upon two overlap bonds of nominal bonding area 60mm2 each. The resultant

pressure becomes
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Applied pressure = Applied force per unit area

2.8x213
(2x60)
=0.497gmm"’

=~ S5kPa

5.2.4 Medium Pressure

In this instance, a stronger elastic band was used and the pressure evaluated over
a 60mm?2 area. Again, a two-part linear curve is seen (Fig. 5.3), the gradient at the
compression stage of the experiment being mg, =-493gmm-1. With the combined
extension of elastic band and balance, the gradient becomes m=-50.1gmm'1,
r=-0.999. As with the low pressure results, the contribution of the balance
gradient to the true elastic gradient (mgg) is negligible, and the true elastic gradient
can be quoted as:

My, = — 50.1gmm™

When this result is applied to the extension caused by the raised
approximator plates sitting on overlapped tissue, the nominal pressure on each
bond is:

Nominal medium bonding pressure ~ 25kPa

5.2.5 High Pressure
No high pressure experiment was performed, since the high pressure configuration
consisted of wrapping 2 of the bands used for the medium pressure configuration
around the approximator, thus doubling bond pressure.

ie.

Nominal high bonding pressure = 50kPa

5.2.6 Discussion

As expected, the gradients of the lines in which the balance was forcibly depressed
are similar. They are not identical however, the two differing by more than 15%,
indicating the magnitude of error in the experiment. The variability of tissue
parameters (eg. bonding area, overlap thickness etc.) in a typical bonding
experiment are such that accurate knowledge of applied pressure is unnécessary.
Force measurement errors incurred in this experiment are insignificant in
comparison
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to the inaccuracies introduced by such broad generalisations as 'typical' bonding
area and 'typical' tissue thickness. Estimation of bonding area to calculate applied
pressure is possible, but overlap tissue thickness is more difficult to assess. This is
not only because the pressure of the clamp compresses the tissue (hence changing
its thickness, and therefore the applied pressure) but also because as the tissue
dehydrates, it shrinks and thickness decreases. This reduces the applied pressure
as bonding progresses. The quoted figures then, simply provide an estimate of the
pressure apposing the tissue during dry bonding.

The application of the modified approximator, in conjunction with other
techniques, to reduce the scatter in the strength of dry bonds will now be
discussed in detail.

5.3 SHEAR STRENGTH OF TISSUE BONDS AS A FUNCTION OF TISSUE
APPOSITION

This experiment repeats the technique of dry bonding described in Chapter 4, with
the aim of reducing the scatter in the strength of dry bonds. It was performed at
55 deg.C. only, with the addition of a few systematic modifications in terms of
tissue preparation and its placement on the approximator. Basic technique is
described first, before introducing the modifications employed for each group.

5.3.1 Method
Fresh sheep heart was obtained from the abattoir and a 3-4cm length of aorta
excised in the region of the aortic root. The aortic pieces were stored in
refrigerated saline and used within 7 days. As described in Chapter 4, a rectangular
slice approximately 2.5x1cm was cut from the length of aorta, the adventitia
removed, and the slice then peeled in half to produce two half-thickness slices
approximately 0.5mm thick. After being washed in distilled water, and thickness
measured with a Mitutoyo tissue gauge, each slice was cut in half and overlapped
on the approximator which had been preheated to 55 deg.C. (Fig. 5.4). The
approximator plates were lowered onto the overlapped slices and thin elastic bands
used to apply a pressure of 5kPa to the apposed tissue in order to encourage good
apposition and thermal contact. The approximator was heated (with radiation
shields in place) for 3 hours at 55 deg.C., during which the tissue dehydrated,
becoming brittle and translucent brown in colour.

The slices were removed from the approximator and immersed in room
temperature saline for 10 minutes to rehydrate the tissue. It regained its natural
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floppiness and opaque white colour within the first 3 minutes of rehydration.
Vernier calipers were used to measure the length and breadth of the bonded area
which was then held in a force balance and subjected to increasing stress until the
bond suddenly broke. The applied force at the time of breaking was noted, and
breaking strength per unit area was calculated.

The systematic differences in technique between groups will now be

described in detail. In this series of experiments, no wet bonds were made.

Group 1
This group was created as described above and consists of the 55 deg.C.
data obtained in Chapter 4. Experimentally significant points are:
i) Bonding surfaces were rough since slices were
created by peeling tissue apart.

i) No attempt was made to remove inter-surface air gaps.
iii) Quantification of air gaps in the bonded sample was poor.
iv) Bonding was performed at low pressure (5kPa)

Group 2

This group features the replacement of hand peeled slices with smooth
faced slices cut on a rotary microtome (Cambridge Medical Instruments Ltd) and
detailed air gap quantification.

A rectangular tissue section (2.5 x 1cm) was excised from sheep aorta as
previously described. The adventitia was removed (scraped off) and the slice
dabbed dry with a paper towel. The adventitial side of the slice was laid flat and
stuck firmly (with superglue) to the face of a cork block whose dimensions were
slightly larger (3 x 1cm) than the tissue itself. The glue was left to dry for 2
minutes and then the cork/tissue assembly immersed in dry ice for 10-15 minutes.
The cork block was mounted in the jaws of the rotary microtome, presenting the
frozen tissue slice for cutting - tissue hardened by freezing can be cut more
precisely by microtome. A flat smooth tissue face was created by repeatedly
shaving off 25um sections. Several smooth sections approximately 500um thick
were then cut from the tissue block and stored in saline. Slice thickness was
measured at multiple points across the tissue surface with a Mitutoyo tissue gauge,
and those slices whose thickness varied by more than 50um were discarded. An
acceptable slice was taken, and one face marked as the bonding face. After cutting
in half, the tissue was mounted on the preheated approximator with the designated
bonding faces in apposition. The approximator plates were lowered and secured
with low pressure elastic bands to apply a force of 5kPa to the bonding faces. With
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radiation shields in place, the tissue was heated at 55 deg.C. for 3 hours, by which
time the tissue had dehydrated and a bond formed.

The bonded tissue was removed from the approximator and assessed for the
presence of air gaps. These were regions in which poor tissue contact scattered
the light giving the area a light speckled appearance in contrast to the translucent
brown of the well apposed regions. Length and breadth of the perimeter of the
bond was measured accompanied by a simple hand drawn sketch of the bond area
with air gaps. The tissue was rehydrated in saline for 10 minutes during which it
quickly regained its natural opaque colour and consistency. With the tissue in its
opaque state, air gaps were not visible and therefore the bond was probed with
forceps, using the hand drawn map as a guide, to verify the presence or otherwise,
of air gaps trapped within the bond. This exercise was used to update the map to
provide a final estimate of the percentage of the bond area lost to air gaps, from
which the effective bond area could be calculated.

The bond was connected to the force balance and steadily stretched. The
force at which the bond broke was noted, and the breaking shear strength per unit
area calculated. Features of note are:

i) Smooth tissue faces were cut with a microtome.
i) No attempt was made to remove inter-surface air gaps.
iii) The effective bonded area, taking account of
loss due to air gaps, was carefully calculated.
iv) Bonding was performed at low pressure (5kPa).

Group 3

This group features smooth tissue faces cut by microtome, attempted air
gap removal, and air gap quantification.

