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The goals of this thesis are 1) through a systematic study of the calcified tissue

ablation process, to contribute to an understanding of the underlying physical mechanisms,

and 2) to demonstrate the application of the new knowledge gained to a novel system for

treatment of atherosclerosis through an optical fiber-based laser angiosurgery catheter.

The mechanisms for pulsed laser light interaction with calcified biological tissue are

reviewed. For the purpose of modeling ablation, a simple exponential distribution of light

in tissue is assumed, with the penetration depth determined experimentally from Kubelka-
Munk theory. The steady-state model of ablation, which predicts an ablation fluence
threshold and a constant ablation velocity, is used to analyze near-threshold ablation

dosimetry data. Preliminary consideration of the gasdynamics of ablation at high irradiance,
considered together with the composite nature of calcified tissue, suggests a two-

component ablation mechanism in which the soft, connective tissue component is

explosively vaporized, entraining and removing the hard calcium salt component. This
newly proposed mechanism accomplishes highly efficient ablation on a fine scale at a lower

temperature than is required to vaporize all tissue components.

Light penetration depths in compact bovine bone, obtained with Kubelka-Munk
theory from total reflection and transmission measurements of thin samples, range from
~100 um at A=250 nm to ~600 um at A=700 nm. Between A~300-700 nm, scattering

dominates absorption by up to a factor of 10. Water, collagen, and hydroxyapatite all

combine to absorb very strongly in the 3 pm wavelength region, resulting in penetration
depths on the order of microns.

With the appropriate choice of irradiance, fluence, and wavelength, a variety of
ablative effects are observed in calcified tissue. Irradiances on the order of MW/cm?2

produce char-free cutting without plasma generation. Tissue removal is linear with pulse
fluence up to a few times threshold, although crater volume varies nonlinearly with both

spot diameter and the number of shots fired into each crater. Ablation of calcified tissue

with visible wavelengths longer than about 400 nm creates jagged-edge craters and large

debris flakes and particles. Visible and near-ultraviolet wavelengths below 400 nm, as well

as wavelengths near 3 um, are capable of cutting with resolution and debris particle sizes

on the order of tens of tm, with ~50 um of peripheral thermal coagulation, allowing for the

possibility of tissue micromachining. Ablation dosimetry studies indicate that those laser
wavelengths which exhibit the sharpest cutting also have the lowest fluence thresholds and

the highest ablation yields. Calculated values of penetration depth in tissue during ablation
are dramatically smaller than penetration depth values measured spectroscopically in tissue
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not undergoing ablation. Ablation thresholds in soft tissue and calcified plaque are

approximately the same as for bone, but ablation yields are higher by a factor of ~1-5 for

calcified plaque, and ~2-10 for soft tissue. Fluence thresholds for ablation under saline and

a quartz microscope slide are approximately twice air thresholds.

Fast laser strobe photography (scattergraph configuration) of ablation reveals that
material is ejected from the tissue surface beginning as soon as 100 nsec after the end of the

ablation pulse, at velocities up to 600 m/s. The velocity and size distributions of debris

particules ejected during ablation are very similar for strongly absorbed wavelengths in the
near-ultraviolet (A = 355 nm) and mid-infrared (A = 2.8 um) wavelength regions. Fast

laser strobe shadowgraphs reveal spherical blast waves, visible as soon as 25 nsec after the

ablation pulse, travelling outward from the ablation site at velocities on the order of 1000

m/s. These shocks travel faster than theory predicts for purely dissipative blast waves,
implying exothermic processes in the ablation plume.

Results from ablation with two pulses separated by a variable time delay imply that
the volume of tissue removed is insensitive to temporal pulse structure over the first few

naundred nsec. Dual color sequenced pulse ablation experiments show that two sub-

threshold pulses of different wavelengths combine to ablate tissue with the cutting

characteristics determined by the more strongly absorbed wavelength.

The components of a new system for laser angiosurgery (LAS II) responsible for

tissue ablation and laser light delivery through a catheter containing multiple, separately
addressable optical fibers are described. Frequency-tripled light at A = 355 nm from a

solid-state Nd:YAG laser is used for plaque ablation in this system due to its excellent

tissue cutting characteristics, avoidance of the potential for mutagenicity, and the laser's
intrinsic advantages of high beam quality, safety, and reliability in a hospital environment.

The mechanism for laser-induced breakdown in the 200 pum core diameter optical

fibers contained in the LAS II catheter is surface breakdown. In these fibers, breakdown

fluence scales with pulse duration to the 0.85 power in the nsec regime. A novel two-stage

passive pulse stretcher has been designed and built to stretch the 7.5 nsec duration pulses

from two Q-switched Nd:YAG lasers to 210 nsec each, while maintaining high beam

quality. When these stretched pulses are sequenced ~200 nsec apart, sufficient fluence is

conducted down the fibers without breakdown to ablate densely calcified plaque at the other

end, with enough left over to allow the beam exiting the fibers to expand in area by a factor

of 7 to illuminate the entire catheter output surface.

All types of atherosclerotic plaque are successfully ablated with the completed LAS II

system, generating craters large enough to pass the catheter in soft tissue. Dosimetry with

‘he working LAS II catheter is consistent with results obtained previously by ablating
vascular tissue with a focussed beam under saline and a simulated shield, although the

advancement rate depends upon the catheter applied force on the tissue. Histology of tissue

craters made with the LAS II system exhibits no charring, ~150 pum of thermal coagulation

peripheral to laser craters, and significant disruption in soft tissue ablated at ~&gt;10 gm

catheter applied force.
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Chapter 1

ntroduction

The topic of this thesis is the ablation of calcified biological tissue with radiation from

pulsed lasers, and its application to the treatment of atherosclerosis. In the introduction, the

role of lasers in medicine in general, and in angiosurgery in particular, is outlined.

Following the introduction, the thesis is divided into two parts. In Part I, the mechanisms

of calcified tissue ablation are considered. Based upon an understanding of the the

composition of calcified tissue, and the propagation of light and heat in tissue, a mechanism

{s described for efficient, precision-controlled ablation. Experimental work is presented

concerning the dependence of ablation on irradiation parameters, and the time evolution of

the ablation process. In Part II, the design and implementation of a prototype clinical

system for laser angiosurgery is described. The choice of the ablation laser, and the

implications for system engineering of the angiosurgery catheter design are discussed.

Mechanisms for laser-induced breakdown in optical fibers are outlined, and the engineering

design of a system to deliver high intensity light through fibers while avoiding breakdown

is described. Studies of ablation dosimetry through the prototype catheter are presented. In

the conclusion, the implications of this work for ablation modeling and clinical applications

are summarized, and further studies are suggested.

Throughout this research project, there has been a close interaction between the basic

ablation studies, described in Part I, and their application, described in Part II. In many

cases, new developments on one of the two aspects motivated and provided new tools and

ideas for further work on the other. For example, several components of the prototype

angiosurgery system include features which provide unique facilities for basic ablation

studies, in addition to their primary function. On the other hand, the two-pronged approach

also led inevitably to compromises. In other instances, for example, further experiments on

ablation mechanisms which would have been interesting to pursue were superseded by

more practically relevant work on the angiosurgery system. Thus, the cohesiveness of this

:hesis depends critically on the interaction between both approaches.

The topics of calcified tissue ablation and laser angiosurgery are introduced in this

chapter. First, a brief review of current research topics in laser medicine is given. Calcified

tissue ablation is then placed in context relative to this background through a series of

 J



sections which review relevant prior work. The problem of atherosclerosis is introduced,

and prior research on laser treatment is reviewed. Finally, the chief aspects of the MIT

approach to laser angiosurgery are described in sufficient detail to motivate the experimental

studies which comprise the bulk of the thesis.

1.1. Applications of Lasers in Medicine

The growth of interest in recent decades in the applications of light, optics, and

spectroscopy in medicine is related to several key technological advances which include,

but are not limited to, the development of lasers [Itzkan 91]. The special qualities of lasers

which makes the light they generate especially attractive for medical applications include

high spatial coherence, tunability, and the production of high average power. Spatial

coherence is important for beam handling, shaping, and focussing, and for efficient

coupling into optical fibers. Tunability generates the capability of selecting optimal

wavelengths for specific applications. High average power accompanying spatial coherence

allows for the precise delivery of high energy densities to selected tissue sites.

The second major technical advance which has been critical to laser-tissue interactions

research and applications is the development of optical fibers, which has been driven

primarily by the communications industry [Katzir 86]. Making use ofthe spatial coherence

of laser light, low loss optical fibers can deliver large fluences of laser light at high intensity

to remote sites in the body, with minimal trauma to tissues which would otherwise have

had to be cut away or removed to reveal the site of interest (see chapter 6).

The development of intensified detector arrays, particularly optical multichannel

analyzers, has brought real-time spectroscopic analysis of tissue to the medical clinic and

the operating room [Deckelbaum et al 88, Feld et al 91]. In many cases, the use of slower,

conventional tools to accomplish the same task would not have been practical in the clinical

setting. Finally, the development of computers for analysis and real-time control of medical

instrumentation has amplified the impact of the other technical advances already mentioned.

Current research in laser applications in medicine may be roughly divided into four

areas: biomedical optics, therapeutic applications, diagnostic applications, and biomedical

instrumentation. Biomedical optics is the study of the intrinsic optical properties of tissue,

primarily for the purpose of modeling light distributions in tissue. This includes theoretical

work, such as analytical and numerical modeling of radiation transport, and experimental

work, such as measuring tissue optical properties (for a review of light propagation models
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and tissue property measurements, see section 2.2). The primary difficulty in modeling

light propagation in tissue is that at most laser wavelengths, scattering dominates

absorption in most biological tissues ([Cheong et al 90], chapter 3). While many

approximate or numerical models have been suggested, no universally acceptable analytical

models have been developed (see [Prahl 88]).

A relatively recent development in biomedical optics is the study of time-resolved

photon migration in tissue [Chance 88, Wilson et al 90]. Using fast electronics and

operating in either the time or frequency domain, the light scattering problem is simplified

with this technique since the transit time of photons (and hence their approximate path

length) is measured. Another advantage of this technique is that it is a particularly direct

way to obtain absorption coefficients of tissues [Wilson et al 90]. Applications of time-

resolved radiation transport have included in situ optical ranging in the skin, cornea, and

retina [Fujimoto et al 86, Stern et al 89a, Huang et al 91] and initial steps toward optical

tomography [Singer et al 90, Chance 88].

A second area of laser applications in medicine is in therapy. The most widely known

and commercially successful therapeutic application is laser cutting or ablation of tissue, the

"laser scalpel”. Although an expensive technology, the advantages of laser cutting are still

compelling under the proper circumstances. Requiring no physical contact between the light

delivery system and the target tissue, the chance of infection is greatly reduced. In contrast

to a sharp scalpel blade, which cuts by exerting pressure in excess of the local tissue tensile

strength, laser ablation exerts no pressure on the tissue, aside from pressures generated by

the process itself. (Unfortunately, tactile feedback to the surgeon is also absent [Walsh

88].) With the use of optical fibers inserted through endoscopes, catheters, and needles,

surgery 1s possible in regions of the body which are inaccessible to the scalpel blade

without the collateral damage which would have resulted from conventional surgery. The

quantity of articles related to cutting and ablation in the journals Lasers in Surgery and

Medicine and Lasers in the Life Sciences, along with the publication of several books on

the topic, testify to its continuing relevance [Apfelberg 87, Breedlove et al 85, Dixon 87,

Goldman 81, White et al 87]. The topic of this thesis also fits into this category.

Other applications of lasers in medical therapy do not involve tissue cutting.

Nonablative laser treatments have been developed in dermatology, for example, which

involve coagulation of subcutaneous blood vessels or destruction of pigment cells for

treatment of skin disorders [Anderson et al 81, Tan et al 89]. Lasers are used as distributed

heat sources for hyperthermia treatment [Svaasand et al 85]. Laser welding of tissue is an
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active research topic for applications in vascular surgery and wound repair [Schober et al

86]. The activation with laser light of phototoxic exogenous chromophores, primarily

hematoporphyrin derivatives, continues to receive attention as a treatment for cancer [Berns

et al 86].

Thirdly, lasers are used for medical diagnosis and monitoring. Laser-induced

fluorescence in tissue can serve as a probe for architectural and compositional changes

signifying the onset and development of disease [Richards-Kortum 90]. Work in this area

at MIT has demonstrated the successful identification and discrimination of various stages

of atherosclerotic plaque, and neoplastic conversion in urinary bladder and gastro-intestinal

tissues. Similar techniques using infrared wavelengths, which yield molecular level

information, hold out the promise of gaining functional as well as morphological

information [Rava et al 91].

Finally, several novel applications of lasers in biomedical instrumentation deserve

comment. Laser-induced fluorescence microscopes are used in pathology research,

contributing to the study of disease [Fitzmaurice et al 90]. Systems have been developed

for rapid cell sorting by laser-induced fluorescence-based flow cytometry [Melamed et al

90]. Arthur Ashkin's "optical tweezers," which hold transparent microscopic objects at the

focus of a laser beam through gradient forces, are capable of holding and manipulating

individual, living biological cells [Ashkin et al 86, Ashkin et al 87]. This technique has

been used to study the the mechanics of the biochemical motors contained in cells [Wright

et al 90].

1.2. Laser Ablation of Tissue

Laser radiation is used routinely in medical applications to cut, shape, and remove

tissue. In addition to the laser's usefulness as a general surgical cutting and cauterizing tool

(see above), specialized laser treatments involving ablation have been developed for

applications in many fields. The most advanced of these applications are found in the fields

of ophthalmology, for intraocular photodisruption and corneal sculpting [Steinert and

Puliafito 85, Zysset et al 89, Marshall et al 86], and cardiology, for laser angioplasty

[Bohley et al 90, Goldenberg et al 90, Feld et al 91]. For a representative sample of the use

of laser ablation in other medical specialties, see [ASLMS 91].

The lasers and wavelengths traditionally used for therapeutic applications were the cw

Nd:YAG (A = 1.06 um) and argon-ion (A = 488 nm) lasers for coagulation therapy, and
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the cw CO laser (A = 10.6 um) for cutting. The advent of new laser sources, however,

combined with increased understanding of the role of wavelength and laser irradiance in

obtaining desirable cutting quality, has resulted in a shift towards pulsed laser sources

operating at strongly absorbed wavelengths (see chapter 4). Pulsed excimer lasers

operating at several wavelengths in the ultraviolet (ArF, 193 nm; KrF, 248 nm; XeCl, 308

nm; XeF, 351 nm) are all very strongly absorbed in tissue, resulting in very clean cuts

[Grundfest et al 85, Puliafito et al 87]. Light from several new pulsed solid-state crystal

lasers operating in the mid-infrared (Thu:YAG, 2.0 um, Ho: YSGG, 2.1 um), while less

strongly absorbed than ultraviolet light, is easier to couple high fluences into fibers, and

has renewed interest in that wavelength region [Walsh 88, Nishioka et al 90]. Pulsed

Er:YAG (2.9 um) and hydrogen fluoride (2.6-3.1 um) lasers have received considerable

attention in the last few years because they operate near the strong water absorption peak at

2.9 microns in the infrared [Walsh 88, Izatt et al 90a, Wolbarsht 84, Valderrama et al 89,

Valderrama et al 90]. Their strong absorption in tissue leads to clean cuts with very little

thermal diffusion away from the ablation site, similar to the result obtained with the excimer

lasers.

The literature concerning ablation of nonbiological materials with lasers, charged

particles, and atmospheric friction dwarfs its biomedical counterpart. The earliest

application of ablation (which bears little similarity to the process in tissue) was in

aerospace, for ablative cooling of re-entry vehicles [Moss et al 86]. There are many ablative

applications of lasers in welding, materials processing, and model making [Duley 83,

Khrokhin 82]. Finally, ablation with lasers and particle beams of ballistic missiles received

considerable attention in the past decade in the defense industry [APS 90]. Unfortunately,

most of these applications involve highly absorbing media, so that ablation occurs at the

surface. Thus, these studies have little relevance to the ablation process in highly scattering

biological tissue. Modeling of the gasdynamic processes which occur above the tissue

surface during ablation, however, does benefit from the materials ablation literature [Knight

79, 82].

A brief review of the literature concerning ablation mechanisms in different materials,

and theoretical models for ablation, is given in section 2.4.