Smooth faced aortic slices approximately 0.5mm thick were prepared as for
group 2. One face of the slice was designated the bonding face, cut in half, and
one half placed on the approximator base plate. In an attempt to remove any
pockets of air between the tissue and base plate, the tissue surface was gently
stroked across the whole area with tweezers to force air out past the tissue edges.
The bonding face of the other half slice was placed in apposition with the now
smoothed slice to form a tissue overlap. Again with the use of forceps, the
overlapped area was gently stroked to tease air out of the bond, removing inter-
surface air gaps.

The approximator plates were lowered and held in place with low pressure
bands (5kPa), the tissue being heated (with radiation shields in place) for 3 hours at
55 deg.C. The experiment proceeded as for group 2, ending with a careful
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assessment of air gap corrected bond area, followed by a strength test of the bond.
The breaking shear strength per area was calculated. Points to note are:
i) Smooth tissue faces were cut with a microtome.
i) A concerted attempt was made to remove inter-
surface air gaps.
iii) The effective bonded area, taking account of
loss due to air gaps, was carefully calculated.

iv) Bonding was performed at low pressure (5kPa).

Group 4

This group features smooth tissue faces cut by microtome, attempted air
gap removal, air gap quantification and bonding performed at an intermediate
pressure of 25kPa.

This experiment was performed in a manner identical to group 3 except that
the pressure applied to the bonding surfaces by the approximator plates was
increased (using stronger elastic bands) from 5kPa to 25kPa. Points to note are:

i) Smooth tissue faces were cut with a microtome.
i) A concerted attempt was made to remove inter-
surface air gaps.

iii) The effective bonded area, taking account of

loss due to air gaps, was carefully calculated.

iv) Bonding was performed at intermediate pressure

(25kPa).

Group 5

This group features smooth tissue faces cut by microtome, attempted air
gap removal, air gap quantification and bonding performed at a high pressure of
50kPa.

The experiment was identical to the experiments of groups 3 and 4 except
that the pressure applied to the bonding faces through the approximator plates was
increased (by using strong elastic bands) to 50kPa. Points to note are:

i) Smooth tissue faces were cut with a microtome.

i) A concerted attempt was made to remove inter-

surface air gaps.

iii) The effective bonded area, taking account of loss

due to air gaps, was carefully calculated.

iv) Bonding was performed at high pressure

(50kPa).
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Bond strength per unit area was plotted in groups, according to the
particular methods used to prepare and create the bond. Assessment of differences
between groups was determined by comparing means and standard deviations.
Means were compared using the non-parametric U statistic since the data appeared
to be non-normal. The lack of an appropriate non-parametric test for comparison of

group variance required that the parametric F statistic was used instead.

5.4 RESULTS

The grouped data is plotted in figure 5.5, showing the effect on bond strength of
successive attempts to improve bond apposition. For reasons of clarity, error bars
of individual points have not been included but are estimated to be approximately
+30%, the principal contribution coming from estimation of effective bond area
correcting for air gaps (+20%), with the error in breaking strength £10%.

5.4.1 Comparison of Mean Bond Strength

Differences between group means were established with the Mann-Whitney U test.
No significant difference in mean bond strength was found between groups 1 to 4
(p>0.1). The mean strength of group 5 however was significantly different from
groups 3 and 4 (p<0.02), group 5 consisting of those samples bonded at the
highest pressure (50kPa). The arrowed points of group 5 indicate those bonds that
did not break during strength testing, but slipped from the grip of the clamp in
which the bond was being held. Such points represent the force per unit area
applied to the bond at the moment it slipped from the clamp. Clearly, the breaking
strength of the bond is greater than this, increasing the differences between the
groups. In some cases the clamp was tight enough to stop the tissue slipping, but
the clamped tissue ripped cleanly across its width instead, the bond remaining
whole. In these cases, the bond strength exceeded the natural breaking strength of
the tissue.

5.4.2 Comparison of Scatter
The parametric F test was applied to the data to determine differences in group
variance (ie. scatter).

No significant difference (Table 5.1) was found between the scatter of
groups 1 and 2 (p>0.1), group 2 being a repeat of the group 1 experiment except
that tissue slices were cut with a microtome. A significant difference between
group 3 and group 2 was found with the coefficient of variation changing from
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68% to 35% (p<0.0025). The slices of groups 2 and 3 were cut by microtome,
but group 3 included attempts to remove inter-surface air gaps. Group 4 was a
repeat of group 3 except that bonding was performed at medium instead of low
pressure. This produced a significant reduction in the coefficient of variation from
35% to 22% (p=0.025). No comparison of group scatter was possible with group
5, since a large proportion of the bonds did not break.

5.5 DISCUSSION

The bonding experiments of Chapter 4 investigated tissue bonding over a
temperature range of 20 - 90 deg.C. The presence of large scatter in the bond
strength results required investigation, and this was performed in this experiment at
55 deg.C. which was felt to be a temperature reasonably representative of the 20 -
90 deg.C. range previously used. It is likely that conclusions drawn from this
experiment can be generalised to apply to the whole of the 20 - 90 deg.C.
temperature range.

The starting point of the experiment (group 1) was the creation of dry bonds
at 55 deg.C. with the technique of Chapter 4, involving roughly peeled slices
bonded at low pressure with resultant large scatter in bond strength about the
mean. A change of approach in group 2, using slices with smoothly cut faces
provided statistically indistinguishable results from that of group 1 - ie. no change.
However, the combination of smooth tissue faces with removal of inter-surface air
gaps, dramatically reduced the scatter in bond strength, leaving the mean strength
unchanged. This strongly implicates inter-surface air gaps (ie. poor apposition) as
the primary source of scatter in dry bonds. Increasing the bond pressure from 5kPa
to 25kPa further reduced the scatter with the mean still unchanged, but a higher
pressure of 50kPa did increase bond strength.

Such findings can be well accounted for by the proposed model of bonding
based on dehydration. This model suggests that dry bonding is a result of
interactions between polarised regions of collagen molecules, which are normally
occupied by water but become vacant with dehydration. Such interactions, based
on Van der Waals forces, would be very short range and therefore good apposition
would be critically important to the creation of tissue bonds. It is difficult to know
what accuracy of apposition is required. Our results indicate that visible air gaps
need to be removed, but it is not known to what extent (if any) micro-air gaps may
be compromising bond consistency and strength. Our experience suggests that
surface intimacy to better than 100um is at least required, because as the series of
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experiments progressed the approximator began to warp, and deformation of the
bonding plates by more than 100um made bonding almost impossible.

The removal of air gaps was not the sole reason for reduced scatter, since
the technique was coupled with a much improved assessment of any air gaps that
remained after bonding. Smoothing the bond at the time it was first placed on the
approximator not only served to remove air gaps but aggregated those that
remained, making them easier to see and measure when heating was finished. The
improved method of air gap assessment contributes to a more reliable evaluation of
bond strength per unit area.

The rise in mean bond strength at a high bonding pressure of 50kPa is not
surprising since this is likely to force the tissue faces together, increasing surface
intimacy beyond that which would normally be encountered. More bonds can form

as a result, and bond strength increases.