1.3. Hard versus Soft Tissue Ablation

Almost all laser cutting in current clinical practice targets soft tissues of the body, i.e.

issues of the eye or skin, or of the digestive, urinary, or gastrointestinal tracts, etc. The

1G



remodeling of calcified tissue with lasers, however, has become an increasingly important

problem in recent years. Examples of calcified tissue include bone, cartilage, teeth, and

calcified atherosclerotic plaque. Although experimental procedures using CO; lasers for

bone osteotomies have been under development for at least a decade [Horoszowski et al

87], several recent reports have indicated increased interest in the problem of calcified

tissue removal for applications in orthopedics. Several authors have performed in vitro

studies of ablation of bone and PMMA (used as a bone cement) with various ultraviolet and

infrared lasers. Nelson et al [88] studied ablation of these materials at A =2.9 pm

(Er:YAG); in the same group, Yow et al [89] continued the study at A = 308 nm (XeCl

excimer). The free electron laser, operating in the 3 micron range, was used to ablate bone

samples [Dixon 88]. Systematic studies across several wavelengths have also appeared.

Nuss et al [88] compared ablation in bone and PMMA at five infrared wavelengths

(A = 1.06, 2.10, 2.94, 10.6 um). Izatt et al [90a] studied bone ablation at three HF laser

wavelengths (A =2.71, 2.83, 2.91 um), and later extended that study [91a, chapter 4 of

this thesis] to a large number of wavelengths in the ultraviolet and visible region (A = 308,

355, 375, 450, 503, 590 nm).

Interest is also high for calcified tissue ablation applications in dentistry, cardiology,

and urology. Willenborg [89] reviews dental applications. Grundfest et. al. [85] started a

revolution in laser angioplasty by reporting ablation of calcified plaque in vitro utilizing a

pulsed XeCl excimer laser at A = 308 nm; several commercial systems for laser

angioplasty are based on excimer lasers (see section 1.4). Studies conducted at MIT

(Kittrell et al 86] showed that plasma-mediated ablation with high-intensity pulsed Nd:YAG

laser radiation at 1064 nm, 532 nm, and 266 nm cut through calcified plaque almost as

easily as it cut the soft tissue of normal arterial walls. More recently, attention in the MIT

group has shifted to non-plasma calcified plaque ablation in the near ultraviolet (A = 355

nm) region [Izatt et al 91a, Feld et al 91]. Teng et. al. [87] removed kidney stones in vivo

utilizing flashlamp-pumped dye laser light delivered through an optical fiber. The stones

fragmented when irradiated with a high-energy pulse; the authors believe that the primary

mechanism of fragmentation was the acoustic shock generated by absorption of the pulse.

While much of this activity has been stimulated by the advent of new laser sources

and light delivery technology, additional motivation has come from the realization that a

laser scalpel which can cut only soft tissue is of limited usefulness. As techniques are

developed for reproducible, well-controlled ablation in bone, teeth, and pathogenic calcified

tissues, the potential is realized for precise laser machining of all human tissues. Although
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ablation of sample hard tissues with a variety of lasers sources has been well documented,

systematic studies of the calcified tissue ablation process have not yet appeared. The

primary aim of Part I of this thesis project is to develop a sufficiently detailed

understanding of calcified tissue ablation to be able to address specific clinical problems

objectively, based upon the desired ablation mechanism and characteristics, rather than the

availability or novelty of particular laser sources. The clinical problem which motivated this

work is atherosclerosis, which is the topic of the next section.

1.4. Laser Treatment of Atherosclerosis

Arteriosclerosis, a generic term for thickening and hardening of the arterial wall, is

responsible for the majority of deaths in the United States and most westernized countries

Bierman 83]. Atherosclerosis is a type of arteriosclerosis which occurs in the larger

arteries, and is the major cause underlying coronary artery disease, aortic aneurysm, arterial

disease of the lower extremities, and cerebrovascular disease. The ailment which is the

primary target for laser treatment is coronary artery disease (CAD), which is responsible

for about half of all deaths (~1 million) annually in the US [Bierman 83].

The normal artery wall consists of three layers; from the insideof the vessel outward,

they are the intima, media, and adventitia. The intima is primarily a mesh of loose

connective tissue, the basal lamina, delimited on the inside by a layer of endothelial cells

and on the outside by the internal elastic lamina (IEL), which is a tube of elastic tissue. The

media is composed of smooth muscle cells, which are the major connective tissue

manufacturers of the artery wall, producing collagen, elastic fibers, and proteoglycans. The

outer edge of the media is delimited by a sheet of elastic tissue less well defined than the

[EL, the exterior elastic lamina (EEL). Beyond the EEL lies the adventitia, a loose mixture

of collagen bundles, elastic fibers, smooth muscle cells, and fibroblasts. In a normal large

coronary artery, the lumen diameter is typically ~1.5 - 2 mm, and the thicknesses of the

intimal, medial, and adventitial layers are on the order of 100 pm, 500 pm, and 500pm,

respectively [Bierman 83, Richards-Kortum 90].

Atherosclerotic lesions are commonly classified into fatty streaks, fibrous plaques,

and complicated plaques. Fatty streaks appear in a large fraction of the population in

childhood, and have no clinical significance. Fibrous plaques are elevated areas of intimal

thickening, consisting of a central core of extracellular lipid and necrotic cell debris covered

by a fibromuscular cap [Bierman 83]. These lesions appear earliest in men, in their thirties,

and progress with age. The increase in intimal thickness causes narrowing of the arterial
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lumen, reducing the flow of blood to tissues served by the artery. In complicated

atherosclerotic plaque calcified deposits form in the lesion, complicated by increasing

amounts of necrosis, thrombosis, and ulceration [Bierman 83]. In addition to intimal

thickening the arterial wall also weakens, leading to the possibility of rupture, causing

aneurysm, hemorrhage, or ischemic heart attack.

The three most common forms of treatment for coronary atherosclerosis are medical

management, coronary artery bypass grafting (CABG), and percutaneous transluminal

coronary angioplasty (PTCA). Medical management involves the use of vasoactive drugs

which act to relax vascular smooth muscle, increasing the lumen diameter [Cohn 85].

CABG is an open chest operation in which a segment of artery or vein is grafted around the

site of occlusion, providing an alternative path for blood flow. CABG has an operative

mortality rate of only a few percent [Braunwald 84], and several hundred thousand such

operations are performed in the United States each year [American Heart Association 85].

Despite its success, CABG is traumatic, expensive, and time consuming (7-10 days

hospital stay). In addition, contraindications for CABG include disease which is too diffuse

to be treated with a small number of grafts, stenoses in inaccessible locations, and the lack

of suitable autograft material [Braunwald 84].

PTCA is an operation in which a catheter with a small balloon at its tip is inserted

through an incision in a peripheral artery, and is threaded through the arterial tree to the

point of occlusion in the coronary artery. The balloon is then inflated, fracturing and

displacing the plaque and leaving an enlarged lumen. Dramatic growth in the use of PTCA

has occurred since its introduction in 1979 [Gruntzig et al 79], since it is less invasive, less

zxpensive, and requires a shorter hospitalization than CABG. PTCA cannot be used in total

occlusions or near bifurcations, and also has reduced effectiveness in diffuse lesions. Even

ander ideal circumstances for PTCA, however, several recent studies have shown that the

long-term results of PTCA are significantly inferior to CABG [Kramer et al 89, Henderson

et al 89]. These studies showed that an average of only ~60% of patients treated with

PTCA suffered no additional complications after five years, versus ~90% for CABG. The

difference in efficacy between PTCA and CABG is usually attributed to restenosis, an

accelerated intimal thickening process thought to be induced by balloon-induced vascular

injury [Essed et al 83, Austin et al 85]. Attempts have been made to reduce the incidence of

restenosis following balloon angioplasty through the use of drugs, with no success

[McBride et al 88, Fanelli et al 90].
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A number of new approaches to coronary artery revascularization have been

attempted with the goal of reducing the likelihood of restenosis, but which take advantage

of the percutaneous approach. Devices which mechanically remove or restrain tissue to

create a viable lumen include atherectomy devices, intravascular stents, and hot tipped

catheters. None of these have been shown superior to PTCA in terms of initial success and

long-term restenosis. Several approaches have used lasers to remove or assist removal of

tissue. The first laser-based devices were bare fibers, laser-assisted balloon angioplasty

catheters, and laser-heated hot tips, none of which were successful in practice [Tobis et al

89]. Following this initial experience, a number of more sophisticated laser-based devices

were developed, including the initial MIT laser angiosurgery (LAS) system which used a

multifiber, shielded laser catheter to deliver cw argon laser light in controlled doses to

coronary lesions [Cothren et al 86a, Cothren et al 86b, Kramer et al 90]. Two problems

plagued this first generation of laser catheters: the inability to remove calcified plaque, and

vessel perforation [Litvack et al 88, Seeger et al 90]. The first problem occurred because

the cw light used in these devices was insufficiently intense to ablate calcified tissue. The

second problem was mostly due to the lack of a guidance system for the catheters, since the

laser light indiscriminantly ablated both plaque and normal artery wall. Since the time of

these trials, additional laser angioplasty systems have come to market which address the

problem of calcified tissue ablation by using pulsed excimer lasers [Bohley et al 90,

Goldenberg et al 90]. These latest devices avoid perforation by ablating relatively small

amounts of tissue per pass though the artery, and using many passes. It is not clear that this

strategy reduces the amount of trauma caused to the vessel wall, however, and initial

clinical results have shown no improvement in restenosis rates over PTCA.

[.5. LAS II - The MIT Approach

Research conducted in the Laser Biomedical Research Center, housed in the MIT

Spectroscopy Laboratory, has led to the development of a new laser angiosurgery system.

This new system, denoted LAS II, overcomes the shortcomings of previous approaches. It

is capable of removing both soft fibrous plaque and densely calcified plaque. This is

accomplished with well-calibrated dosimetry, so that precise amounts of tissue are removed

under careful control. Using a multi-pixel, guidewire-equipped catheter, it also incorporates

a laser-induced fluorescence feedback loop which interrogates the tissue directly in front of

each ablation fiber before firing to determine if it is atherosclerotic and should be removed.

These two features allow for re-establishment of a patent vessel lumen in one pass through

an artery, while causing the least possible trauma to the vessel wall. Animal studies have
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shown that removal of tissue from artery walls with lasers, if done atraumatically, leaves a

surface compatible with healing by complete re-endothelialization without intimal

proliferation [Gerrity et al 83, Kjellstrom et al 88].

The salient features of the new system are illustrated through a consideration of the

LAS II catheter, which is an advanced version of the original MIT LAS catheter. Several

characteristics of the catheter allow for delivery of laser light to diseased arterial tissue in

such a manner as to minimize deleterious host response to the procedure (see Fig. 1.1).

These characteristics include the use of multiple individually addressable optical fibers, the

use of an "optical shield" at the catheter tip, and the incorporation of a guidewire [Feld et al

91]. These catheter characteristics combine with a carefully chosen ablation wavelength and

fluorescence—based spectroscopic feedback to provide maximum selectivity of diseased

tissue and minimal trauma to normal tissue. These catheter characteristics also place

constraints on the design of the optical delivery system (see chapter 6).
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FIGURE 1.1. Schematic of the prototype LAS II laser angiosurgery catheter

tip [Hayes 91].

Selectivity for ablation of only diseased tissue is accomplished through the use of

multiple optical fibers. Twelve fibers are used in the current system, arranged in a ring at

the catheter output face. These fibers are individually addressable by both the ablation and

spectroscopic systems. This is in contrast to some competing laser angioplasty systems, in

which the laser beam is focussed into an entire bundle of optical fibers [Bohley et al 90,

Goldenberg et al 90].
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Another prominent feature of the LAS II catheter is the employment of a transparent

"optical shield" at the catheter tip [Cothren et al 86a, Cothren et al 86b]. The optical shield

performs several functions important to the catheter performance. First, the shield is

designed to be placed in contact with the lesion to be removed, displacing the intervening

blood to provide a clear path for ablation and spectroscopic light passage. The shield being

in contact with the tissue also holds the distance between the fiber tips and the tissue

constant, allowing for accurate calibration of both ablation dosimetry and collected

fluorescence intensity. The second major function of the optical shield is to provide a clear

path for expansion of the light from the ends of the fiber to the catheter output face. This

expansion is necessary to assure illumination of the entire catheter face, not just the regions

directly in front of the fibers. It is important that the catheter completely ablates a composite

hole as large as its own diameter, since if this is not the case, forcing the catheter through

an ablated hole which is not large enough or through tissue which is not completely

removed will cause severe trauma to the artery walls. Such trauma is a likely cause for the

high restenosis rates which have been reported for several catheters which do not include

this feature [Haase et al 90, Reeder et al 90, Untereker et al 90]. The ring spacing of the

fibers and the length and shape of the optical shield are also carefully chosen to give the

most uniform illumination over the catheter face possible when all fibérs are illuminated,

while still maintaining the selectivity of illuminating individual fibers or groups of fibers.

The third function of the optical shield is to protect the highly polished and delicate optical

fiber output tips from the contents of the artery and the rigors of ablation.

Finally, a central lumen is provided in the LAS II catheter for passage of a guidewire,

for transluminal injection of contrast fluids or drugs, or for debris evacuation. The

guidewire assists the spectroscopic diagnostic system to prevent perforation by maintaining

a coaxial position of the catheter in the artery.

Development of the LAS II system at MIT has occurred along three complementary

paths. The first was the invention, design, and development of construction techniques for

the LAS II catheter. This has occurred over many years as an outgrowth of the original

LAS catheter, involving contributions from all members of the MIT group and its medical

and industrial collaborators. The second path was the development of a clinically effective

ablation and light delivery scheme compatible with constraints imposed by catheter design.

This is the area in which the author has had primary responsibility, and with which the bulk

of Part II of this thesis is concerned. The third issue was the identification of a diagnostic

feedback system for catheter guidance which works not only before a tissue site has been
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fired upon, but after as well. Although this has been primarily the work of other people, it

is mentioned where appropriate in this thesis, including its interaction with the rest of the

system (see section 8.1).

All of the work described in this thesis was the result of a team research effort.

Although the author played the lead role in performance and interpretation of basic ablation

experiments, and in design and implementation of the ablation subsystem part of the LAS II

system, most of the laboratory work was done in collaboration with other workers. In

several cases, others directed work on component parts of the ablation subsystem. The role

of other members of the group is noted in the Acknowledgements and in the relevant

sections of this thesis. However, no research (in particular, no experiments) are presented

here in which the author was not directly involved.

1.6. Conclusions

The quantity and variety of applications of lasers in medicine are numerous, and

constantly increasing. Laser ablation of tissue continues to constitute a major proportion of

laser-tissue interactions research, with increasing interest in the problem of calcified tissue

ablation. A new laser angiosurgery system under development at MIT takes advantage of

recent progress in calcified tissue ablation to provide a promising alternative to bypass

surgery for treatment of coronary atherosclerosis. In contrast to competing systems, the

new system ablates a lumen large enough to pass the catheter itself, does not cause

excessive trauma to coronary vessel walls, and incorporates a guidance system to

selectively ablate pathogenic tissue.

The goals of this thesis are to twofold: 1) through a systematic study of the calcified

(issue ablation process, to contribute to understanding of the underlying physical

mechanisms, and 2) to demonstrate the application of this knowledge to a new system for

reatment of the important medical problem of atherosclerosis.
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PART I

BASIC ABLATION STUDIES
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Chapter 2

Mechanisms for the Interaction of Laser Light with

Calcified Tissue

This chapter lays the groundwork for the experiments described in subsequent

chapters. First, the structure and properties of calcified tissue relevant to ablation

mechanisms are discussed. A brief review of tissue optics is given which is sufficient to

generate simple estimates of light distribution in tissue. Finally, models for ablation are

discussed. Most of this chapter is a review of previous work, although several new ideas

are also presented.

2.1. Structure and Properties of Calcified Tissue Relevant to Ablation

A consideration of the morphology and thermal properties of calcified tissue is

relevant to understanding ablation behavior. The tissues of primary interest in this thesis are

bone and calcified atherosclerotic plaque. In the following, they are each discussed in turn.

2.1.1. Bone Structure and Function

Bone is a highly complex and adaptive tissue. The functions of bone in the body

include structural support, protection of enclosed regions, serving as sources of muscular

foundation and leverage, and housing of the marrow. Two primary organizations of bone

tissue occur. Cortical or compact bone is densely packed tissue with few intervening

spaces. Spongy, cancellous, medullary bone consists of less densely packed tissue with

open spaces and canals within. Additional tissues line the outside surface of bones in

varying thicknesses depending upon the location. The periosteum, a layer of dense

connective tissue with no mineral content, lines the outer surface of bones and serves as the

foundation for tendons and ligaments.

Compact bone exhibits a complex, hierarchical structure. Bone is formed in an

appositional process, in which mineral salts are deposited upon largely parallel arrays of

collagen fibers. The collagen fibers are of Type I, consisting of three nonidentical

polypeptide chains. The fibers exhibit cross striations every 68 nm, corresponding to

longitudinal gaps between tropocollagen molecules [Stryer 81]. These gaps are thought to
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serve as nucleation sites for mineral deposition. The inorganic phase of bone is largely

calcium hydroxyapatite [Ca;o(PO4)g(OH),], or variations of that salt in which sodium,

potassium, magnesium, strontium, or radium are substituted for calcium, or in which

fluoride is substituted for OH. Individual calcium hydroxyapatite crystals in bone are

needle-shaped, with dimensions on the order of 2.5 x 2.5 x 30 nm [Brain 66].

Deposition of new bone occurs in microscopic layers called lamellae. Osteocytes, the

primary constructive cells of bone tissue, occupy lacunae, spaces in the collagen-mineral

matrix. The primary macroscopic structure of compact bone resides in the Haversian

systems, which are lamellae arranged concentrically around a central canal. These systems

run parallel along the length of long bones. In between Haversian systems, interstitial

lamellae fill in the spaces. Small canals called canaliculi radiate perpendicular to the lamellae

and allow communication between the osteocytes and the blood supply in the Haversion

canals. The relative sizes of these systems depend upon the bone in question. Vaughan [70]

provides micro-radiographs of adult human femoral cortex in cross-section, in which ~100

um diameter Haversian canals are visible, with each entire Haversian system ~500 pm in

diameter.

Typical dense cortical bone, which may be 85% mineralized by volume, consists of

about 75% hydroxyapatite, 20% collagen, and 5% water by mass [Doty et al 76]. The

mineral component provides compressive strength, while the soft connective tissue

component provides tensile strength and resiliency. The unique structural properties of

bone derive in part from this microscopic composite structure, and in part from its

macroscopic organization along lines of stress.

2.1.2. Calcified Atherosclerotic Plaque

Atherosclerotic calcification is an advanced stage of the pathologic condition of

atherosclerosis (see section 1.4). The initiation of calcification in atherosclerosis is not well

understood, although there is evidence that calcium precipitation out of the bloodstream is

promoted by acid phospholipids escaped from damaged artery wall cell membranes

[Tomazic et al 88].

Calcified cardiovascular deposits are also composed of an intimate mixture of two

phases, in which the soft component is about 5% water and 20% lipids and cross-linked

proteins, and the hard component consists of a melange of apatite-like materials [Tomazic et

al 88]. Optical and scanning electron microscopic examination of pulverized, deproteinated
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deposits reveal a morphologically highly heterogenous material, consisting of particles and

rough layers with dimensions on the order of um [Tomazic et al 88].

2.1.3. Melting and Vaporization of Tissue Components

Water boils at 100 °C. Thermogravimetric analysis of dehydrated collagen indicates a

boiling point for that substance on the order of 200 °C [Yannas 72]. Pure hydroxyapatite

melts at 1670 °C [Windholtz 83]. Thus, the combination of water, collagen, and

hydroxyapatite in bone represents a soft, low-vaporization temperature substance which

resides in intimate contact with a hard, high melting temperature substance.

Thermogravimetric analysis of calcified cardiovascular plaque revealed that 1) the ~3-

6% by mass water component was driven off between 40-140 °C, 2) the ~20% organic

component was driven off in the temperature range 240-540 °C, and the remaining mineral

component remained beyond the 1040 °C limit of the experiment [Tomazic et al 88]. This

study confirms the similarity in microstructure and thermal characteristics between calcified

plaque and bone.

The above aspects of calcified tissues suggests a mechanism for ablation in which the

volatile component is rapidly vaporized, entraining and removing the calcium salts without

their being vaporized. This two-component model of ablation is discussed further in section

2.4.7.

2.1.4 Justification of Bone as Primary Tissue Model

Although this thesis concerns the ablation of calcified tissue, most of the experiments

reported herein were performed on bone. Bovine shank bone was selected as the primary

calcified tissue model because of its homogeneity and sample-to-sample reproducibility, its

zase of procurement and preparation, and for tissue handling safety considerations. The use

of bone as the primary tissue model is justified by the morphological similarities between

bone and other calcified tissues such as calcified plaque. Table 2.1 summarizes the

information concerning the structure and properties of bone and calcified plaque from the

previous sections. The similarities in structure and thermal properties between bone and

calcified plaque justify using one as a model for the other, and several ablation studies

reported in chapters 4 and 9 confirm this supposition in general, and test the differences n

detail. Table 2.1 also includes information for two other calcified tissues, tooth and urinary

calculi. In tooth enamel the soft component is keratin, and the tissue is ~90% mineralized.

Most biliary calculi are composed of almost all hard component, and are therefore brittle.
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Due to the low soft component content in these latter two tissues, their ablation is probably

not well described by the two-component model motivated in the previous sections.

[issue
Cardiovascular Calcified

Deposits

Bone

Tooth Enamel

‘Urinary Calculi

Hard Component

75% Mixed Apatite Salts

(m.p. ~1500°C)

Granules &lt; 1 Um in size

75% Hydroxyapatite

(m.p. ~1500°C)

Granules 1 to 10 um in size

Hydroxyapatite

Calcium Oxalate ~~

Soft Component
20% Lipids, Cross-linked

proteins (b.p. ~300°C)

5% Water (b.p. 100°C)

20% Collagen (b.p. ~300°C)

5% Water (b.p. 100°C)

Keratin

None

FABLE 2.1. The composite nature of some calcified tissues.

2.2. Tissue Optics

I'he distribution of laser light in tissue is a very complicated function of its

wavelength-dependent intrinsic optical properties. Models for light distribution are

important both for extracting optical properties from experimental data, and for using those

properties to predict light distributions under new irradiation conditions. Many authors

have presented models for light distribution in tissue, as well as measurements of tissue

optical properties (see, for example, Welch et al [87], van Gemert et al [89], Yoon et al

[87], Jacques et al [87], Prahl [88]; for an excellent review of optical property

measurements, see Cheong et al [90]). It is beyond the scope of this thesis to review all

recent developments in this field. However, understanding ablation requires at least a

rudimentary understanding of the shape of light distribution in tissue (see section 2.4). In

addition, a method which is at least approximately correct for extracting tissue optical

properties from thin section transmission and reflection measurements is required to

analyze the experiments described in chapter 3.

In order to satisfy these needs, a brief review of tissue optics is presented in this

section. This review concentrates on practical analytical results, even though they are

approximate. First, general methods of describing light distributions in tissues will be

described, with the appropriate variables definitions given. Then, approximations to the
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general relations appropriate to specific irradiation conditions will be presented and

discussed.

2.2.1. Modeling Light Distribution in Tissue: Transport Theory

Light propagation in tissue can be considered as a special case of radiation transport

in random media [Chandrasekhar 60, Ishimaru 78]. Conventional problems in

electromagnetics usually deal with deterministic wave propagation, such as is encountered

in antenna, waveguide, and diffraction theory. In contrast, problems of wave propagation

in random media may involve unpredictable variations in wave amplitude and phase.

Random media may consist of 1) a distribution of discrete absorbers and scatterers, such as

in fog, schools of fish, or erythrocytes; 2) a continuous medium whose complex index of

refraction varies randomly, such as in planetary atmospheres, air and water turbulence, and

most biological tissues; or 3) rough surfaces, such as those on planets, the oceans, and at

interfaces between layers of biological tissue.

In realistic models, tissue is rarely regarded as a random continuous medium. It is

more usually approximated as a distribution of discrete absorbers and scatterers, each of

which have intrinsic scattering properties. Starting with this description of tissue, two

methods are available for modeling how light interacts with large collections of absorbers

and scatterers. The first method, multiple scattering theory, starts with a description of the

interaction of waves with individual particles, and then introduces the interaction effects of

many particles with statistical averaging. This method is very difficult, and has not been

applied to light propagation in tissue.

The second method for describing light distribution within a large collection of

absorbers and scatterers is transport theory. Transport theory describes the propagation of

intensities, based on phenomenological observations of transport characteristics. Therefore,

it does not describe diffraction and interference between fields; in this sense it is less

rigorous than multiple scattering theory.

[ransport theory describes light propagation in a random collection of scatterers and

absorption by the radiative transport equation:

ay E95) =- (a+ 1) LED + 1s JpG,5ILES) doo
Ar

PR

20



Here L(r,s) is the radiance (W/mm?/sr) of light at position r travelling in the direction of the

unit vector s. The first term on the right represents the decrease in the radiance due to

absorption and scattering out of the direction s, while the second term describes the

increase in the radiance due to scattering from other directions s' into the direction s.

Absorption and scattering are described by the coefficients ll, and pts (mm-l), and the phase

function p(s,s’). The overall absorption and scattering coefficients are connected to the

cross sections for absorption (G,) and scattering (0) of single particles by their number

density, pn (particles/mm3):

Ha=PN*Oa,

Hs = PN * Os.

CE a]

 oi

= 3)

The phase function p(s,s’) represents the normalized probability that light scattered out of

the direction §' is scattered into the direction s. The form of this phase function is often

unknown; for simplicity, it is usually assumed to be a function only of the angle between s

and s', and is characterized by its average cosine, g:

J
~ JpE3GES) do

v ;

DzL oN

Here dw' is the differential solid angle in the direction of s'. The three quantities g, La, and

Us represent the fundamental tissue optical properties in most treatments of laser light

distribution in tissue.

Heat deposition in tissue occurs by light absorption from all directions. The integral

of the radiance over all solid angles is the fluence rate, ® (W/mm?2, also called the space

irradiance). The rate of energy deposition in the tissue per unit volume, the power density,

U (W/mm?3), is given by the product of the local absorption coefficient and the fluence rate,

U=u,o 25)

2.2.1.1. Methods for Solution

Even with the simplification that the phase function depends only on the angle

between s and §', analytical solutions for the radiative transport equation are not available.

I'wo approaches are generally taken to obtain approximate solutions. The first is numerical

simulation, in which individual photon trajectories through a model tissue are calculated
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with monte carlo methods, and the resulting fluence rate is summed over a large number of

trajectories. Although this method provides a complete solution, it does not yield analytical

expressions, and is of little use here.

The second method for solution is to make approximations. In increasing order of

complexity, commonly used approximations include Beer's law, Kubelka-Munk theory,

and the diffusion approximation. The first two approximations, described below, are one-

dimensional; and the third is only described qualitatively. Thus only one-dimensional light

distributions are considered. This is reasonably accurate for most of the wavelengths and

beam diameters used in this thesis (see chapter 4); ablation effects which depend upon the

three-dimensional shape of the light distribution are modeled phenomenologically in section

2.4.5.2.

2.2.1.1.1. Beer's Law

If absorption dominates scattering, all scattering terms drop out of the transport

equation. The fluence rate within the tissue falls off exponentially from its value at the

surface, the irradiance (I):

 OD = [eexp[-(U,+s)Z]
~~

Lak A)i

This result is accurate only for very strongly absorbed wavelengths, such as near 3 um.

2.2.1.1.2. Kubelka-Munk Theory

An approximate one-dimensional model for light distribution in random media, which

is valid for scattering comparable to or greater than absorption, 1s Kubelka-Munk theory

[Kubelka 48, Kubelka 54]. This model has been widely used in tissue optics, since it

provides simple formulas for optical properties as a function of reflectance and

transmission of tissue samples. It is only relatively recently that this theory has been shown

to represent an approximate solution of the equation of radiative transport [Ishimaru 78].

Kubelka-Munk theory models the light distribution in terms of two diffuse counter-

propagating light fluxes, F, and F.. The medium is assumed to be an laterally infinite slab

with thickness A. The medium has an "absorption" coefficient k and a "scattering"

coefficient s. Because only diffuse fluxes are considered, these coefficients are not the

same as the transport absorption and scattering coefficients; the connections between the

two sets of coefficients are described below. Since there are only two directions of
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propagation in the medium, light which is scattered adds to the flux in the opposite

direction. Thus, the change in flux in each direction over a small distance dz may be

written:

Le =-(k + s)°F, + s°F_: 3
|

dF.
Fra (k + s)°F. - s*F,

(
i * 3)

j

Exponential attenuation of the flux in each direction is assumed, with coefficient a:

PF. =e; F. = Cpetoz (2.93

inserting Eq. (2.9) in Egs. (2.7-8), and solving for the attenuation coefficient vields:

a = Vk(k+2s). (2.10)

The coefficients C; and C; are determined by the boundary conditions: at z=0, the positive

propagating flux equals the incident irradiance, while at z=A, the negative propagating flux

equals zero. Inserting these boundary conditions, and solving for the negative propagating

flux at z=0, and the positive propagating flux at z=A, yields expressions for the total

reflection (RT) and transmission (Tt), respectively. With considerable algebra, these

expressions may be inverted for k and s as a function of Rt and Tr:

A b=vVa2-1;

2. B

5 _ 1=Rpla-bl], _- in| Tr : k=s(a — i (2.12)

The fluence rate is given by Klier

oackward propagating fluxes,

72 as a linear combination of the forward and

® =+[F, + F]. (2.13)

Here y approaches 1.0 for the case of dominant absorption, and 2.0 for dominant

scattering. Although this expression appears to be a complicated function of «, for the

cases of scattering ~ absorption, and scattering ~&gt; absorption, it approximates an

exponential decrease into the medium with attenuation coefficient a [Welch et al 87]. For

scattering &gt;&gt; absorption, the fluence rate predicted by Kubelka-Munk is still approximately
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exponential, but with a penetration depth greater than 1/a (although the theory is still quite

correct here). It will be shown in chapter 3 that throughout most of the near-ultraviolet and

visible wavelegnth region, the scattering coefficient in bone ranges up to a few times the

absorption coefficient, and that in the mid-infrared region, absorption dominates scattering.

Thus, throughout this thesis, the distribution of light in tissue is assumed to be exponential

with a penetration depth D = 1/c.

Several workers have correlated the Kubelka-Munk coefficients k and s with the

optical transport properties L,, Ms, and g [Klier 72, van Gemert et al 87, Cheong et al 90].

van Gemert et al [87] provide a graph of the quantities | and x which relate the Kubelka-

Munk coefficients to the transport properties, assuming an anisotropic phase function:

 {Ly =T

Us(1-g) = Us’ = 4

(2.14)

(2.15)

Only the reduced scattering coefficient Us(1-g), and not [is and g separately, are available

from this analysis. A linear approximation to their graphical result, which is valid to within

~59% for 0 &lt;k/s £2 is:

(= 1333 +0245 + 5

1=0.5+0.05¢"—

(2.16)

(2.17)

Kubelka-Munk theory and its enhancements provide approximately correct

expressions for fluence rate and intrinsic tissue optical properties as a function of

experimental variables. It is thus a useful tool when more sophisticated methods are not

available or not warranted, which is the present case. Among its drawbacks are the

assumptions of isotropic scattering, index-matched tissue boundaries, and diffuse fluxes.

Nonetheless, the theory compares favorably to within 25% of predictions from diffusion

theory and seven-flux theory for all ratios of scattering to absorption except for the extreme

case of scattering &gt;&gt; absorption [Welch et al 87].

2.2.1.1.3. Diffusion Approximation

[n the diffusion approximation, the radiance in Eq. (2.1) is separated into scattered

and unscattered components;
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L(r,s) = Le@,s) + La(T,5). (2.18)

The unscattered component obeys Beer's law. The scattered component may be expressed

as a truncated sum of Legendre polynomials, which when substituted back into Eq. (2.1)

yield a solvable diffusion-like equation. Solutions to the diffusion equation have been

obtained for the fluence rate, total reflectance and transmittance [Cheong et al 90].