5.6 CONCLUSION

Scatter in the strength of dry bonds was progressively reduced through systematic
improvement of tissue apposition and improved assessment of inter-surface air
gaps. Furthermore, bond strength increased with application of high pressure to the

apposed faces. The dehydration model was able to account for these observations.
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Chapter 6

Laser/Dry Bonding Equivalence

6.1 INTRODUCTION

The in vivo bonding work of earlier chapters showed laser bonds to be inconsistent.
The work was inconclusive in so far as we were unable to draw any clear
conclusions as to how to improve the technique, or establish why it sometimes did
not work. The most important observation was that a smaller laser spot might be
beneficial so as to reduce the extent of damage to surrounding tissue.

Our lack of success with the in vivo work prompted investigation from a
different direction to establish some basic mechanism responsible for tissue
bonding. This was achieved by the creation of overlap bonds constructed without
the laser. The tissue apparently bonded by dehydration. The strength of the
resultant bonds was evaluated and revealed that:

i) Tissue bonds could be created at temperatures
below the denaturation temperature of the
tissue;

i) Dry bonds (ie. bonds created by dehydration)
were much stronger than wet bonds;

iii) A disproportionate jump in bond strength
occurred as bonding temperature exceeded the
denaturation temperature of the tissue;

iv) Bond strength decreased with increasing
rehydration.

A model was proposed to account for these results, in which bonding was
considered the result of expulsion of water molecules from the collagen matrix by
dehydration, exposing polarised bond sites suitable for the formation of collagen-
collagen bonds. Although creation of the above overlap bonds was rather different
to that of the laser bonds in vivo, it was proposed that the mechanism might be
relevant to the laser bond. This chapter describes a series of experiments designed
to investigate this hypothesis. If laser bonding is mediated by dehydration, the
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properties of laser bonds should be indistinguishable from those created by
dehydration alone.

Therefore, butt-jointed tissue bonds were created with and without the laser
in conditions similar to those created in vivo (Fig. 6.1). To establish their similarity,
the properties of the bonds were compared in three areas:

i) Bond strength
i) The effect of rehydration.
iii) Histology

These properties are also compared with the properties of the overlap bonds
of Chapter 4 in an attempt to unify all the bonding activity through dehydration.

6.2 METHOD

6.2.1 EXPERIMENT 1: Bond Strength

6.2.1.1 Tissue Preparation

A section of aortic root approximately 2cm in length was isolated from fresh sheep
heart obtained from the abattoir. The aortic segment was stored in refrigerated
saline and used within 7 days. With a cut parallel to the longitudinal axis the
segment was opened and laid flat, after which it was frozen and cut into
rectangular sections approximately 140um thick with a microtome. The slices were
trimmed to a rectangular shape of approximate dimensions 20 x 10 x 0.14mm.
Slice thickness was measured with a Mitutoyo tissue gauge, and was similar to the
thickness of the rabbit carotid vessels bonded in vivo (Chapter 3).

An incision approximately 15mm long was made down the centre of the
tissue section, parallel to the long axis of the rectangle. A clean cut was executed
by placing the slice on a curved plastic surface and rocking a new microtome blade
once along the desired line of cut to create the incision. The blade had been
previously dipped in xylene and alcohol to remove any surface oil. The slice was
laid flat on a glass slide, and the faces of the incision carefully dabbed dry with a
paper towel. A thin line of chromophore was applied to the faces with a fine,
pointed scalpel blade (using it like the nib of a pen) and the faces then dabbed dry
to remove excess dye. A drop of saline was applied to the area to keep the tissue
hydrated.

The tissue slice was transferred to a flat plastic-coated glass slide. (The
presence of the plastic acts as a non-stick surface and minimises any tendency of
the slice to adhere to the slide while bonding). Pulling the tissue from one end
naturally brought the faces of the incision together which were then further
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Figure 6.1

Laser

Oven

« ¢ \

pull

An incision was made in a thin tissue slice, and bonded
back together by laser or dehydration alone (oven). After
trimming, the strength of the bond was evaluated by
measuring the force required to pull it apart.
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apposed under a microscope (Mag. x10). Care was taken to ensure good apposition
along the whole length of the incision. Moving to a higher power microscope (x50),
the apposed incision was inspected for any gaps separating the bonding faces. If
possible the gaps were removed by gently pushing the faces together. If this failed,
the slice was discarded and the experiment started afresh. This approach enabled
the removal of all visible gaps down to a diameter of about 2um.

To prevent unnecessary tissue dehydration during the bonding process, a
long strip of soggy paper towel was placed on either side of the bond line and
taped to the slide. The resultant glass/tissue/towel arrangement provided a suitably
stable framework on which to perform tissue bonding.

6.2.1.2 Tissue Bonding

Tissue bonding was achieved by one of two methods. The first involved tracking a

laser beam along the length of the incision (Fig. 6.2), with the laser handpiece
attached to a constant speed linear motor. Several lasing parameters and tracking
speeds were used. These are discussed below.

The alternative method placed the glass/tissue/towel assembly in a low
temperature oven for 24 hours (Fig. 6.3). However, in order to stop the towel
drying out (and hence the tissue beneath it) the slide was placed on a beaker with
the towel ends suspended in water contained therein. The towels remained wet
throughout the bonding period by capillary action. Details of the oven bonding
temperatures used are discussed below.

In both cases (laser and oven) the method exposes only the area to be
bonded to the applied bonding influence, with surrounding tissue remaining
hydrated by virtue of the towels. Both techniques closely model each other and
hence permit direct comparison of their bond strengths.

6.2.1.3 Bonding Parameters.
The first group of bonds were created at temperatures below the denaturation

temperature of the tissue (later confirmed by histology). For the laser bonds this
involved a 65mW beam with a diameter of 1.5+0.1 mm. The beam was tracked
along the length of the incision at a constant speed of 1/30 mm sec’1 (ie. an
inverse tracking speed of 30 sec mm-1). The oven bonded slices were heated in a
constant temperature oven at 36 deg.C. for 24 hours.

A second group of bonds was created at temperatures above the
denaturation temperature of the tissue. Laser power was set to 100mW (1.5+0.1
mm diameter spot) with the same inverse tracking speed as above (30 sec mm-1).
The dry bonded slices were heated in a 70 deg.C. oven for 24 hours.
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Figure 6.2

Laser handpiece

Tissue slice

Laser bonding was achieved by tracking the beam steadily

along the length of the incision.
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Bond line

Glass slide

98

Wet
paper
towel
Distilled water
Figure 6.3 Oven bonding confines dehydration to the bond line only.

The rest of the tissue is kept moist by the wet paper

towel.
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6.2.1.4 Preparation for Strength Testing

After bonding, the tissue joint was examined under a microscope (Mag. x50) to see
if any gaps were visible along the length of the bonded incision. This was
particularly relevant to bonds created in the oven since the more widespread
shrinkage caused by oven dehydration tended to pull the apposed faces apart. The
position and size of air gaps was noted, but in practice they were rare.