Unfortunately, these expressions may not be inverted to give the optical properties as a

function of reflectance and transmission, so values must be obtained through iteration. The

diffusion approximation is accurate for optically dense and highly scattering media, far

from tissue boundaries or internal sources of light. It is not described in more detail here

since the Kubelka-Munk theory provides compact analytical expressions for tissue optical

properties of sufficient accuracy for the present purpose.

2.2.2. Changes in Optical Properties Resulting from Irradiation

Several authors have investigated changes in tissue optical properties which result

from heating, coagulation, and ablation. Thomsen et al [90] found irreversible increases in

I, and Ps(1-g) at A = 594 and 633 nm upon heating myocardium, which they attributed to

Mie scattering from thermally coagulated granular cellular proteins. Agah et al [90] also

found increases in absorption and scattering at A = 514 and 633 nm upon nonablative

heating of aorta wall, which they attributed to Rayleigh scattering from thermally denatured

collagen fibrils. An irreversible decrease in absorption in the mid-infrared was observed by

Berry et al [89], on the other hand, upon heating corneal tissue.

Transient changes in tissue optical properties during ablation with visible and mid-

infrared wavelengths have been proposed by Izatt et al [90a, 91a, 91b] and Letokhov [91].

These changes are suggested to account for a disagreement between attenuation depths in

tissue measured in a spectrometer, and calculated from ablation results. This topic is

discussed in chapter 4. Transient "bleaching" of polymer substrates during ablation has

been observed and preliminary models suggested [Sauerbrey et al 89].

2.3. Heat Diffusion in Tissue

The previous sections have discussed the complicated problem of light distribution in

tissue. Once the interplay of scattering and absorption determines this distribution, the

energy deposited within each infinitesmal volume of the tissue is equal to the local fluence

rate times the absorption coefficient (Eq. 2.5). As a first approximation which roughly
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agrees with the predictions of both Beer's law and Kubelka-Munk theory, we assume that

the resulting heat deposition profile falls off roughly exponentially from the surface of the

tissue. This occurs with a profile characterized by the light penetration depth, D, which is

to be determined experimentally (see chapter 3).

Absorption of visible and near-ultraviolet light in tissue occurs by exciting electronic

transitions in tissue molecules, primarily proteins and lipids (see section 3.3). Near- and

mid-infrared light is absorbed via vibrational-rotational excitations in biomolecules, as well

as in water. The lifetimes of both the electronic and vibrational-rotational states are much

less than laser pulse durations on the order of hundreds of nsec. As soon as the initial

excited state distributions thermalize, the energy which was deposited by the laser pulse

may be considered as heat, and its dissipation 1s described by thermal diffusion.

In the next section, thermal parameters of tissue relevant to heat diffusion are briefly

discussed. Following that, solutions to the heat diffusion equation for practical laser energy

deposition profiles are presented.

2.3.1. Thermal Diffusivity of Tissue

The thermal properties of tissue relevant to heating (without phase change) and heat

diffusion are the density (p), specific heat (c), and thermal conductivity (0). For thermal

diffusion calculations, the important quantity is the thermal diffusivity, obtained from these

quantities via:

pc = specific heat per unit volume, and

KK = thermal diffusivity

NC

(2.19)

20) x

A compilation of estimates for pc and x in biological media made by various authors

are listed in Table 2.2. Most of the estimates do not stray too far from the thermal

properties of pure water, which comprises ~60-90% of all biological tissues excepting

bone, teeth, hair, and pathogenic calcifications [Altman et al 72]. Estimates of thermal

properties for bone are unfortunately not available.
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Medium

Specific Heat per

unit Volume, pc

(J°PC-mm3)

Thermal Diffusivity,

R

(mm?/sec)

Reference

"Tissue water" ) 396x103 0.106 Chato [69]

"Wettissue' | 366x103 | 0.101 | Jacques et al [87]

"Tissue" | 0.130 | Walsh [90]
Purewater | 4.18 x 103 0.146 Weast [78]

TABLE 2.2. Estimates of thermal properties of tissue.

2.3.2. Thermal Diffusion -- Semiinfinite Slab Geometry

Measured light penetration depths (D) in most tissues of clinical interest range from

fractions of a micron in the 3 pum region, up to several millimeters in the near-infrared

[Cheong et al 90]. In chapter 4, it is demonstrated that the best laser cutting of calcified

tissue is obtained with wavelengths which are absorbed in less than a few hundred pm.

Practical laser spot diameters on tissue (d), on the other hand, are rarely less than ~500 pm.

For most situations of clinical interest, it is thus sufficient to consider the limit in which

d&gt;&gt;D. In this limit, the illuminated region of the tissue corresponds to: a disk of thickness

D and diameter d. Most of the heat lost from the disk will occur out of the bottom, so a

semi-infinite one-dimensional slab geometry may be used to describe heat diffusion.

The equation of heat conduction in this geometry reduces to [Carslaw et al 47]:

oT(z,t)  9?T(z,1)
or KT on =.21)

Here T(z,t) is the temperature, a function of both distance into the tissue (z) and time after

the (assumed short) laser pulse is over (t). This equation must be solved subject to the

initial temperature distribution T(z,t=0) which the laser pulse deposits in the tissue. In order

-0 gain an appreciation of the influence of the specific shape of the initial heat distribution

on long-term diffusion behavior, solutions are obtained in the following for two trial initial

heat distribution functions: a step-function heat distribution in which tissue to a depth D is

initially heated, and an exponential heat distribution with a 1/e deposition depth D. The

boundary condition of no heat diffusion across the tissue surface (z=0) is assumed.

For the step-function initial condition,
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To ;

T(z,t=0) - 0 0&lt;z=D)
z &gt; D

(2.2
~

Ap

the diffusion equation is solved by inserting a mirror initial condition above the tissue

surface, and using Laplace's solution for the infinite solid. The solution is [Carslaw et al

47]:

D-z £ D +

I'(z,t) = 2 To of (Ve op
Vi /~3)

n Fig. 2.1, this function is plotted with T(z,t) in units of Tg, z in units of D, and t in units

1

 WM
&lt;3.

The solution of the heat diffusion equation for the exponential initial condition.

T(z,t=0) = Tgee-%D (2.25)

is obtained using the same method as above. It is [Itzkan 91].

T(z.) = 3 Tod e(kt/D?- Rr D J + e(xt/D?+oe _Z V xt
we Pl]

(2.26)

This function is plotted in Fig. 2.2, also in terms of the same units. By comparing the

two figures, it is clear that after ~1/2, there remains relatively little qualitative difference

between the heat profiles from the different initial conditions.

It is common in the literature to refer to T as the characteristic time for thermal

diffusion in tissue. This value is used both for determining how short laser pulse durations

must be in order to avoid thermal damage in peripheral tissue, and also to determine the

maximum repetition rate for avoiding thermal pile-up. It is instructive to investigate

quantitatively how good of an approximation this is. Walsh et al [90] numerically integrated

the total energy contained within the 1/e depth of an exponential heat deposition profile, and

found that it took approximately 10 times tT before the energy was reduced to 1/e of its
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initial value. In Fig. 2.3 below, the temperature value at depth D divided by its initial value

is plotted for both the step-function and exponential initial conditions. Note that the initial

temperature rise for the exponential initial condition is real, as can be verified by examing

the temporal evolution of the temperature at depth D in Fig. 2.2. It is seen from Fig. 2.3

that it takes approximately 2 and 4 times 1 for the temperature value at that point to relax by

1/e for the step-function and exponential initial heat distributions, respectively. This is

contrasted in the figure to exponential relaxation with time constant t, which is the essence

of the common assumption. It appears from these arguments that if an exponential initial

heat distribution is assumed, a better relaxation time constant Tg for thermal diffusion is in

the range 4 to 10 times ~.

Finally, it is useful to obtain an estimate for the thermal relaxation time in tissue at

wavelengths of interest in this thesis. The wavelength chosen for the LAS II system, for

example [chapter 6], has an attenuation depth in bone on the order of 200 pum [chapter 3],

yielding an value for tg of

 D2 (0.2 mm)?
RET mm?

0.106

= 377 msec.
— a 27)

This is very long on the time scale of pulsed lasers, so it is concluded that thermal

diffusion is not a factor in the ablation process itself, which can occur on a very fast time

scale (chapter 5). The value is so long, however, that it is relevant to the pulse repetition

rate. A slight amount of charring on bone, for example, has been observed even for high

irradiances at a repetition rate of 10 Hz (see Fig. 4.7(a)). This charring may be due to a

temperature buildup over many pulses, each of which arrive well before the tissue has

completely relaxed from the previous pulse.
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2.4. Tissue Ablation

Many authors have proposed models for laser ablation of tissue. Much of this

previous work describes ablation mechanisms which are not relevant to this work, such as

explosive fragmentation [Teng et al 86] plasma-mediated ablation [Krokhin 82, Kittrell et al

86, Gitomer et al 90], and photospall ablation [Dingus et al 91]. Of the ablation models

which are relevant to tissue ablation at sub-plasma threshold irradiances, several are

primarily concerned with heat diffusion [Halldorsson et al 78], while others concentrate on

the problem of light distribution [Langerholc 79]. The assumptions that have already been

made in this chapter, of a simple exponential light distribution and no heat diffusion during

the laser pulse, are a considerable simplification for most of these models. Models which

primarily emphasize the removal process include the photochemistry-based "ablative

photodecomposition" description [Srinivasan et al 82, Garrison et al 84], and numerical

and analytical models based on vaporization of tissue components [van Gemert et al 85,
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Partovi et al 87]. The commonly used Beer's law blowoff model, which also describes

tissue removal through thermal processes, appears to have been first adapted from

Srinivasan's work on ablative photodecomposition by Walsh et al [88].

A related literature concerns thermal ablation of metals and other materials for cutting,

welding, and materials processing [Duley 83, Khrokhin 82]. The "heat balance integral

method" used by Bertollotti et al [81] to study the melting front produced in silicon by an

internal heat source is used in Partovi et al [87] and in section 2.4.4 below. A pair of

papers describing rapid surface vaporization from metal surfaces into the atmosphere by

Knight [79, 82] is useful in extending current ablation models to include gasdynamic

contributions to ablation at high irradiance (see section 2.4.6).

In this section, three of the models listed above which have been proposed to account

for pulsed laser ablation of tissue are presented and discussed. First, ablative

photodecomposition is described qualitatively. Then, two analytical thermal ablation

models are presented. Beer's law blowoff model is derived and its dependence on Beer's

law is investigated. A one-dimensional analytical model describing steady-state tissue

removal by vaporization is also discussed, along with enhancements to it such as

absorption of the incident light by crater debris, and the extension to three dimensions.

Following the discussion of the three simple ablation models, a brief review is given of

work in progress on modeling two special features of pulsed laser ablation of calcified

tissue: the gasdynamics of tissue vaporization and ejection at high incident irradiance, and

the consequences of the two-component nature of calcified tissue.

2.4.1. Parameters for Ablation Models

The geometry for the ablation models discussed in this chapter is illustrated in Fig.

2.4. In the figure, a cylindrical laser beam of diameter d is assumed to be incident

perpendicularly on the surface of a semi-infinite slab of tissue. The profile of power density

in the tissue is U(z) (W/mm3); when multiplied by the pulse duration, this quantity

becomes the energy density u(z) (J/mm3). The integral of U(z) over all z such that

0 &lt; z &lt; oo is the irradiance, I (W/mm?2). The corresponding integral of the energy density

is the laser fluence, ¢ (mJ/mm?). Both thermal ablation models assume that when tissue

reaches a critical energy density, the heat of ablation h, (J/mm3), it is vaporized. Ablation in

the tissue creates a crater of depth / (um). A summary of these quantities is included in the

list of symbols.
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Since the exact form of light distribution in tissue is unknown (see section 2.2),

results are presented in this chapter for five sample light distribution functions. This is done

in order to illustrate the dependence of each of the ablation models on the specific form of

each light distribution. The five resulting energy density distributions are listed in the first

two columns of Table 2.3. These functions are all normalized to have the same energy

density at the tissue surface, and also to integrate to the same incident fluence (except for

the inverse function, which is unbounded). Unless otherwise noted, the expressions are

valid in the half-plane 0 &lt;z &lt; eo. These functions are plotted in Fig. 2.5.
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2.4.2. Ablative Photodecomposition

The mechanism of ablative photodecomposition (APD) was first proposed as an

zxplanation for the observation of clean etching of organic polymeric material, without

melting of the remaining sample, at far-ultraviolet laser wavelengths (primarily 193 nm)

[Srinivasan et al 82]. This mechanism was subsequently invoked to account for similar

observations of "cold cutting" in biological tissues with pulsed excimer lasers operating at

193 nm [Srinivasan 86, Srinivasan et al 87] and 308 nm [Grundfest et al 85].

The APD model depends upon the fact that in the far-ultraviolet, both the light

absorption coefficient and the quantum yield for bond breakage in organic polymers are

high [Garrison et al 84]. The combination of these two factors leads to a situation in which

the density of absorbed photons approaches the density of chromophores in the material,

resulting in instantaneous cleavage of the polymer into individual molecules, monomer

units, or clusters of monomer units [Sauerbrey et al 89]. Garrison et al [84] performed a

molecular dynamics simulation which showed that the increase in specific volume

accompanying the polymer photolysis was sufficient to cause perpendicular ejection of
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material at supersonic velocity, without melting in the material left behind. The simulation

also predicted the existence of a fluence threshold for APD, below which the quantity of

reactive monomers produced was insufficient to cause substantial material ejection.

Assuming exponential attenuation of light in the material, APD predicts that crater

depth increases with the logarithm of the ratio of the incident fluence to a fluence threshold

(Deutsch and Geis 83, Srinivasan 86]. This is identical to the prediction of the thermal

version of the Beer's law blowoff model (see section 2.4.3), which was adapted from it,

except that the deposited energy density required for APD is replaced by the heat of

ablation, h,.

The mechanism of APD is not used as an explanation for any of the experimental

results of this thesis. While the mechanism appears to be well established as a model for

polymer ablation in the far-ultraviolet, the case for APD occuring in tissue in the near-

ultraviolet is much less convincing. In fact, several results presented in this thesis strongly

indicate that APD is not important in tissue ablation at any wavelength studied. Evidence

from scanning electron microscopy of ablation products, coupled with fast laser strobe

photography of ablation (sections 4.5.1.3 and 5.2) indicate that as soon as a few hundred

nsec after the ablation pulse is over, the dynamics of tissue ejection from ablation at

A =355 nm and A =2.8 um (where APD is very unlikely) appear identical. Studies of

tissue ablation with sequenced pulses at A = 355 nm showed that irradiation with

thousands of barely sub-threshold pulses caused no tissue removal (see section 5.3.3).

This indicates that the effects of sub-threshold irradiation on the tissue are completely

reversible, in contrast to the APD explanation of fluence threshold given above. Finally, the

results of a comprehensive study of ablation dosimetry as a function of wavelength (section

4.5) showed that the deposited energy density required to ablate tissue (h,) was essentially

constant throughout the near-ultraviolet and the visible wavelengths regions. Thus, separate

mechanisms with separate values of h, are not required to explain any of the available data.

In this thesis, the assumption is made that whatever amount of laser energy which is

deposited into bond breaking in the tissue is quickly converted into heat, so that ablation

may be described by thermal mechanisms.

2.4.3. Blow-off Model

The blow-off model of ablation operates on the assumption that heat from the incident

light distribution is deposited in tissue before any phase change or tissue movement can

occur [Walsh et al 88, Walsh 88]. It is assumed that once the heat is deposited, all tissue
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which has had at least h, J/mm?3 deposited in it will be vaporized. Although this model

asually appears in the literature as the "Beer's law blow-off model," based on an

exponential light distribution, results are presented here for all of the energy density

distributions listed in Table 2.3.

The depth of a crater predicted in the blowoff model is just the depth of tissue to

which at least h, has been deposited. Expressions for crater depth as a function of incident

fluence may be obtained by substituting into the normalized energy density distribution

functions the equality

u(l) =h,, eX ~8)

and solving for /. The fluence at which / = 0 is the fluence threshold, ¢¢. Expressions for

I(¢) and ¢¢ obtained in this manner for the five sample energy density distributions are

listed in the third and fourth columns of Table 2.3, and the results are plotted in Fig. 2.6.

Since all five distributions were normalized to give the same energy density at the tissue

surface, they all predict the same fluence threshold.
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FIGURE 2.6. Predicted crater depth versus fluence for the five sample

energy density profiles.
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It is interesting that crater depth at a given number of times ¢g varies depending upon

the energy density deposition profile. The inverse energy density profile was chosen

because it generates a linear growth of depth versus fluence, which is also the prediction of

the steady-state ablation model discussed in the next section. Note that it takes an

unphysical profile in the blowoff model to reproduce the result of the steady-state model.

The efficiency of the ablation process, Map, may be defined as the amount of energy

actually used by ablation, divided by the total energy deposited in the tissue. This definition

of efficiency discounts energy both 1) deposited in excess of the critical energy density

required for ablation, and 2) deposited in regions which are not ablated. Thus,

volume of tissue removed * h, (beam area)e*/+h, [+h,

abl ={otal energydepositedinGSSUE~(beamarea)+60|

Expressions for Mn, for the five sample energy density distributions are listed in the

fifth column of Table 2.3, and plotted in Fig. 2.7. Obviously, among the first four

distributions, those models which are the most top-hat shaped are the most efficient for up

to a few times ¢g. At many times ¢g, however, the exponential energy density profile wins

out. Only for the unphysical inverse energy density profile is efficiency an increasing

function of fluence beyond a few times threshold.

Since most ablation experiments described in this thesis only test ablation up to a few

times threshold, it is difficult to use that data to distinguish between any of the theoretical

curves in Fig. 2.6, except to eliminate the step-function prediction. The blowoff model

does encounter difficulty, however, in explaining ablation with very short pulses. The

premise of the model is that all of the incident light is deposited before tissue can undergo a

phase change or be removed. For very short pulses, one would expect the blowoff model

to be most accurate, predicting lower efficiency at the same fluence threshold than the

steady-state model. In fact the opposite is observed in experiments: several authors have

reported lower fluence thresholds and deeper craters at a given fluence for fsec and psec

pulses as compared to nsec or psec pulses [Stern et al 89b, Letokhov 91].
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2.4.4. Steady-State Ablation Model

The steady-state model of ablation differs from the blowoff model in that heat

deposition by the incident light beam is not assumed to be instantaneous, but rather that

ablation proceeds during heat deposition. This mode of ablation has been demonstrated as

the way in which ablation with cw lasers occurs in soft tissue; Cothren et al [86a], for

example, found crater depths in aorta wall to be a linear function of exposure time. Material

ejection before the end of even short pulses has been demonstrated by Srinivasan et al [87],

who found evidence of ablation during 30 ns pulses in cornea. The original description of

the steady-state ablation model, which includes a full analytical treatment of the role of heat

diffusion, was published by Partovi et al [87]. The following is a version of the steady-

state model which has been greatly simplified by the assumption that heat diffusion is not

important for ablation with short pulses, as demonstrated in section 2.3.2.
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Since steady-state ablation is concerned with the time evolution of the tissue crater, it

is described in terms of power density {U(z,t)} and its integral over z, irradiance {I(t)}. A

simple energy balance equation may be written for the "ablation cylinder," the volume of

tissue directly beneath the incident laser beam and extending down to infinity (see Fig.

2.4). Energy is deposited in this region by incident laser light, and energy leaves this

region in the form of vaporized tissue. The energy balance is expressed in terms of the total

amount of heat H contained in this region:

d. md = nd? nd?

 rH = [Ua Sy eh = Te veh
Co, -

| =..0)

Here h, may be thought of as the energy per unit volume that the ablated tissue carries

away, and v is the ablation velocity, or the rate at which that energy is carried away. The

quantity d is the diameter of the incident beam.

The steady-state ablation model assumes that ablation has occurred for long enough

hat H no longer changes. Under this condition, Eq. (2.30) reduces to the simple relation

Va
dl_I
dt~hy’

2.31)

where the ablation velocity has been written as the rate of change of the crater depth. Note

that in contrast to the blowoff model, the ablation velocity does not depend on the light

distribution function, only on its integral. This may be thought of in the following way: the

ablation velocity adjusts itself so that the tissue arriving at the ablation front has had h,

energy density deposited in it; in other words, the tissue itself integrates over the light

distribution on its way from infinity up to the ablation front.

An expression for crater depth is obtained by integrating Eq. (2.31) over the pulse

Juration t.

[La=fop- gto
N

) 4
Ny

py

Here, the constant of integration represents crater depth which has accumulated before the

zstablishment of the steady state. A solution to Eq. (2.30) for ablation velocity before

steady state is reached has not yet been obtained. Under the assumption that steady state
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ablation begins as soon as ablation threshold has been reached at the tissue surface, typ may

been identified as the time to reach ablation threshold. When multiplied by the irradiance,

this quantity corresponds to the fluence threshold, and the pulse duration corresponds to

the pulse fluence.

Calculation of the fluence threshold may proceed in the same way as it was done for

the blowoff model. The threshold condition is that the tissue at the surface must have h,

energy density deposited in it before steady-state ablation begins:

p= HED 2 yz), i oy

This is the same calculation which was performed in the previous section, and the results

for fluence threshold are the same as those listed in the third column of Table 2.3.

Ablation efficiency in the steady-state model is in general higher than for the blowoff

model, because no more than h, energy density is ever deposited in any tissue volume. The

only energy lost is that which is deposited in the sub-threshold region at the bottom of the

crater, which is a small proportion of the total heat deposited for deep craters. Plugging Eq.

(2.32) into Eq. (2.29) yields for the ablation efficiency

"1 abl
N-Dn

J
J 4 1

Plots of crater depth and ablation efficiency versus ¢/¢g are independent of the sample

energy density distribution chosen, and are the same as the predictions of the blowoff

model for the inverse distribution. They are thus plotted with the + symbol in Figs. 2.6 and

2.7, respectively.

A simple three-dimensional extension of Equation 2.32 (Eq. 2.41, below) is used to

evaluate most of the experimental data in this thesis. Equation 2.32 is the prediction of the

steady-state model, and is also the limiting behavior for fluences close to the fluence

threshold for the Beer's law blowoff model. Although several numerical models have been

published which include the transition from fluence threshold to steady-state ablation

behavior, these models provide less physical insight than the approximate solution

described here. As evidenced by the scatter of typical ablation dosimetry data presented in

chapter 4, a more complicated model is not needed to interpret this data.
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2.4.5. Extensions to the Steady-State Model

Two extensions are described here which have been made to the steady-state model.

First, attenuation of the incident light by ablated tissue debris which is trapped within the

crater for the duration of the laser pulse is considered. Second, light which is lost out the

sides of the ablation cylinder due to scattering is quantitatively accounted for.

2.4.5.1. Attenuation by Crater Debris

Fast laser strobe photography of ablation (chapter 5) has shown that bone ablation

with irradiation parameters typical of the experimental work in this thesis results in debris

ejection velocities on the order of several hundred m/s, which corresponds to several

hundred um/us. Ablation craters are typically 500-1000 pum wide and deep, and pulse

durations are typically 10-1000 ns. Thus, ablation debris which is created early in such

laser pulses is for the most part inertially confined within the ablation crater for the rest of

the pulse.

The fluence threshold for steady-state ablation, given an exponential light distribution

“unction with 1/e penetration depth D in the tissue, is

do =h,¢D. lr 55)

As a crater begins to form and debris is produced, the incoming laser beam is attenuated by

the combined effects of scattering and absorption by the debris before it reaches the bottom

of the crater. This attenuation is assumed to be exponential, with a characteristic attenuation

depth 0 (see Fig. 2.8):

(z=D) = 1(z=0) ed A)
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An expression for the crater depth is obtained by rearranging Eq. (2.31) and integrating

over the depth of the crater and over time from ty to t;

i" ‘

dv_ (dl
h, = | I)

” I=0

2.57)

nserting Eq. (2.36) and using Eq. (2.35), yields

D (9 ;

/=5+1n = c 1+ 2.23)

Overall energy efficiency is obtained by plugging Eq. (2.38) in to Eq. (2.29):

in|2 c 1+ 1,
_ Ld {0

lab) = Do

d og

J
 ow 9). 4

This expression includes energy which is lost due to attenuation in the crater debris, as well

as energy lost in the sub-threshold region at the bottom of the crater.

The debris attenuation extension to the steady-state model has been used for analysis

of HF laser bone ablation, where very deep craters can be made at up to ~20 times fluence

threshold before plasma formation occurs [Izatt et al 90a]. It is not used to analyze the data
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in this thesis, however, because most of the data presented here extends only a few times

threshold, and it was impossible to distinguish between debris attenuation and other effects

which limit crater depth (see section 4.4.2).

2.4.5.2. Effects of 3-D Light Distribution

The extension of the steady-state model to account for the three-dimensional nature of

light distribution in tissue may be done in a simple, phenomenological fashion [Partovi et al

87]. For wavelengths and/or irradiation conditions under which the penetration depth in

tissue is comparable to the spot diameter, a considerable fraction of the light incident on the

tissue surface may be scattered out of the ablation cylinder of Fig. 2.4, and hence lost to

ablation. While the specific shape of the lost light distribution may determine the extent of

collateral heating damage, it is unimportant to any of the ablation models discussed above.

A simple accounting for this loss may be made by calculating for each potential light

distribution a scalar quantity f, called the geometrical efficiency factor. The quantity f

represents the fraction of light not lost out of the ablation cylinder. It is incorporated into

the steady-state ablation model by multiplying the incident irradiance and fluence. In

particular, for the case of the exponential energy density distribution function, the

expressions for ¢g, /, and | become:

h.*D
dg =

/
fe(d — Op)

 = = Y(0- $0);

Nab) = *
b-0p

(2.40)

(2.41)

(2.42)
4

1g,

A new quantity Y, the ablation yield (units mm3/J), equal to the inverse of the heat of

ablation times f, is introduced in Eq. (2.41). Thus the quantities ¢o and Y represent the

threshold and slope of a linear fit to depth versus fluence data, respectively.

The value of f depends upon the specific shape of the three-dimensional light

distribution. Its value is calculated by Partovi et al [87] for a sample power density

distribution which falls off exponentially in both z an r beyond the boundaries of the

cylindrically shaped beam of diameter d:
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Integrating Eq. (2.43) over all r and z and setting it equal to the total power in the beam

leads to an expression for f:

f =
 A

[1

4]

a D
“2
py -t)

The factor of 4 in the denominator of Eq. (2.44) is a result of the fact that the sample light

distribution function has the same rate of fall-off in the r and z directions. For light

distribution functions which are peaked in the forward direction, this factor is reduced.

The concept of the geometrical efficiency factor is used in the discussion of ablation

1s a function of laser spot diameter in section 4.4.4.

2.4.6. Gasdynamic Ablation Model

The predictions of the steady-state ablation model are used to evaluate most of the

experimental ablation data in this thesis. It was judged to be the best analytical model

available, and is accurate enough to allow for fitting of the data for the most important

ablation parameters. However, two special features of calcified tissue ablation with pulsed

lasers remain poorly understood quantitatively. These are the effects of tissue vaporization

and ejection at high irradiance, and the consequences for ablation modeling of the two-

component nature of calcified tissue. Brief mention of work in progress on modeling these

two phenomena are the subject of this and the following sections.

Preliminary calculations for the effects of high irradiance on tissue, which take the

dynamics of the evaporation process into account in the framework of thermodynamics and

the kinetic theory of gases, have been performed by Partovi [90]. These calculations are

derived in part from a description of metal ablation by Knight [79,82]. In this idealized

model, tissue is considered as a single component absorbing liquid, tissue vapors are

assumed transparent, and ablation occurs in one dimension in the steady state. As the liquid

evaporates, the surface receeds, and it takes the vapor molecules ejected from the surface a

few mean free paths to establish translational equilibrium. The thin layer of non-equilibrium

vapor flow is called the Knudsen layer. The vapor flow rate at the outside edge of the
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Knudsen layer is sonic, but if the irradiance is high enough, the vapor velocity accelerates

to a final supersonic value in a second layer just outside of the Knudsen layer. In a third

layer, vapor flows outward at a constant supersonic velocity. This layer of vapor in

constant velocity flow pushes ahead of it a fourth layer containing air, moving at the same

constant velocity. The interface between the fourth layer air at a constant supersonic

velocity and undisturbed air further away is a shock front.

Equations for conservation of mass, momentum, and energy across the various layer

boundaries, along with expressions for the transport of these quantities through the layers

themselves, may be written. These equations may be solved simultaneously to obtain

expressions for the tissue surface recession velocity, surface temperature, and the velocity,

pressure, and temperature of the escaping vapors. A preliminary solution, assuming the

thermal characteristics of water for tissue, and using simple equations of state for the

aerodynamic layers, has been obtained. For laser irradiances on the order of MW/cm?Z, this

solution predicts a tissue surface temperature on the order of 500 °C, a pressure behind the

shock front of ~10 atmospheres, and a gas velocity behind the shock front of ~700 m/s.

Further work on the gasdynamic ablation model is under way. This work includes the

incorporation of more realistic descriptions of the thermodynamic processes occuring in

atmospheric layers. Secondly, since most tissue ejection occurs after the end of the laser

pulse for short pulses (see section 5.2), a transient solution is under development. In this

case, the shock wave becomes a blast wave, which is just the dissipative form of a shock

after the source has been turned off. Nonetheless, the predictions of even the steady-state

version compare very favorably with the velocities observed for blast waves caused by

pulsed laser ablation of bone, captured using fast laser strobe velocity of ablation (section

5.2).

2.4.7. Two Component Picture for Calcified Tissue Ablation

The composite nature of calcified tissue (section 2.1) also bears on the ablation

mechanism. It is assumed that all of the laser energy absorbed in the tissue is quickly

transformed into heat, independent of the particular absorbing chromophores at a given

wavelength (see section 2.3). In principal, once this occurs, calcified tissue can be ablated

by vaporizing all of the material at once. This requires developing sufficient temperature in

the tissue to vaporize the calcium salts (&gt;1600 °C), as well as the connective tissue

(~300 °C). However, the dual-component structure of such materials suggests a second

possibility in which the hard tissue component need not be completely vaporized during
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ablation [Izatt et al 90b, Izatt et al 91a]. In this scenario of two-component ablation, the

connective tissue component is vaporized sufficiently rapidly that the resulting vapor flow

entrains and removes the apatite crystallites from the crater. Since the calcium salts are not

vaporized, ablation occurs at a relatively low temperature, resulting in reduced collateral

heating damage. Figure 2.9 is a highly idealized schematic of this concept.

The gasdynamic ablation model described above indicates that soft component vapor

ejection velocities reach Mach speeds. Preliminary calculations indicate these are just the

velocities required to accelerate m-sized calcium salt particles out of a typical crater

{Albagli 91]. Experimental evidence that this condition is satisfied is provided by fast laser

strobe photographs of calcified tissue ablation in progress (Figs 5.2(b-c)), which bear a

strong resemblance to Fig. 2.9. The fastest ejecta visible in these photographs were

ravelling at least 600 m/s. Larger debris particles, travelling at slower velocities, are visible

near the tissue surface. In addition, the quantity and size distribution of debris captured in

flight from ablation experiments (section 4.5.1.3) are consistent with the two-component

ablation mechanism.
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calcified tissue ablation.

Since the ablation mechanism depends primarily upon the microscopic structural and

thermal properties of the tissue components, it is expected that calcified tissues with similar

ratios of soft and hard components (i.e. bone and densely calcified plaque) exhibit similar

ablation characteristics.

S6



Being a relatively new suggestion, details of the the two-component mechanism are

still being worked out. At the time of this writing, it is probably more appropriately called a

picture of ablation than a model. In this thesis, it will be taken as a hypothesis that the type

of hard tissue cutting observed for irradiances ~MW/cm? in fact occurs by this process

{section 4.3). The relationship of experimental observations throughout the thesis to the

two-component process is discussed when the observations are presented.