The dehydrated bond area was initially rehydrated with a few drops of saline
and the soggy towels removed. More saline was applied, creating a puddle in which
the slice was immersed. After 3 minutes, the sample was carefully removed from
the glass slide and placed in a jar of saline, allowing ample rehydration of upper and
lower surfaces. At 10 minutes, the bond was examined under a microscope (x50)
and a note taken of any additional gaps that had opened along the length of the
bond as a result of the above manipulations. The tissue was cut across the full
width of the slice at each end of the incision by rocking a curved scalpel blade
across the sample, placed on a glass slide (Fig. 6.4)). This created clean edges
without stressing the bond. A central length of tissue approximately 1cm long is
the resuit, bonded along the whole of its length. Using the rocking blade technique
again, a 2-3mm wide section of the bond was removed from one end for
histological examination.

The main slice (now a little less then 1cm long) was examined for the final
time under the microscope for the presence of any gaps. If any were seen along
the length of the incision at this stage, bonding was considered to have been
unsuccessful and the slice discarded. However, most bonds were satisfactory, and
were then rehydrated for a further 10 minutes, resulting in a total of 23+2
minutes. The bonds were now subjected to strength testing.

6.2.1.5 Strength Testing
All tissue bonds were tested destructively under the same conditions, and the

breaking strength of the bonds per unit area calculated. Bond length was measured
with a travelling microscope and callipers, thickness having already been obtained.
The sample was held between two clamps, both constrained to move in one
dimension (ie. perpendicular to the bond line, in the plane of the tissue). The bond
line was positioned midway between the clamps, parallel to their straight edges so
that when pulled apart, stress was applied uniformly along the length of the bond
(Fig. 6.5). One clamp was attached to a slow moving (approximately 0.25 mms-1)
hydraulic piston, whose speed of movement was highly reproducible. The other
clamp was attached to a strain gauge which recorded the force applied across the
bond on an X-Y plotter. As the piston advanced, it slowly pulled the clamps apart,
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Bond line

Glass
slide

Tissue slice

Figure 6.4 Trimming the bond prior to strength testing.
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with the strain gauge recording the increasing force. Eventually, sudden disruption
of the bond occurred (Fig. 6.6), and the breaking force was read off the X-Y
plotter. From this, breaking force per unit area of the bond was calculated.

6.2.1.6 Tracking Speed & Bonding Times
It can be readily appreciated that bond strength must depend upon the tracking

speed of the laser. If the beam is moved too quickly, an inadequate bond will form,
resulting in reduced bond strength. Clearly, it is only valid to directly compare those
bonds created at the same tracking speed. This presents potential difficulties with
the oven bonded éamples because tracking speed is not applicable. However
comparison is possible because the dehydration model of bonding predicts a
maximum bond strength for slow tracking speeds and long oven exposures. This is
a logical result of the model, in which bond strength is related to the dehydration of
the bond. Maximum bond strength is expected to occur when the tissue is fully
dehydrated, independent of the method used to achieve it. This provides a region in
which direct bond strength comparison can occur.

As a result, a series of laser bonds were formed (denaturation temperature
not exceeded) with various tracking speeds. Bond strength per unit area was
calculated and plotted as a function of inverse tracking speed (Fig. 6.7). In a similar
manner, bond strength as a function of dehydration time was plotted for bonds
created at 36 deg.C. in the oven (Fig. 6.8).

These graphs were used to determine the necessary bonding times and
tracking speeds for direct comparison of bond strength. A choice of 30sec.mm-!
was selected for the laser and an exposure of 24 hours for the oven bonded
samples. Both lie on the bond strength plateau and represent maximum achievable
bond strengths for both groups.

6.2.1.7 Histology
The small portion (2-3mm) of each bond removed for histology was fixed in 10%

formol saline. 10um thick paraffin wax sections were cut and stained with
Picrosirius (PSR) and Elastic Van Gieson (EVG), thus enabling sample histology to
be compared.

6.2.2 EXPERIMENT 2: Rehydration
In order to assess the effect of increased rehydration on laser bond strength, a
series of low temperature (ie. tissue not denatured) laser bonds were created in the
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axis). The sharp drop to zero is where the bond suddenly
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manner described above. However, the period of rehydration prior to strength
testing was increased from 23 mins. to 5 or 6 hours. Strength testing was
subsequently performed as per normal and the breaking strength per unit area

calculated.

6.2.3 EXPERIMENT 3: Natural Breaking Strength of Unbonded Tissue

To help put the breaking strength of tissue bonds into perspective, a set of
experiments was performed to evaluate the breaking strength of similar tissue
containing no bond.

In the manner earlier described, aortic tissue slices were cut into sections
approximately 100um thick, and trimmed to a rectangular shape of the same
dimensions as the bonds ready for strength testing. Tissue thickness was measured
with a Mitutoyo tissue gauge, and average tissue width obtained by measurement
with callipers at several points along its length. Each sample was placed in the
strength testing clamps with the same orientation as the bonded samples. The
strain gauge recorded the tissue breaking strength on the X-Y plotter, from which
the breaking tensile strength per unit cross-sectional area was calculated, using the
same method of calculation as for the bonded samples.

6.2.3.1 Statistics

There is no evidence that any of the experimental groups are normally
distributed. On this basis, non-parametric statistical methods were used - Mann-
Whitney U test (2-tailed) - to establish significant differences between the means
of sample populations.

6.3 RESULTS: Comparison of Laser and Dry Bonds

6.3.1 Non-Denatured Samples

Comparison of bond strength per unit area of bonds created at temperatures below
denaturation by either method (laser or oven) is shown in the figure (Fig. 6.9).
Although not shown, errors in the tensile strength axis equate to +10%. The
principal contribution comes from the inaccuracy in measured tissue thickness used
to calculate the bonding area. Mean bond strength of the laser group was 234gcm-
2 with a coefficient of variation (CV) of 47% (n=10). The results of the oven
bonded group were similar (mean=2889cm‘2, CV=46%, n=8), such that no
significant difference exists between them (p>0.1).
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6.3.2 Denatured Samples
The groups created at temperatures in excess of the tissue denaturation

temperature exhibited a much increased bond strength over the non-denatured
samples (p<0.015 in both cases - Fig. 6.10). Table 6.1 tabulates the bond
strength results. As above, error in each tensile strength measurement was +10%.
Denatured laser bonds had a mean bond strength of 5489cm‘2 (CV=52%, n=9).
Figures for the oven bonded group are: Mean=994gcm'2, CV=53%, n=9. Unlike
the low temperature group, these two have significantly different bond strength
means (p <0.02).

6.3.3 Rehydration

The strength of laser bonds created without denaturation and rehydrated for

23mins. or 5-6 hours is plotted in figure 6.11, tensile strength errors being +£10%.
The mean strength of laser bonded tissue with only 23 minutes rehydration is
234gcm‘2 (CV=47%, n=10). Mean bond strength after 5 hours rehydration falls
to 101gcm‘2 (CV=40%, n=7). The two sets of data are significantly different
(p<0.01).

6.3.4 Natural Tissue Breaking Strength
The breaking strength of the non-incised/unbonded tissue slices is shown in the

figure 6.12. Tensile strength errors equate to +=10%, principally due to
inaccuracies of the thickness measurement used to calculate the tensile surface
area. With n=11, mean breaking strength was 2350gcm™2 (CV =29%).

6.3.5 Histology

Histology consistently revealed that laser bonds created at 100mW were
denatured in the lased area, whereas those created at 65mW were not. Examples
are shown in the figures. Figure 6.13 shows EVG and PSR stained sections of a
65mW (non-denatured) laser bond. The connective tissue structure is well defined
and the PSR image shows no loss of birefringence in the bonded area. This
contrasts with the lased amorphous region of the 100mW EVG stained sample (Fig.
6.14), coupled with a marked loss of birefringence in the PSR stained section. This
indicates considerable tissue denaturation.

Similar results were found with the dry bonds. The non-denatured section
(Fig. 6.15 - bonded at 36 deg.C.) shows clear differentiation of connective tissue
components (EVG) and no loss of birefringence in the PSR stained image. However,
the 70 deg.C. bonded sample has lost its birefringence (Fig. 6.16), associated with
the amorphous detail of the EVG stained section, indicative of tissue denaturation.
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BONDING TEMPERATURE: 36 deg.C.

Laser bond strength |Dry bond strength
(gecm-2 £ 10%) | (gcm-2 £ 10%)

215 301
140 260
216 68
454 283
192 163
328 342
277 385
198 500
284

40

BONDING TEMPERATURE: > 70 deg.C.

Laser bond strength | Dry bond strength
(gem-2 £ 10%) | (gcm-2 + 10%)

609 972
162 730
397 695
269 950
1096 994
442 898
501 648
625 23569
830 702

Table 6.1 Laser and dry bond strengths.
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Figure 6.1 3 EVG (top) and PSR (bottom) stained sections of a 65mW
(non-denatured) laser bond. The sections are transverse,
perpendicular to the incision. The arrow points to the

apposed bonded faces.
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Figure 6.1 4 EVG (top) and PSR (bottom) stained sections of a 100mW
(denatured) laser bond. The sections are transverse,
perpendicular to the incision. The arrow points to the

apposed bonded faces.
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Figure 6.15 EVG (top) and PSR (bottom) stained sections of a 36
deg.C. (non-denatured) dry bond. The sections are

transverse, perpendicular to the incision. The arrow points

to the apposed bonded faces.
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Figure 6.1 6 EVG (top) and PSR (bottom) stained sections of a 70
deg.C. (denatured) dry bond. The sections are transverse,
perpendicular to the incision. The arrow points to the

apposed bonded faces.
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The histology shows that both dehydration and laser techniques (whether
the tissue is denatured or not) can create tissue bonds of very high quality, to the
extent that it becomes difficult to identify the bonded area. With the connective
tissue stains we used, there was no histologically distinguishing feature to separate
the laser group from the dry-bonded group. A macroscopic difference exists in that
the extensive dehydration of the dry bonded samples tends to leave the bonded
area more compressed after bonding and rehydration, than is generally the case for
the laser. As a feature of interest, contrasting states of apposition are shown in the
images of figure 6.17, in which both excellent and very poor apposition can be

seen.

6.4 DISCUSSION
Earlier work proposed a mechanism for tissue bonding based on dehydration
(Chapter 4). With this model, dehydration drives water from the collagen matrix,
exposing polarised bond sites which are now free to bond to each other. Collagen
binds to collagen, and a tissue bond is formed. The mechanism can be extended to
include laser bonds if as has been proposed, movement of the beam along the
length of the incision, produces localised dehydration beneath the beam, sufficient
to bind the tissue together. On this premise, bonds created by laser are of the same
nature as those created by dehydration, and both should exhibit the same
properties. Furthermore, the overlap bonding work of Chapter 4 indicates what
properties these might be, namely:
i) Creation of bonds at temperatures above and below
the denaturation temperature of the tissue;
i) A sharp increase in bond strength if the
denaturation temperature is exceeded;
iii) A reduction in bond strength with increased
rehydration.

It is recognised that the large overlap bonds of Chapter 4 were created
under rather different conditions to the lased rabbit carotid arteries of Chapter 3,
which involved the bonding of butt-jointed, chromophore painted tissue
approximately 150um thick. However, the in vitro work of this chapter has
attempted to correct this by mimicking the in vivo bonding conditions as closely as
possible.

Since successful laser bonds were created in this experiment it indicates
that the in vivo conditions have been adequately simulated. The work of this
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Contrasting quality of apposition. The near perfect
apposition of the top image makes it difficult to identify
the bond line (shown by the arrow). In the image below,

the bonded faces barely touch. Both examples come from

the same bond.
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chapter proceeds to investigate further the properties of these bonds and compares
them to the properties of the dry bond. Should they be the same throughout, it
provides strong evidence that the laser bond is mediated by dehydration.

6.4.1 Breaking Strength of Tissue Bonds

In agreement with the results of the overlap bonding work, satisfactory bonds were
created by both laser and dehydration techniques at temperatures below
denaturation. Furthermore, comparison of strength of bonds created by either
method revealed them to be statistically indistinguishable. However, the same
cannot be said of those bonds in which the denaturation temperature of the tissue
was exceeded. In this case although both groups have very similar scatter (also
similar to the low temperature group), the mean dry bond strength is approximately
1.5 times that of the laser bonded group. The outlying dry bond point near
250090m':2 is remarkably strong and presumably due to unusually well apposed
bonding faces. The strength testing equipment was unable to apply enough force to
break the bond, and hence its actual breaking strength is in excess of this figure, as
represented by the arrow attached to the point on the graph. Even if ignored as a
freak result, the rest of the group still remains significantly different from the laser
group. This result is difficult to explain if the two types of bonds are the same.

Both laser and dry groups mirror the jump in bond strength predicted by the
results of the overlap bonding experiment when the denaturation temperature is
exceeded. In the case of overlap bonds, mean bond strength increased by a factor
of 2.1 (Chapter 4). This is similar to the increase of the laser bond in this
experiment (factor of 2.3) which is not as great as the increase in the strength of
the butt-jointed dry bonds (factor of 3.4).

Further correlation with the results of the overlap bonding experiment is
indicated where rehydration is concerned, since the laser bonds were shown to
weaken with increased rehydration, mean bond strength decreasing by a factor of
more than 2 over a 5 hour period.

6.4.2 Tracking Speed & Bonding Time

The dehydration model can account for the distribution of the bond
strength/tracking speed graph of figure 6.7. The model maintains that bond
strength is directly related to the state of dehydration of the tissue, so that when
all water is removed, maximum bond strength is achieved. Therefore, reducing the
speed at which the beam moves, allows it to increase dehydration of the bond,
thus creating more bonding sites and increasing bond strength. This reaches a
maximum when all available water is removed. Further exposure by the laser does
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not increase bond strength because all available bonds have been used. A similar
argument applies to the oven bonded samples, with bond strength increasing to a
maximum with increased dehydration time.

Unfortunately, the scatter of the bond strengths is such that these
observations are not obvious, but the maximum strengths for a given bonding time
or tracking speed do show a trend in the direction described. Fundamentally, the
model suggests that as long as the exposure times in either case are long enough,
maximum bond strengths will be achieved, permitting their direct comparison.