2.5. Conclusions

Compact bone and calcified atherosclerotic plaque are composite structures in which a

hard, high melting point component consisting of calcium salts exists in intimate contact

with a soft, low vaporization temperature connective tissue component. Bone is used as the

primary model for calcified tissue in this thesis. For the purpose of modeling ablation, a

simple exponential distribution of light in tissue is assumed, with the penetration depth

determined experimentally using Kubelka-Munk theory. Heat diffusion in tissue over

distances typical of light penetration depths occurs over a time long compared to typical

laser pulse lengths, so it is not a consideration in ablation modeling (except for laser

repetition rate effects). The steady-state model of ablation, which predicts an ablation

threshold and a steady-state ablation velocity, will be used to analyze near-threshold

experimental data. This model was chosen because it is a simple analytical model which

provides physical insight into ablation results, and it also corresponds to the near-threshold

limit of the Beer's law blowoff model. Detailed consideration of the gasdynamics of

ablation at high irradiance indicates that high temperatures and pressures are present during

ablation. The composite nature of calcified tissue suggests a two-component ablation

process in which the soft component is explosively vaporized, entraining and removing the

hard calcium salt component.
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Chapter 3

Optical Properties of Bovine Bone

In this chapter, estimates of the optical properties of bone are obtained for the

wavelength regions used for ablation in subsequent chapters. These include wavelengths in

the near-ultraviolet, visible, and mid-infrared regions of the spectrum. Since the topic of

this thesis is ablation, rather than tissue optics or spectroscopy, the results in this chapter

are meant as order-of-magnitude estimates primarily for comparison with ablation results.

3.1. Near-Ultraviolet and Visible Wavelength Region

The optical properties of most biological tissues in the visible wavelengths are a

complicated function of the intrinsic scattering and absorption coefficients of the tissue,

each of which are a strong function of wavelength and tissue type (see section 2.2). In

order to obtain reliable estimates for near-ultraviolet and visible light penetration depths in

bone, optical property measurements were conducted on native bone samples.

3.1.1. Experimental Methods

Bone samples were machined to their desired thickness while fully calcified. This

was done in order to avoid artifacts due to decalcification, mounting, and microtome

sectioning, Bovine shank bone samples were obtained no later than two days post-

mortem. Areas of the bone surface with flat regions of cortical tissue ~1 mm thick were

selected for spectroscopic analysis. The cortical surface layer was separated from the rest of

the bone, and cut into plates approximately 1 cm square. For thin section preparation, one

surface of a bone plate was machined flat and smooth on a milling machine with a clean,

sharp bit. The flat surface was then placed in contact with a 3/8" thick fused silica flat, and

tacked in place at its corners with fast-drying epoxy. When the epoxy dried, the silica flat

with the bone attached was mounted in the milling machine, levelled, and the position of

the silica flat top surface was registered on the machine. Then, the remaining bone was

machined to the approximate desired thickness relative to the position of the top of the silica

flat.

After machining, the thickness of each bone specimen was measured at each corner

with a calibrated microscope. Samples were found to be flat to within £50 pm, which
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corresponded to 25% of the thickness of the thinnest sample used. The average of the four

thickness readings was recorded. For the experiments described below, sections of

thickness 200 £ 50 pm and 525 + 50 pm were used.

The machining operation resulted in bone samples which were dried out to the touch.

[n an experiment to test the optical properties of a "wet" section, a specimen was cut from

its backing plate with a razor blade, and placed in a cuvette full of saline.

Total transmission and reflection measurements of bone sections were made in a

double-beam spectrophotometer equipped with an integrating sphere. The optical

arrangements for the transmission and reflection measurements are illustrated in Fig. 3.1.

The integrating sphere was 60 mm in diameter, coated on the inside with a reflectance

standard BaSQ, coating. The input face of a photomultiplier tube was located at the bottom

of the integrating sphere, equidistant from all ports. The spectrophotometer emitted two

collimated beams of approximately 3 x 5.5 mm, directed into sample and reference ports

on the integrating sphere. The spectrophotometer operated by comparing the signals at the

photomultiplier from the sample and reference beams many times per second. The sample

to reference beam ratio was compared with the result of a calibration obtained previously in

background subtraction mode. The spectrophotometer was scanned from 190 to 700 nm,

with entrance slits set for 5 nm resolution.
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For total transmission measurements, background subtraction was performed with

the nothing blocking the integrating sphere entrance ports, and BaSO,-coated reflecting

plates positioned over the output ports. Tissue samples, still mounted on fused silica flats,

were then positioned over the sample entrance port. At the same time, another fused silica

flat was positioned over the reference entrance port. The reference flat compensated for

Fresnel surface reflections and attenuation in the flat over the sample port. For testing the

wet bone sample, the cuvette containing the specimen was placed in front of the sample

port, and another cuvette filled with saline was placed in front of the reference port.

For total reflection measurements, background subtraction was performed with

nothing blocking the entrance ports, and reflecting plates positioned over both output ports.

Tissue samples on fused silica substrates were placed over the sample beam output port.

Specular reflection from the fused silica flat was judged not to be important, since even the

thinnest sample appeared opaque, indicating that very little unscattered light penetrated the

entire thickness. For wet sample measurements, specular reflection from the front surface

of the cuvette was not corrected for.

Total transmission and reflection results were converted into penetration depths,

absorption, and reduced scattering coefficients, using the two-flux Kubelka-Munk theory

and its connections to transport theory described in section 2.2.1.1.2.

3.1.2. Results

Transmission and reflection measurements of bone samples at the two thicknesses

studied were reproducible to within a few percent between different scans taken at the same

location on the sample. They were also independent of sample alignment, and the region of

the specimen which was probed by the sample beam.

The inverse of the linear attenuation coefficient predicted by Kubelka-Munk theory,

the penetration depth, is plotted in Fig. 3.2 (see Eq. 2.10). Values of D for three samples

are plotted: 200 pm and 525 pum thick dry samples, and the 200 pm sample after immersion

in saline. The values of D obtained from all three samples are similar to within ~50% below

300 nm, and ~30% above 300 nm. They are in best agreement in the 300-450 nm region.
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It is interesting to extract the optical transport properties of bone from the Kubelka-

Munk k and s coefficients. Procedures for connecting the k and s coefficients with pi, and

1 (1-g) (=W) are outlined in section 2.2.1.1.2. As described there, the connection

between k, s, |, and |. depends upon the ratio k/s, and is simplest in the limits k&gt;&gt;s or

k&lt;&lt;s. The ratio k/s is plotted for all samples studied in Fig. 3.3, and satisfies neither limit

at all wavelengths. A graphical solution for the variables 1 and connecting k and s to 1,

and |L' in the region k~s is given by van Gemert et al [87]. A linear approximation to this

solution, valid for k/s &lt;2, was given in section 2.2.1.1.2 and is used here to obtain pi, and

1

Values of pt, and ' for the dry and wet 200 pm sections are plotted in Figs. 3.4.

and 3.5, respectively. The absorption coefficient is strongly wavelength-dependent,

exhibiting visible bumps at ~340 and ~410 nm, as well as a sharp drop at ~300 nm. The

scattering coefficient is a relatively monotonic function of wavelength by comparison. The

decrease in scattering coefficient upon wetting the sample is consistent with dissolving of

scattering particles. The corresponding increase in absorption coefficient is not expected,

however, and may be an artifact due to the extra uncompensated quartz-air surfaces in the

total reflection wet sample setup.

3.2. Mid-Infrared Wavelength Region

In subsequent chapters, ablation was studied at several wavelengths in the 3 um

region. As opposed to the situation in the near-ultraviolet and visible wavelengths, in this

wavelength region light is much more strongly absorbed than scattered in all tissues, so that

the problem of light distribution in tissue reduces to Beer's law (section 2.2.1.1.1). In this

case, rough estimates of bone optical properties may be obtained from analysis of the tissue

components.
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The strong absorption of water near 3 um has motivated considerable attention to

ablation in that region [Wolbarsht 84, Valderrama et al 89, Valderrama et al 90, Nuss et al

88, Walsh 88, Izatt et al 90a]. Figure 3.6 contains a plot of pure water absorption

coefficients from 2 to 12 pum, exhibiting the strong 3 um peak [Robertson et al 71]. It is

important to note, however, that both of the other primary components of calcified tissue

also exhibit strong absorption in the 3 pm region. Table 3.1 contains a comparison of

absorption depths in pure water obtained from the data in Fig. 3.6, with absorption depths

in collagen and relative absorptions in hydroxyapatite (absolute absorption depths in

hydroxyapatite are not available). The absorption depths are listed at the three HF laser

wavelengths for which ablation was studied in subsequent chapters. It can be seen from the

table that both water and collagen vary in absorption by more than a factor of 10 between

the 2.7 and 2.9 um, whereas absorption in hydroxyapatite is a less strong function of

wavelength in this region.
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Absorption Depth (Lm)

2707 _|_ 2832 | 2.911

11a) | 14s | 09

Wavelength (Lm) -

Pure Water

Collagen 54 (11.5) 1430) | 47

Hydroxyapatite - (3.4) -(1.3)

Reference

Robertson et al

[71]

Yannas [72]

Pouchert [67]

TABLE 3.1. Absorption depths of the HF laser lines in the primary

constituents of bone. Numbers in parentheses are relative to the values for

2.911 um.

3.3. Identification of Tissue Chromophores

Several of the prominent features of the bone section abroption spectrum in Fig. 3.4

help to identify the absorbing tissue chromophores. The prominent peaks in absorption at

420, 540 and 580 nm, the latter two of which are more visible as dips in the penetration

depth spectrum (Fig. 3.2), are probably due to oxyhemoglobin [Stryer 81]. These peaks

disappeared when the 200 pum sample was immersed in saline, consistent with dissolving

and dilution of dried blood in the sample. The absorption peak at ~330 nm can be attributed

to the collagen cross-linking agent pyridinoline [Fujimoto 77]. Finally, the onset of strong

absorption near 300 nm is probably due to a combination of several chromophores. The

collagen in bone contains the aromatic amino acids phenylalanine and tyrosine, the latter of

which absorbs strongly in the 250-290 nm region Rava et al 85]. The base pairs uracil,

thymine, cytosine, guanine, and adenine in DNA and RNA also exhibit absorptions in the

250-300 nm region [Fodor et al 85].

The absorbing chromophores in the 3

3.4. Conclusions

Penetration depths in compact bovine bone, obtained with Kubelka-Munk theory

from total reflection and transmission measurements of thin samples, range from ~100 um

at 250 nm to ~600 um at 700 nm. Between ~300 - 700 nm, scattering dominates absorption

by up to a factor of ~10. Water, collagen, and hydroxyapatite all combine to cause very

strong absorption near the 3 um wavelength region in the mid-infrared.
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Chapter 4

Parameter Survey of Calcified Tissue Ablation

In this chapter, the results of a survey of calcified tissue ablation characteristics over a

wide variety of irradiation parameters and delivery conditions are presented. The calcified

tissues studied were bovine bone and human aortic calcified plaque; normal and softly

plaqued human aorta wall were also studied for comparison. The ablation characteristics

examined include the quality of the laser cut, the size and distribution of ablation debris,

and tissue removal thresholds and yields as a function of laser fluence and ablation

conditions.

Knowledge of ablation characteristics as a function of the parameters surveyed here is

important for predicting the appropriate laser sources for specific clinical applications. This

is true from the points of view of both medicine and engineering. The precision and

reproducibility of the laser cut, for example, determine the potential sharpness of surgical

margins. The long-term host reponse to laser treatment may depend upon the extent of

peripheral damage caused in the tissue, which can be evaluated histologically. The size and

composition of the ablation debris determine the extent to which laser cutting can be

performed in enclosed regions of the body, at least without elaborate measures taken for

debris management, such as irrigation and filtering. Medical engineering considerations,

on the other hand, require information about tissue removal dosimetry. The irradiances and

fluences necessary for ablation must not destroy the delivery system, and the tissue

removal rate must be sufficient to be clinically reasonable for the problem at hand. Many of

these engineering considerations are taken up in more detail in chapter 6.

4.1. Fundamental Parameters Governing Ablation

It is important to recognize which of the many parameters describing laser-tissue

interaction are fundamental to the ablation process, and should therefore be the

experimental variables. Parameters which are controlled through the choice of the ablation

laser will be considered first. The thermal model of ablation (see chapter 2) predicts that the

steady-state velocity of ablation in tissue is proportional to the irradiance at the tissue

surface, independent of the nature of the light distribution under the surface. Later in this
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chapter, it is shown that there is an irradiance threshold for calcified tissue ablation. Thus,

the first fundamental parameter of ablation is irradiance.

The second fundamental parameter is fluence, or the energy deposited in the tissue

per unit area. It is shown in this chapter that for the irradiance and wavelength ranges of

interest for clinical applications, fluence is usually the quantity which determines the

amount of tissue removed in each pulse. Two exceptions to this rule are also noted; tissue

removal is not linear with fluence for different laser spot diameters, and for different

numbers of shots fired into each ablation crater.

The third fundamental aspect of ablation determined by the ablation laser is the

distribution of the light in the tissue. This determines the depth over which ablation occurs,

the threshold fluence which must be deposited before ablation can begin, and the precision

with which ablation can be performed. In this thesis, light distribution in tissue is described

in simplified terms by a penetration depth D, and a "geometrical efficiency factor" f, which

is a function of the spot diameter (d) and the penetration depth (see chapter 2). The

penetration of light in the tissue comes about through the interplay of scattering and

absorption in the tissue, and is strongly wavelength dependent. This is how wavelength

dependence comes into consideration.

The temporal evolution of the laser pulse is important if it contains structure, for

example if several pulses are sequenced in time. The pulse structure dependence of both

ablation and optical fiber conduction of laser light are considered in chapters 5 and 6,

respectively.

The other important component of the laser-tissue interaction is the tissue. The optical

penetration depth D is really a tissue parameter, although it is a function of the laser

wavelength. Some other tissue properties which are not related to the laser are determined

by the tissue type: bone and various stages of plaque in artery wall may each exhibit

different thermal and mechanical properties. Several tissue types are surveyed in this

chapter.

Finally, the laser-tissue interaction may occur under special conditions imposed

externally. Ablation may be done in air, under saline, or percutaneously through a catheter,

in which case it happens in a blood field in contact with the catheter or the catheter shield.

Several of these ablation conditions are investigated in this chapter.
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4.2. Experimental Methods

This section provides details of the experimental methods used for all experiments in

‘he parameter survey.

4.2.1. Tissue Selection &amp; Preparation

Human and bovine artery samples were obtained within a few hours post-mortem,

disssected, snap-frozen in isopentane, and stored at -80°C until study. Upon removal from

the freezer, the samples were thawed with room-temperature neutral bufferred saline.

Bovine shank bone samples were obtained no later than 2 days post-mortem. Areas of the

bone surface exhibiting a clean, smooth cortical surface without tissue attachment were

prepared by scraping the surface with a razor blade to remove surface refuse and the

periosteum. Prepared bone samples were either used immediately, or kept frozen at -80°C

until use.

4.2.2. Laser Source Characteristics

The laser sources which were used in the ablation parameter study are listed in Table

4.1. For the wavelength and fluence dependence studies, lasers were chosen which could

deliver to the tissue surface (in conjunction with the beam quality of the laser and available

heam delivery optics) irradiances on the order of ~10# to ~106 W/mm?2. Irradiances in this

range were found sufficient to ablate calcified tissue at all wavelengths studied, while

avoiding plasma formation on the tissue surface ([Izatt et al 90b, 91a], also see below).
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Laser Type Manufacturer A (range) ‘p

(nsec)

Max. E|

(A range) |
(mJ)

10 - 500 | 0.3

Rep.

Rate

(Hz)

(nm)

Flashlamp-Pumped

Dye BN

Long-Pulse Excimer lI Questek

Third Harmonic | Continuum
Nd:YAG

Frequency-Doubled | Light Age

Alexandrite

Second Harmonic ~~ |  Laserscope

Nd:YAG

Holmium: YSGG | Schwartz! 2090 250,000 |

Hydrogen Fluoride | Lumonics | (2700- | 0. 10 | 0.5
| 2900) | 1000 |

i”

}

TABLE 4.1. Laser sources used in the ablation parameter study. Parameters

listed are wavelength range, pulse durations available, maximum energy per

pulse, and repetition rate.

4.2.3. Beam Delivery Optics

For experiments conducted using the flashlamp-pumped dye, Nd:YAG, and HF

lasers, the beam exiting the laser was focussed into a spatial filtering pinhole, and then

refocussed onto the tissue surface to insure a well-defined beam profile, as diagrammed in

Fig. 4.1. The spatial filtering setup was not available for the other lasers, in which case the

laser beam was focussed directly onto the tissue surface. The size and profile of the beam

spot on the tissue was measured by examining burn patterns on exposed polaroid film

placed at the plane of the tissue sample. With the flashlamp-pumped dye, long-pulse

excimer, Nd:YAG, and HF lasers, polaroid burn pattern profiles were calibrated using

either a reticon diode array, or by translating a pinhole through the focussed beam.

Ablation craters were drilled in a regular array on the tissue samples by positioning

them with an x-y translator during ablation experiments. This technique aided in the

identification of near-threshold craters by their juxtaposition with higher fluence craters.

Ablation was conducted either in air, or in several cases under saline and a 1 mm thick
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quartz microscope slide, to imitate the optical shield of the LAS II catheter (see section

1.5).
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FIGURE 4.1. Ablation beam delivery optics.

Laser pulse energies were monitored either in-line, or else several times during each

experiment with either a pyroelectric or thermal detector. The delivered laser fluence as a

function of radius from the crater center was obtained from the total pulse energy, E,, and

the measured radial beam profile, R(r), by the formula

Nr) = — E, . R(r).

| 2nr'eR(r")+dr’
Jv

4.
« N

1

For all lasers used in this study, the measured spot profile at the tissue surface was

approximately gaussian. Note that for a gaussian profile spot, the fluence delivered at the

crater center (where depths were measured) reduces to

0=0) = =

tal
4.  BR

where a is the 1/e radius of the gaussian spot profile.

4.2.4. Ablation Characteristics Evaluation

Representative tissue craters from each set of ablation parameters were photographed

through a high-power microscope to record qualitative impressions of the laser cut.

Ablation qualities which were observable with this method included the amount of char

present, the overall jaggedness of the cut, and the presence of large debris flakes or

particles.
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Bone samples selected for histological analysis were fixed in 5% neutral buffered

formalin, decalcified in HCI solution for 48 hours, and embedded in paraffin. Five micron

thick serial sections were cut from the embedded sample and processed routinely with

hematoxylin and eosin stain for light micrographic examination.

Crater depths were measured at their centers by monitoring the vertical travel of a

high-power microscope between focussing on the top and bottom of laser craters. Crater

diameters were measured with a calibrated eyepiece reticule on the same microscope.

Ablation debris was studied by ablating through a 500 pm diameter pinhole in a sheet

of aluminum foil placed on the tissue surface. The debris which collected on the underside

of the foil near the edge of the pinhole was examined with a scanning electron microscope.

The elemental composition of individual debris particles was determined by diffraction

analysis with the electron beam of the scanning electron microscope.

4.3. Irradiance Dependence

In the discussion of ablation in chapter 2, physical arguments are used to suggest that

irradiance (power per unit area, units W/mm?) is the parameter which determines the

ablation mechanism in calcified tissue. Since irradiances on the order of MW/mm? have

been found empirically to be attractive for hard tissue ablation, most of the data collected in

‘he present parameter survey has related to fluence, wavelength, and delivery condition

dependencies within this irradiance regime. However, sufficient information has been

obtained about irradiance dependence to qualitatively confirm the existence of different

ablation regimes. Photographs of tissue craters made at several laser irradiances are

reproduced in Fig. 4.2. Given the laser sources avaiable for the parameter study, it was not

possible to vary irradiance independent of other laser parameters. For the purposes of this

qualitative comparison, all ablation experiments were carried out in air, at a fluence equal to

a few times threshold, and at wavelengths strongly absorbed in tissue.

CW laser light with irradiance below ~103 W/mm? is commonly used to cut soft

rissue. In this case the irradiance (not the pulse duration) determines the extent of tissue

damage at the periphery of the ablation site, since irradiance determines the ablation velocity

and therefore the extent to which the heated material is removed from the crater before

thermal diffusion to adjacent tissue occurs [Partovi et al 87]. When such low irradiance is

incident on calcified tissue, however, no ablation results. Figure 4.2(a) is a picture of a

bovine bone sample which was irradiated with pulses of peak irradiance ~102 W/mm? at
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A = 532 nm from a continuously pumped, repetitively Q-switched frequency-doubled

Nd:YAG laser. Note the heterogenous structure of the charring in the irradiation spot,

corresponding to density variations in the macroscopic bone structure. This severe charring

at low irradiance is consistent with the two-component ablation model discussed in chapter

2, in a regime in which the soft component tissue is not vaporized sufficiently rapidly to

entrain and remove the apatite component structure. The hard component thus remains

behind, transferring the heat it has absorbed to adjacent tissue.

Increasing the irradiance by an order of magnitude leads to the onset of calcified

tissue ablation, although still accompanied by severe char formation. The bone ablation

crater in Fig. 4.2(b) was made with pulses of peak irradiance ~103 W/mm? from a

Ho:YSGG laser operating at A = 2.09 um. While tissue was ablated in this case at the

center of the laser spot, the edges and bottom of the crater were still blackened.

Char-free calcified tissue removal was observed for irradiances between ~104-10°

W/mm?2. Figure 4.2(c) depicts craters made with pulses of peak irradiance ~10° W/mm?

from a long-pulse excimer laser operating on XeCl gas at A = 308 nm.

At irradiances greater than ~10® W/mm?2, plasma formation accompanies tissue

ablation [Kittrell et al 86, Gitomer et al 90]. Temperatures of several thousand degrees

Celsius can be attained in such plasmas, sufficient to vaporize both hard and soft

components of calcified tissue. Figure 4.2(d) depicts a crater made with pulses of ~107

W/mm? peak irradiance from a frequency-tripled Nd: YAG laser operating at A = 355 nm, in

an experiment in which a bright blue-white plasma spark was clearly visible above the

tissue surface. While the appearance of the plasma-mechanism laser craters appears similar

to those made with two-component mechanism ablation, a qualitative difference between

the mechanisms shows up in plots of crater depth versus fluence. As can be seen in Fig.

4.10(b), as pulse fluence is increased sufficiently that the plasma formation irradiance

threshold is exceeded, the ablation crater depths cease to increase. This effect is due to the

absorption of incident laser light by the plasma itself, and leads to a decreased ablation

efficency above plasma threshold.
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FIGURE 4.2. Results on bovine shank bone of varying laser irradiance. (a)

[ ~ 102 W/mm?2, A = 532 nm, spot diameter 1 mm; (b) I ~ 103 W/mm?2,

A = 2.09 um, spot diameter S00 um.
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FIGURE 4.2. Results on bovine shank bone of varying laser irradiance. (c)

I ~ 105 W/mm?2, A = 308 nm, spot diameter 500 um; (d) I ~107 W/mm?2,

A = 355 nm, spot diameter 500 pm.
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4.4. Fluence Dependence

In all of the models of ablation discussed in chapter 2, fluence (energy per unit area,

anits mJ/mm?2) is the quantity which determines the volume of tissue removed per laser

shot. This section details the results of several experiments conducted to investigate the

fluence dependence of ablation.

4.4.1. Irradiance-Time Reciprocity

Fluence is the product of pulse irradiance and pulse duration. A test of the reciprocity

between irradiance and pulse duration in ablation was carried out using the variable pulse

durations available from the hydrogen fluoride laser. With the laser operating on the

A=2.832 um HF line, laser craters were made in bovine shank bone with two different

fluences, each constructed from five different irradiance-time combinations. At each

irradiance-pulse duration combination selected, five craters were drilled. The average of the

five crater depths at each fluence combination are plotted in Fig. 4.3; the error bars denote

crater depth measurement error. In Fig. 4.3, the circle and square data points represent

craters formed with different fluences. To within the error bars, the crater depths are

constant for constant fluence, independent of the irradiance-pulse duration combination

used to construct that fluence. Thus, within the pulse durations available in this experiment,

fluence is comfirmed as the basic quantity of dosimetry for tissue removal at A = 2.8 um.

Further evidence that crater depth scales with fluence, for irradiances typical of pulsed

calcified tissue ablation, is provided by the similarity of data from ablation at A = 355 nm

with 7.5 ns duration pulses (section 4.5), and with 400 nsec stretched pulses (section 9.3).

4.4.2. Observed Fluence Regimes

At all wavelengths studied in the irradiance range for two-component ablation, the

fluence dependence of the depth of tissue removed could be divided into three regimes: 1) a

fluence threshold, below which ablation does not occur; 2) a region of roughly linear

growth of depth with fluence; and 3) a region over which crater depth falls off from the

linear (see Fig. 10(a-j)). As derived in chapter 2, the existence of a fluence threshold is due

to the fact that the incident laser light is absorbed over some depth in the tissue, and the

tissue at the surface must reach a critical energy density before ablation can begin [Partovi

et al 87].
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FIGURE 4.3. Fluence reciprocity experiment. Crater depths are constant for

constant fluence, independent of the irradiance-pulse duration combination

used to construct that fluence.

The observed fall-off of crater depth with fluence at high fluence may be explained by

several factors. As has already been mentioned, the onset of a laser induced plasma

produces this effect, although the fall-off is also observed in the absence of a plasma.

Another contributing explanation is that absorption of incident laser light by debris created

early in the pulse leads to a fall-off for high fluences [Izatt et al 90a, Izatt 88, chapter 2]. It

should be noted that since high fluence craters were deeper than threshold-region craters,

the fall-off could be related to the effects of ablating at the bottom of a deep crater. For

example, the solid angle available for tissue ejection narrows as a crater gets deeper, so that

a larger fraction of the debris hits the walls and may fall back into the crater. The debris

contains molten calcium compounds, and may even re-plate the crater walls and bottom

with a more refractory material than native bone. In addition, if the laser light is diverging

at the tissue surface, as would happen if it were focussed there with a short depth of focus,

or if it were emerging from an optical fiber, then the expansion of the light decreases the

local fluence and leads to a fall off of crater depth as well.
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The linear portion of the depth versus fluence behavior is probably the most

interesting for many practical applications, since fiber delivery systems usually limit the

fluence it is possible to deliver to the tissue surface, and this region is usually free of

plasma effects for typical pulse durations. For this reason, all of the quantitative analysis of

depth versus fluence data in this chapter has been performed using the linear thermal

ablation model described in chapter 2. This model predicts linear growth of crater depth

with fluence, described by the parameters fluence threshold (¢g, units mJ/mm?2) and

ablation yield (Y, units mm3/J) [Partovi et al 87]. The ablation yield is the slope of the

depth versus fluence curve in the linear region. In this work, these parameters are extracted

from the data by fitting to the equation

[=Y(0— dy, (A  3)

where [ is the measured crater depth and ¢ the incident fluence. In order to include only the

linear portion of the curve in data fits, only the data between ¢, and 2+¢,, are fitted.

The steady-state ablation model seems to fit our data well, and has been sufficient to

obtain reasonable values for ¢, and Y in the near-threshold regime. However, we have

observed two situations in which crater depths are not linear with total fluence, which are

the subjects of the next two sections.

4.4.3. Dependence on the Number of Shots

Crater depths in bone were observed to be nonlinear with respect to the number of

shots fired into each crater. This effect was most pronounced for the ultraviolet

wavelengths (see section 4.5.2). Figure 4.4 shows a plot of total crater depth versus the

number of shots fired in a bone crater for the A = 355 nm wavelength. In this plot, each

data point represents a single tissue crater, and the error bars around each point represent

the instrumental error associated with measuring crater depths. As can be seen in the figure,

the later shots fired into the crater removed less tissue than the early shots.

The fall-off in crater depth with the number of shots is probably caused by the same

mechanisms which cause the fall-off in crater depth versus fluence for high fluences, as

explained in section 4.4.2 above. Of particular relevance are narrowing of the solid angle

available for debris ejection as the crater deepens, and re-plating of calcified deposits on the

crater walls and bottom between shots.
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Figure 4.4. Crater depth versus number of shots for the 355 nm

wavelength. Ablation fluence was 90 mJ/mm?,

For practical reasons, in many cases is is not possible to do all experiments in a given

study with the same number of shots per crater. In order to be able to compare results

among different experiments, the data from an experiment such as the one depicted in the

figure above can be used to correct for the expected crater depth at a different number of

shots than were actually used. Since the number of shots used does not affect the fluence

threshold, this correction takes the form of a "correction factor" which multiplies the

ablation yield.

4.4.4, Spot Diameter Dependence

Ablation of bone in air depends upon the spot diameter of the illuminating laser beam,

sven if the fluence remains the same. Figure 4.5 contains a plot of crater depths in bovine

bone as a function of spot diameter, in an experiment in which the pulse energy was

adjusted to give the same fluence of 45 mJ/mm? for all spot diameters. Each data point in

the figure represents an average over five separate bone craters; the error bars reflect the

78



standard deviation of the crater depths about the mean. Crater depths increased with the

spot diameter up to about 600 tm, at which point they evened out.
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FIGURE 4.5. Spot diameter dependence of bone ablation for fixed fluence.

The data in Fig. 4.5 does not provide direct information about the separate

dependencies of fluence threshold and ablation yield on spot diameter, since crater depth at

a given spot size depends on both of these quantities (see Eq. (4.3)). Obtaining this

information requires a complete depth versus fluence curve for each spot diameter.

Separate crater depth versus fluence studies have been done at the A = 355 nm

wavelength for two spot diameters of 170 and 1400 pum; the linear portions of the data for

both spot sizes are shown on the same plot in Fig. 4.6. Each data point in the figure

represents a single bone crater. The results of linear fits to the data for fluence threshold

and ablation yield are shown as the solid lines in the figure and are summarized in Table

4.2. The experiment at the 170 pm spot diameter was conducted with 100 shots per crater,

and the fitted yield for 100 shots per crater is listed in the fourth column of the table. In
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order to compare this data with the data taken at the 1400 pm spot diameter, the former was

corrected for the expected yield at 600 shots per crater using the results of the experiment

described in the previous section. The corrected ablation yield appears in the fifth column

of the table, and the circle data points in the plot have also been corrected. The data in Table

4.2 reveal a large difference, almost a factor of three, in both fluence threshold and ablation

yield for the different spot diameters.
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FIGURE 4.6. Depth versus fluence data for two different spot diameters at

the A = 355 nm wavelength. The lines are linear fits to the experimental

data, shown extended to the y-axis intercept.

There are several reasons to explain a variation in fluence threshold (¢) and ablation

yield (Y) with spot diameter (d). One explanation which has been offered for variation of

dg with d is that there may exist a sparse distribution of ablation "initiation sites" scattered

over the tissue surface, and the probability of the inclusion of such a site within the

illuminated spot increases with the square of d [Tobin 85]. These initiation sites could

consist of areas with increased light attenuation, or with altered tissue thermal properties.
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Spot Diameter

(mm)

Number of Shots

per Crater

Fluence

Threshold,

Original Fitted

Ablation Yield,

Ablation Yield Y

Corrected for

600 shots/crater

(mm?3/])(mJ/mm?) I (m3)
 14 600 148 | 0078 078

0.17 | 100 "36.2 0.066 026
EE.

TABLE 4.2. Dosimetry data for A = 355 nm incident on beef shank bone in

air.

An explanation which is more consistent with the data, accounting for variation of

both 0g and Y with d, has to do with the three-dimensional distribution of light in tissue.

When laser light is incident on tissue, some fraction of the light deposited by the laser is

scattered out of the volume directly under the laser spot. Light which is radially scatterred

beyond some boundary in the tissue no longer contributes to ablation. For a given constant

scattering length, the fraction of light lost in this way is larger for small spots. In the

steady-state model of ablation described in chapter 2, the observable quantities ¢, and Y are

related to the "fundamental" tissue properties h, (the heat of ablation, units J/mm3) and D

(the penetration depth of light in tissue, units mm) through the geometrical efficiency factor

Og=
.*D

£

V4

ft 1)4

ro

Xi 3)

The function f is the fraction of light not lost out of the cylinder of tissue directly

underneath the laser beam. It is wavelength-dependent, determined by the interplay of

scattering and absorption in the tissue. Since the study of light distribution in tissue 1s an

active area of research in biomedical optics, the exact form of f is not known. It is

physically reasonable, however, that it should vary with the ratio of spot diameter (d) to

penetration depth (D) with the limiting behavior:

f-&gt;0asd/D -&gt;0:;

f &gt; 1 as d/D -&gt;oo.
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According to this model, both ¢, and Y are functions of the spot diameter, for spot

diameters of the same order as the penetration depth of the light in tissue. For spot

diameters much larger than this, f ~ 1, and ablation reduces to the one-dimensional case.