6.4.3 Breaking Strength of Natural Tissue

The mean breaking strength of the unbonded tissue slices was found to be
approximately 10 times that of non-denatured bonds, and less than 5 times greater
than denatured bonds. It is interesting to note that the scatter in breaking strength
of the natural tissue is quite large (CV=29%) and perhaps indicates that natural
tissue inhomogeneity might also be responsible for the scatter in bond strength, in
addition to apposition discussed in the previous chapter.

6.4.4 Histology

All bonds were fixed, stained and sectioned in the same way. The structural
component of both types of bonds were shown to be the same when stained with
the collagen specific Picrosirius stain, and the more general connective tissue stain
Elastic Van Gieson. The only visible difference between the groups was that the
more widespread dehydration of the oven bonded tissue (due to the area of
dehydration being less localised than the laser beam) caused greater shrinkage of
the bond area and thus the dry bonded sections looked compressed in comparison
to the laser bonds.

The Picrosirius stain consistently confirmed that the low temperature bonds
were created without denaturing the tissue. Laser bond temperature was estimated
to be between 40 and 60 deg.C. Similarly, all the higher temperature bonds
showed histological evidence of denaturation. Laser bond temperature in this case
was estimated to be of the same order of magnitude as the in vivo experiments (ie.
70+ 10 deg.C.) since lasing conditions were similar.

6.4.5 Experimental Technigue

In the bonding of the rabbit carotid (Chapter 3), the vessel edges were left to fall
into natural apposition. Such a condition would have been better simulated in this
experiment if the tissue had only been supported around its perimeter, rather than
placed on a glass slide. This leaves the bond free, exposed to air on both sides. In
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reality, this was unworkable because the surface tension of the saline solution in
which the tissue had been stored, acted to pull the freely hanging apposed faces
apart, giving very poor apposition. In contrast, supported on a glass plate the tissue
edges remained wherever they were placed, allowing apposition to be accurately
controlled, especially with the use of a microscope.

However, considering the scatter of the bonding results it would appear that
apposition was not controlled accurately enough, and experience bore this out.
Clearly it is important that the incision be clean and precise in order to create
accurate butt-joints. The cut must not damage or squash the abutting edges for
poor apposition will be the result. Hence, a scalpel blade was initially used for this
purpose, being frequently changed to maintain a sharp edge. However, - the
resultant bonds displayed a disconcerting amount of scatter considering the highly
constrained manner in which the whole of the experiment was performed. This led
us to examine the knife blades under a microscope, being one of the few remaining
variables outside our control. Examination revealed a sharp edge with occasional
non-uniformities along its length. In contrast, examination of numerous Wilkinson
Sword Microtome blades showed them all to have a perfect edge. These were used
instead of the scalpel blades, with immediate results - mean bond strength changed
significantly (Mann Whitney U, 2-tailed; p<0.01) in addition to a reduction in the
scatter of the results. The graph (Fig. 6.18) illustrates the effect. Henceforth a new
microtome blade was used for each incision that was created.

This result was surprising because all bonds were apposed under the
microscope, which enabled removal of visible bond gaps as small as 2um. To the
observer, all apposed incisions appeared to be of equally high quality, independent
of the blade used, since all visible gaps had been removed. But perhaps this method
is not as thorough as it first seemed, because a bond gap could only be identified
by the tell-tale spot of light resulting from penetration of the microscope
illumination through the crack in the incision. It seems reasonable that looking
down on tissue 140um thick, a spot may only be visible if there is a non-apposed
channel down the full depth of the face. Should apposition occur anywhere
throughout the depth of the tissue, the light may be blocked and the tissue appear
apposed. Therefore,-it could be suggested that at best our checks served to ensure
partial apposition along the whole length of the bond. Clearly, exceptional
apposition beyond that which can be achieved with a microscope is required for
strong consistent bonding.

It was only the oven bonded group that changed bond strength in response
to the change in knife blade. This is not surprising when it is considered that the
lasing experiment requires stabil‘ity around the bond area for a few minutes while
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the incision is lased, whereas the dry bonds require stability for 24 hours, further
complicated by the more widespread shrinkage of the tissue during this period.

The oven bonded samples were visibly dehydrated in the bond area,
observed as a change in tissue colour from an opaque white to a translucent
brown/yellow. This was also frequently visible on a much smaller scale for laser
bonded samples, along the path the laser beam had travelled.

6.5 CONCLUSION

This series of experiments has compared the properties of butt-jointed bonds
created by laser and dehydration in an oven. The properties of these bonds have
been shown to be the same as the overlapped dry bonds of Chapter 4. The
similarity in properties between these laser and dehydrated bonds provides strong
evidence that they are of the same type, and that the laser bond is thus mediated
by dehydration. The presence of large scatter in the breaking strength of the
natural unbonded tissue, indicates that biological variability may be a contributor to
the scatter of the bonding results in addition to inadequate apposition.
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Chapter 7

Laser Tissue Interactions

7.1 INTRODUCTION
Experimental data thus far has indicated that dehydration is primarily responsible
for low temperature tissue bonding by Argon laser. However, earlier work by other
groups has attempted to establish an explicit link between temperature and bonding
since it was considered‘ to be a temperature dependent process. The bonding
mechanism was not known, but the presence of tissue denaturation at a readily
achievable 60-65 deg.C. appeared a convenient focus for bonding. From our
experience of the inconsistent nature of laser bonds produced in vivo, it appeared
that a critical condition for bonding was not being consistently achieved. In the
light of general opinion, it seemed reasonable to suggest that bonding temperature
was this critical condition. If temperatures were too low, inadequate bonding would
occur, and if temperatures were too high, destructive effects might be induced.
The magnitude of the acceptable temperature range could only be estimated, but
given our poor results, was perhaps only of the order of a few degrees Centigrade.
From a biological standpoint, it is clear that the ideal temperature is the
lowest at which a satisfactory bond can be achieved in order to minimise damage
to surrounding healthy tissue. It is known that healing effects propagate from
undamaged tissue, suggesting that the greater its proportion within the lased area,
the better the healing. This prompted the use of chromophore on the bonding faces
to create locally increased absorption. The result is lower laser powers for the same
bonding effect (43,44,45,51), with reduced exposure to surrounding tissue.
Whatever the mechanisms, knowledge of the temperature distribution during
bonding appeared essential if the technique were to be improved. Various options
were considered in the pursuit of detailed temperature information during lasing.
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7.2 TEMPERATURE MEASUREMENT

7.2.1 Contact Probes

Under the lasing conditions employed, measurement of tissue temperature during
bonding with a contact probe presents numerous difficulties, principally because of
the small scale involved (volume of interest approximately 0.2mm3). The probe
must be small enough to leave the light distribution within the tissue unaltered. It
must also be small enough to record spot temperatures in 0.15mm thick tissue in
which steep temperature gradients may occur (17 deg.C. over 400um has been
quoted (111)). Larger probes would record an average temperature. A small thermal
mass is required so that the presence of the probe does not alter the temperature
distribution being measured. Investigations revealed that even a microthermocouple
(RS component no. 158-913) presented significant inaccuracies at this scale since
it represented a significant proportion of the volume being measured. It was
concluded that a contact probe was unsuitable.

7.2.2 Remote Sensing

Remote sensing (eg. thermal camera) is an alternative approach, with the major
advantage of requiring no contact with the sample. Even so, the small volume of
interest exposes the limitations of this equipment.

A thermal camera determines temperature by monitoring the radiation
emitted from a thermal source. A lens system focuses the infra-red scene onto a
pyroelectric plate, the magnitude of induced charge at any point on the plate being
proportional to infra-red intensity at that point. The charge distribution across the
plate can be read by a raster scan and output to a monitor screen. The camera
assumes that radiation is emitted from a perfect black-body (emissivity=1) and
measures the intensity in the 8-12um region, from which it deduces the overall
shape of the emission curve, and hence the black-body temperature. With careful
calibration, referenced to black body sources, the camera is capable of accuracy of
better than 0.5 deg.C.

The system has several limitations. Absorption of radiation emitted from the
source (before it reaches the camera) is registered by the camera as reduced
intensity and therefore displayed as a decreased temperature. Hence, a change of
aperture affects recorded temperature since it alters intensity of radiation arriving
at the charged infra-red sensitive plate. The strong absorption by water of radiation
in the 8-12um band, limits the depth of tissue that can be sensed. 90% of the
observed emissions in the 8-12um band from a heated tissue sample, come from
the top 30-40um.
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The camera also suffers from the usual limitations of any imaging system,
summarised by the modulation transfer function (MTF), the angular resolution
equating to approximately 15 milliradians. With a working focal distance' of 30cm,
a 2mm laser spot is at the limits of its resolution. Although the camera can 'see’
such a source, its spatial frequency response is such that spots of this size are
assigned temperatures below their true value.

For all its limitations, the camera appeared a better choice than the probe. It
does not modify temperature within the tissue, and even though its indications will
be incorrect under our conditions, it may be possible to correct the image by
suitable calibration and compensation for the MTF with image processing
techniques. This work is in progress.

Other groups (47,70,81,82) have used thermal cameras to assess bonding
temperature, but often there is no suggestion that the limitations of the imaging
equipment have been taken into account. It is important to quantify the errors
since they may be large. The histological results from our in vivo work suggested
that the camera may be in error may be as much as 20 deg.C. (tissue visibly
denatured but camera registers 45 deg.C.). Our camera (without correction for the
MTF) vielded results similar to those of White et al. and implies that his data may
be inaccurate. In addition, temperatures at depths in excess of 40um are not visible
to the camera due to absorption of radiation by more superficial layers. Thus the
camera can at best be expected to produce only an averaged picture of surface
temperature. It certainly does not have the resolution to image localised hotspots of
sub-millimetre diameter which might be denaturing tissue and possibly critical to
bond strength.

7.2.3 Model

It is clear that neither contact probes, nor remote sensing is adequate alone for
detailed investigation of the evolving temperature distribution within the tissue.
Thus it was considered that a mathematical model might be appropriate, possibly
providing detailed insight into the dynamic temperature evolution of the lased
sample. Such a model could be validated against the thermal camera in those areas
in which the camera was known to be correct, and by extension, the model could
then be assumed to be correct at a detailed level beyond the resolution of the
camera. However, given the experimental evidence that dehydration is the prime
cause of tissue bonding, we would suggest that a model based on temperature
alone would be unable to account for tissue bonding. Whereas, if it were extended
to include dehydration it might satisfactorily account for the bonding effects
observed.
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7.3 MATHEMATICAL MODEL
7.3.1 Introduction
For thé purposes of modelling the temperature distribution within the sample,
detailed knowledge of the interactions between laser light and the sample are
required. The absorbed light is treated as the energy source that heats the tissue. A
typical sequence of events leading to tissue heating is outlined below:
i) Collimated light from the laser falls incident upon
the tissue surface;
i) The refractive index change from air to tissue causes
a proportion of the light to be reflected off the top
surface, the remaining fraction entering it;
iii) As the light travels through the tissue it is both
scattered and absorbed;
iv) That component which is absorbed, degrades into heat
to diffuse into surrounding areas as dictated by heat
transfer processes (principally conduction), from
which a temperature distribution can be calculated.
v) The tissue dehydrates at a rate defined by the
temperature.

In detail the interactions are both many and complex, but can essentially be
broken into two phases - (i) the evolving light distribution, and {ii} the resultant
temperature distribution due to heating. A simplified approach to both is required,
and each is taken in turn. The light distribution is discussed below, and heat flow
discussed in the next chapter.

7.4 LIGHT DISTRIBUTION

7.4.1 Beer's Law

The traditional approach to modelling the intensity distribution within an absorbent
medium is to imagine the light advancing through a 1-dimensional sample
composed of multiple layers. With incident intensity Iy, a fixed proportion udxl is
absorbed as the light passes through each layer, u being the absorption coefficient
per unit length and 8x the thickness of each layer.
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The difference in intensity (3l) between successive layers is that which is

removed by absorption:
8l = -ludx
= I = lg exp(-ux)

This standard result gives exponential decay of intensity with depth - known as
Beer's law. It agrees well with experiments in which successively thicker sample
slices are irradiated with incident light and in which little scatter is present, the
transmitted light intensity being measured as a function of sample thickness.

Compare this to a situation in which light is passing through a scattering
material, where v (the linear scattering coefficient) dictates the proportion scattered
in each layer and y is the linear absorption coefficient. In this instance, at each
infinitesimal layer a proportion lydx is removed from the intensity for subsequent
scattering in addition to the Iudx lost to absorption. However, the resultant
transmitted intensity is not exp(-ax) with a=g+7y as might be expected from a
Beer's law type derivation, because that part of the light removed for scattering is
itself partially scattered back into the incident beam. Hence the effective
attenuation coefficient a, can be expected to lie somewhere between a =y and a
=u+7. '

7.5 THE KUBELKA-MUNK MODEL

The Kubelka-Munk model (112,113,114) is a well-established 1-dimensional
approach to this problem and considers the light flux internal to the sample to
consist of two independent opposing fluxes - the incident and backscattered fluxes.
As before, light travels through a plane parallel medium, the intensity at the nth
slice before any absorption or scatter having occurred being I,'. On passing through
the slice, a fraction |y udx is absorbed, so that I, remains. Thus I,y3x is scattered
at the boundary with the next slice. The incident or downward flux is derived
forthwith:
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Incident (downward) flux:
I, =1, ,(d-yox)-1,, (- yox).udk +J,(1- ud).yox

but :
Joa=J,A=yox)+1, ,yox
J -1
= ; = n-1 (n-l)75x
1- yox

Substitute into the equation for I, :

J =1 S
I, =1, ,,(1- yox)(1 - p&) + yox(1- ,uc’)‘x)( =ty = Liny 70X)

1- yox

so that :
= Jopy¥ox J _),uy&c2 I, 7’8 (1 - puék)
A=I -1_ =-I__.y0x—1 &+ 1 Sx? + o0 (-1 -1
no el -y VOX = Lipp (n-nHYOX 1-yox 1- yox 1- yox

In the limit as 8x—0, terms of 8x2 or higher can be ignored, and since

the expression reduces to

dl = —yl(x)dx — pd (x)dx + yJ(x)dx

ie. the change in incident flux is the sum of that lost to scattering and absorption
plus a contribution scattered out of the opposing flux.
A similar argument considering the flux in the opposite direction yields

=dJ = -yJ(x)dx — pJ(x)dx + yI(x)dx
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The result is two simultaneous first order linear differential equations called the
Kubelka-Munk equations which define the Kubelka-Munk model:

=—yl—pd+yJ

=-yJ - +yl

SIS

Solution of these equations yields fluxes that decay exponentially with depth

I=1,exp(—ax)
J = J,exp(—ax)

where J, is independent of I, gnd
o’ = u(u+2y)

For no scatter, y=0, a=x and the equation readily provides Beer's law.
a=m is a function whose value is always less than (#+ y) and so as
discussed above, the value of a lies between the extremes of a=y and a=uy+y
(Fig. 7.1).

Development of the Kubelka-Munk theory (113) confirms the above to be an
exact solution for a homogeneous material in which the illumination is perfectly
diffuse, with the material transmitting and reflecting perfectly diffuse light only.

The reality of light interaction within a 3-dimensional scattering volume is
infinitely more compliex than the highly localised unidirectional scattering events
considered here, and produces effects that deviate from the simple exponential
behaviour derived above. One such example is the 'popcorn' effect, reported by
Kroy et al. (115) and Langerholc (84) in relation to the lasing of tissue at relatively
high powers. This referred to a circumstance in which the surface tissue appeared
to rupture from beneath the surface, presumably due to a temperature maximum
occurring beneath the surface, which produced expanding vapour pockets that
ruptured the tissue - a process called 'decrepitation'. This action was later
observed by Marchesini (82) who monitored the effect with a thermal camera,
confirming the existence of a sub-surface temperature maximum. This is considered
to be a scattering effect in which maximum light intensity occurs at a point
beneath the surface because of the increased solid angle of scatterers available.
However it must be close enough to the surface for the intensity to be high.
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Various approaches have attempted to model these effects with varying
degrees of success, utilising involved mathematics and frequently requiring a
recourse to numerical techniques (87,89,90,116). Detailed consideration of these
is beyond the scope of this thesis and is not necessary for our purpose, since the

simpler model described below is more informative.

7.6 MODIFIED 1-DIMENSIONAL MODEL WITH SCATTERING

An instructive approach is to extend or modify the Kubelka-Munk model to include
a more detailed examination of scattering events. We implement our own
modification for this purpose.

Consider the scattering medium to consist of a large number of surface
parallel planes or slices of infinitesimal thickness &x. Incident light advances
through successive slices. A fraction of the intensity is removed at each level, for
absorption (linear coefficient y) and scattering (linear coefficient y). The remainder
simply advances through the sample. The portion removed for scatter is now
considered a point source, freely able to irradiate the rest of the sample, to be
further absorbed and scattered. We calculate the resultant absorption at each slice
due to the unscattered (but attenuated) light, plus the contribution scattered into it
from the rest of the sample. This process is described by considering the two
components (unscattered and scattered contributions) independently as follows:

7.6.1 Contribution from Unscattered Component
A quantity l(z+7y)6x is removed from each slice so that the intensity difference
between successive slices is
A =-I(u+y)a

and the advancing wavefront can be described as

I(x) = I, exp[~(u + 7)x]
with the absorption at a depth x being

Ay = I (u+ y)d.e” 47

7.6.2 Contribution of Scatter to Absorption

The portion of the wavefront removed for scatter (yl(x)8x) is available for absorption
throughout the rest of the slice. The scattered component may be scattered
backwards or forwards, the proportion scattered in either direction defined by the
function g=g¢f+gp=1. g¢ is the fraction scattered forward, and gy the fraction
scattered backward.
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For a sample of thickness D, the intensity at a depth x simply from the unscattered
component is given by Igexpl-(n+7¥)x], of which ydxlgexpl-(n+y)x] becomes
available for scattering. This is now considered a secondary independent wavefront
(exhibiting the same exponential decay as the main wavefront) spreading through
the sample with attenuation, so that the absorption at a depth X (with X >x) due

to the forward scattered component at x is
Le % g yox.e™ 0 ud

For backscatter (X <x), the term becomes
Ie™ . g, yox.e ™ P u& where B=p +7.

The contribution Ag(X) to the absorption at X from successive scattering layers
within the sample as a whole (where D is the total sample thickness and x =ndéx) is:
Y5 D
Ag(X) =) g, yoxle™® e X ug + Y g, yoxl e e g
n=0 ,,=X/&
Vo ‘ D
= yudcl,)| D g, oe ™ + 3 g, dre D

In the limit as 8x—0, this becomes an integral

X D
Ay(X) = yuéid, [ g e | g,,e"’"""’cbc)
0 X

= A (X) = yudx, [g,Xe'ﬂ" +2g—;.eﬂ" (e-w"e-’ﬂ”))
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The total absorption in a slice of infinitesimal thickness dx at a depth x below the
surface becomes
A(x) =Ay(x) +Ag(x)

= pdxl e ™™ +yydx]0(gfxe'ﬂ’ +§—2}.eﬂ’(e‘2ﬂ' —e'zﬂ”))

With zero scatter (y=0) the equation reduces to Beer's law and the surface
absorption at x=0 is udxly. Normalising to this quantity, A(x) becomes A'(x)
A'(x) = A"y (x) +A'g(x)

ge”
=e P 4y gfxe‘ﬂ' +——;ﬂ (e — )

The A'g(x) term is the modification to the absorption due to scatter and has the
graphical form of figure 7.2. Note the sub-surface peak.

Remembering that x=1/(n+y) corresponds to the e 1 point of the incident
intensity, the next graph (Fig. 7.3) shows that the scattered contribution is affected
by the thickness of the sample. Several points are worth noting about the scattered
contribution.

i) The scattered component provides a possible explanation for the sub-
surface intensity maximum proposed in the decrepitation theorem.
i) Scattering can contribute a substantial fraction to the absorbed

intensity
eg. in our 1-dimensional model, at x=0 with gp»gf and D»1/(n+y)
Ay, (x)=1
' }/gb
A (x)=—"">—
* 4(u+7)
A's(x)
For y»u and gp~1 —S - m25%
° Ay (1)

iii) It is the forward scattered (gf) component that provides the
absorption peak at depth (Fig. 7.4).

iv) The backward scattered (gp) component is essentially exponential in
nature (Fig. 7.5).

Although informative, a 1-dimensional model such as this has its limitations.
In this case, the scattered contribution can never be sufficiently additive to alter
the exponential decay of the main wavefront enough to create a sub-surface peak.
This is readily seen by examining the gradient of A'(x).
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—g_dAc'bf:X) =—fe +7gfe‘ﬂ'(l - ,Bx)—Z:;—"—(e'ﬂ’ +eﬂ".e'2ﬁD)

To maximise the peak, let D—x,

dA'(X) -fx -fx 7gb -px
il ShS A + 1- — 120
I pe™ +yg,e™ (1= fx) 5 €

- (18,0 p-(8 +15))

For a peak, a positive gradient must exist beneath the surface:
/4
yg, (- fr) 2 ﬂ+%

This is most likely at x=0 (minimising the effect of -Bx) and by making g¢ as large
as possible (gf=1, gp=0). The 