Although the form of f is not known, a check of the the compliance of the

experimental data with this theory is obtained by examining the product of ¢, and Y, from

which the loss function cancels out:

h,D ff
OY =" —*p =D. (48¥

On a depth versus fluence plot, the product of the fluence threshold and the ablation yield is

just the negative of the y-axis intercept of the fitted curve. The fitted curves for both spot

diameters in Fig. 4.6 have very nearly the same y-axis intercept. In other words, although

the values for 05 and Y varied for different spot sizes, they varied cooperatively in such a

way as to predict the same value of D. Thus, D appears to be invariant with spot diameter,

consistent with it being a more fundamental parameter than the observables ¢, and Y.

An apparent inconsistency remains, however. The data in Fig. 4.5 which shows

crater depth changing with spot diameter up to ~600 wm imply that f does not approach its

limiting value until that point. Yet, the values of D from Fig. 4.6 are on the order of um.

One explanation for this is that f approaches its limit (see Eq. (4.7)) very slowly with d/D.

This does not seem physically reasonable, however, given the example f = d/(d+4-D)

derived in section 2.4.5.2 from a physically reasonable trial light distribution function.

Another explanation for this discrepancy is that D is not a constant during the ablation

process, but is altered from its value in "cold" tissue during ablation. This would also be

consistent with the spectroscopy results in chapter 3, which give an attenuation depth in

bone at A = 355 nm of ~200 um in cold tissue. The possibility of a transient change in

tissue optical properties is discussed in more detail in section 4.5.2.4 and in chapter 5.

4.5. Wavelength Dependence

The wavelength of ablating laser light controls the scale of the ablation process by

determining the attenuation of the light in tissue, which in turn determines the volume over

which energy is deposited. In order to investigate the effects of wavelength on calcified

rissue ablation, several ablation characteristics were studied over a wide variety of laser

wavelengths.
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4.5.1. Quality of the Laser Cut

4.5.1.1. Crater Appearance

The visual appearance of craters with similar diameters, and ablated with similar

doses of light (measured in terms of the number of times above fluence threshold) varied

substantially with laser wavelength. Photographs of craters made with several of the

wavelengths studied are provided in Fig. 4.7. Laser craters drilled with wavelengths

between 295 and 375 nm [Fig 4.7(a)] and near 2.8 um [Fig. 4.7(d)] were sharply cut and

followed closely the profile of the illuminating beam, with no debris particles greater than a

few um in diameter observable on the tissue surface near the craters. Craters made with

wavelengths between 450 nm [Fig. 4.7(b)] and 590 nm [Fig. 4.7(c)] had shapes which

were irregular, clearly dependent on the local morphology of the bone. In addition, flakes

of bone as large as 500 um in diameter were often found attached to the edges of the craters

or scattered nearby. For the 530 nm and 590 nm wavelengths, many craters were

substantially larger than the diameter of the illuminating beam. Craters made at the 2.1 pm

wavelength were moderately sharply cut, but exhibited severe char formation [see Fig.

4.2(c)]. The relatively low Ho:YSGG laser irradiance (~103 W/mm?2), the lowest used in

this study, probably contributed to the blackening.

4.5.1.2. Histology

Histological examination of laser craters in bone made at 308 nm and 2.8 um

indicated only a very narrow zone of thermal damage in tissue adjacent to the laser cuts

(Fig. 4.8). The histology also indicated that the crater walls were smoothly cut to within a

few tens of microns of surface roughness. Note, however, that histologic examination of

craters made in calcified tissue is of limited usefulness for distinguishing the quality of the

laser cut if the tissue is decalcified prior to sectioning, since any crater surface irregularities

caused by the presence of calcified material will be removed during sample preparation.
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FIGURE 4.7. Photographs of laser craters made in bovine shank bone by

pulses at (a) A = 355 nm; (b) A = 450 nm. In all photos, the laser spot size

was 500 um, and the laser fluence was a few times threshold. Scale: length

of bar = 500 um.

4



c)

J
4 alginate

IN

FIGURE 4.7. Photographs of laser craters made in bovine shank bone by

pulses at (c) A = 590 nm; (d) A = 2.8 um (ring-shaped beam profile). In all

photos, the laser spot size was 500 um, and the laser fluence was a few

times threshold. Scale: length of bar = 500 pm.
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FIGURE 4.8. Histologic appearance (H &amp; E stain) of craters drilled in

bovine shank bone with (a) 308nm, fluence 50 mJ/mma2, 100 shots fired,

crater diameter 500 um: and (b) 2.8 um, fluence 200 mJ/mm?2, 5 shots

fired, crater diameter 150 pum, crater involving vascular canal. Original

magnification 25x.
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4.5.1.3. Ablation Debris

Ablation debris captured in flight was studied at the 308 nm, 355 nm, and 2.8 pm

wavelengths with scanning electron microscopy. Debris particle sizes at all of these

wavelengths ranged from a few hundred nm to a few tens of im in diameter. Scanning

electron micrographs of debris collected from ablation are reproduced in Fig. 4.9. Most of

the debris visible in the photomicrographs in Figs. 4.9(a) and 4.9(b) appears as rough-

edged particles on the order of 10 pm or less in diameter, although a few particles have the

appearance of condensed droplets. A greater fraction of the debris appears as condensed

droplets in Fig. 4.9(c), which depicts ablation products from an experiment in which a

laser-induced plasma was apparent on the tissue surface during ablation. In this case, the

high temperatures occuring within the plasma were sufficient to melt a substantial portion

of the apatite portion of the bone in this experiment, after which it recondensed into

droplets on the substrate. Note also the presence of many needle-shaped particles covering

all of the surfaces of the ejecta; the shape of these particles is reminiscent of individual

calcium hydroxyapatite crystals. Figure 4.9(c) indicates another result of exceeding the

irradiance range for two-component ablation, the production of molten apatite which can

replate onto crater walls or condense into particles.

The elemental ratio of calcium to phosphorous in the debris particles at all three

wavelengths was measured by electron diffraction analysis to be approximately 5:3, which

corresponds exactly to the stoichiometric ratio of these elements in calcium hydroxyapatite,

the primary calcium salt in bone. The elemental composition, size distribution and

appearance (mostly rough-edged particles) of the debris particles in Figs. 4.9(a) and 4.9(b)

correspond to the properties of calcium hydroxyapatite microcrystallites in bone. The

relatively undisturbed appearance of these particles in the ablation debris is consistent with

the two-component ablation mechanism postulated above, in which the calcium salt

component of the tissue is accelerated out of the crater without being vaporized during

ablation.
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FIGURE 4.9. Scanning electron micrograph of ablation debris captured on

an aluminum substrate. (a) A = 355 nm, fluence ~100 mJ/mm?, 100 shots

fired, length of bar = 10 um. (b) A = 2.8 um, fluence ~200 mJ/mm?2, 100

shots fired, length of bar = 2 pm.
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FIGURE 4.9. Scanning electron micrograph of ablation debris captured on

an aluminum substrate. (¢) A = 308 nm, fluence unknown, 100 shots fired,

plasma formation observed, length of bar = 1 um.
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4.5.1.4. Discussion

The sharpest laser cuts were made by wavelengths below about 400 nm and near 3

um. The sharpness of the cuts, the small debris particle size and the minimal thermal

damage to peripheral tissue at these wavelengths are desirable features for microsurgical

applications. At these wavelengths absorption of laser light in the tissue is very strong, so

energy is deposited close to the surface. The vaporization-entrainment process described in

chapter 2 is therefore confined to a shallow layer at the surface of the tissue. As the

wavelength is increased from the ultraviolet into the visible, light is less strongly absorbed,

so that scattering plays a larger role in the light distribution. Light scattering effects can lead

to an irradiance peak below the tissue surface, resulting in a subsurface temperature

maximum [Haldorssen et al 78, Langerholc 79]. In this case vaporization can begin below

the surface, breaking the tissue above into larger particles; this results in rougher cutting. At

503 and 590 nm, where tissue absorption is weakest among all wavelengths studied, the

appearance of the laser craters suggests that spallation, in which large tissue chunks are

ejected from the surface by thermal expansion, may also play a role [Dingus et al 91]. Note

that this process may be more efficient than ablation, because the tissue 1s not thoroughly

disintegrated. This is not a desirable process, however, if sharp cuts and small debris

particles are required.

4.5.2. Quantitative Ablation Dosimetry

4.5.2.1. Crater Depth Versus Fluence

At each wavelength available for study, bone removal dosimetry was quantified by

ablating craters with varying laser fluences, and subsequently measuring the crater depths.

[n order to generate craters deep enough for reliable location under the microscope and for

accurate depth measurement, dosimetry experiments were conducted with more shots per

crater at wavelengths with low ablation thresholds. In order to be able to compare

dosimetry results, a separate depth versus number of shots experiment (see section 4.4.3)

was conducted at each wavelength. The results for all wavelengths were corrected for the

expected crater depth after 10 shots; the correction factor was one for all but the shortest

wavelengths.

Plots of crater depth versus laser fluence for all wavelengths studied are reproduced

in Figs. 4.10(a-j). The actual number of shots which were fired into each crater in the

zxperiment and the calculated correction factor for 10 shots/crater are noted on the plots.
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Unfortunately, due to limitations experienced with several of the laser sources used for the

study, not all experiments were conducted with the same spot diameter. The spot diameters

used in each experiment are also noted on the plots.

For each wavelength, the fluence threshold and ablation yield were extracted by

fitting the ablation data to Eq. (4.3). The linear fit was done to those crater depths lying

between just less than the lowest fluence at which a crater was observed, and twice that

value, as described in section 4.4.2. The data points included in the linear fit appear as

squares in the plots of Figs. 4.10(a-j); the calculated fits appear as solid lines.

Figures 4.10(b) and 4.10(g) deserve special comment, as they contain data taken at

irradiance values near the limits of the two-component ablation regime. The data in Fig.

4.10(b) was taken with a frequency-tripled Nd:YAG laser with a 7.5 ns duration pulse,

placing the irradiance during the pulse on the order of 107 W/mm?. This was sufficient to

cause plasma breakdown on the tissue surface for fluences above ~ 80 mJ/mm?2, and the

data exhibits an obvious turn at that point due to shielding of the incident light by the

plasma. The data in Fig. 4.10(g) was taken with a free-running Ho:YSGG laser, with an

irradiance of only ~103 W/mm?Z. A photograph of a crater drilled in air with this laser is

shown in Fig. 4.2(b); craters exhibited severe char formation, indicating that complete two-

component ablation was not taking place.
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at this wavelength exhibited severe char formation due to the relatively low

laser irradiance (see text).
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The data of Figs. 4.10(a-j) display a large amount of scatter. Variations can be

attributed to tissue inhomogeneities, which affect both the light distribution in the tissue and

the local mechanical environment in which ablation occurs. The particularly large variability

in the visible region of the spectrum indicates reduced predictability when ablation begins

below the surface.

4.5.2.2. Fluence Thresholds

A graph of all the fluence thresholds as a function of wavelength appears in Fig.

4.11. Fluence thresholds are also tabulated in Table 4.3. The error bars on the fluence

thresholds in the plot represent the standard error of the straight-line data fit, and are a

reflection of the amount of scatter in the data. The fluence thresholds generally increased

with wavelength through the ultraviolet and visible wavelengths, reached a maximum at 2.1

um, and were very low for all HF laser wavelengths.
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FIGURE 4.11. Fluence thresholds as a function of wavelength for all

wavelengths studied; note the breaks in the ordinate axis. The error bars

represent the standard error of the straight-line data fit, a reflection of the

amount of scatter in the data.

The steady increase in fluence threshold with wavelength from the near-ultraviolet to

the visible and near-IR, and the decrease again in the mid-IR, correlate with the changes in

attenuation depth over those wavelengths, and is consistent with the explanation of fluence

threshold as the deposition of a minimum amount of heat before ablation can begin.
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4.5.2.3. Ablation Yields

Ablation yields as a function of wavelength are plotted in Fig. 4.12, and tablulated in

Table 4.3. These ablation yields are all corrected for 10 shots per crater. In the plot, the

error bars represent the experimental error in measuring laser fluences and crater depths.

These errors were greatest for the wavelengths with the lowest thresholds, for which it was

necessary to measure the shallowest craters. Ablation yields were highest for the HF laser

wavelengths, generally decreased with wavelength through the ultraviolet, and increased

again slightly in the visible wavelength region.
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FIGURE 4.12. Ablation yields as a function of wavelength for all

wavelengths studied; note the breaks in the ordinate axis. The error bars

represent the experimental error in measuring laser fluences and crater

depths.

Changes in ablation yields with wavelength may be due to changes in the amount of

light which is scattered radially out of the ablation region. As absorption decreases, or

scattering increases, more light is lost in this way. The decrease in ablation yield from the 3

dm region, to the near-uv, to the short-wavelength visible may be due to this effect. This

rend 1s reversed around 450 nm, where the better efficiency of the spallation process

outstrips the decreasing efficiency due to light scatter.
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4.5.2.4. Penetration Depths

The quantitative ablation dosimetry data presented above provides insight into

changes which may occur in the optical properties of tissue during ablation. At the high

laser irradiances used in this study, ablation proceeds at a rate much faster than thermal

diffusion, so the primary heat deposition mechanism is by light absorption. The light

distribution profile in the tissue at any time is determined by the interplay of scattering and

absorption, but can be approximately characterized by a penetration depth D. Threshold

fluence can be considered a measure of the amount of energy per unit area which must be

deposited to bring an irradiated volume of tissue up to the ablation temperature. Ablation

yield is the volumetric energy efficiency with which that process takes place. As shown in

Eq. (4.8), the product of those two quantities is a measure of the depth to which the tissue

is heated at any time, and therefore of the penetration depth. A benefit of performing this

calculation on the wavelength study data is that the geometrical efficiency factor f due to the

three-dimensionality of the light distribution cancels out, so that the penetration depth

values obtained are automatically corrected for spot diameter variation.

Values of penetration depth obtained using Eq. (4.8) for the wavelength study data

are plotted as the circle data points in Fig. 4.13, and tabulated in Table 4.3. The error bars

on the data points in the figure are compounded from the errors on the values of ¢5 and Y.

The values obtained for penetration depths are only a few microns in the mid-IR and

altraviolet, and tens of microns in the visible.

It is interesting to compare the penetration depth values calculated from the ablation

experiments to the the penetration depth spectrum obtained for a thin bone sample in a

spectrometer, as described in chapter 3. This penetration depth spectrum, ranging from 300

to 600 nm, is plotted as the solid line in Fig. 4.13. Note, however, that the vertical axes

scales are different for the two variables; the calculated penetration depth axis (on the left) is

expanded by a factor of 50 relative to the measured penetration depth axis (on the right).

This value of 50 was not fitted from the data, but rather chosen as a value which gave good

overlap between the two graphs. The shapes of the two curves are similar in the 300 - 600

nm region, indicating that the calculated penetration depth values are roughly proportional

lo the measured penetration depth values, with a proportionality constant on the order of

50.
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One possible explanation for this sizeable discrepancy is that there is a dramatic

transient decrease in light penetration depth in tissue during ablation. Several recent reports

have discussed irreversible changes in tissue optical properties as a result of heating and

coagulation [Thomsen et al 90, Agah et al 90, Levine et al 89]. Transient changes in the

optical properties of polymers undergoing ablation have also been reported [Sauerbrey et al

89]. Further studies consistent with a transient change in calcified tissue optical properties

during ablation are discussed in chapter 5.
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Wavelength | Spot Diameter Fluence Threshold Penetration Depth
(mm) | d@m) + ¢ (mJ/mm?) D (um)

308 gs0 | 18#5 | 0o0s0+0060 1404

355 170 1 36:4 | 0066£0010' 24%04 |

375 400 B 0:17) 0051£0010 ' 2610
450 400 117460 | 007740010 | 9048 |

503 200 | 154+75 | 010240019 | 157+826 |

590 400 17393 | 0.108 +0031 | 187114 |

2100 500 | 295+s53 | 0138x0021 | 408+96

Cour 1 so 1 asia 1.86 + 1.35 |

 28% 150 | 81422 313+ 1.10 |!

 2911 150 | 12925 0.57 +0.06 7.33 + 1.61

wcc—t—

TABLE 4.3. Results of ablation wavelength study, for bovine shank bone

ablated in air. Fluence thresholds and ablation yields are uncorrected for

spot diameter variations. Ablation yield values are corrected for 10 shots per

crater.

4.6. Ablation of Different Calcified Tissues

Ablation dosimetry in bone was compared with dosimetry in calcified human aorta,

fibrous plaque in aorta, and or normal aorta wall at the 308, 375, and 2.1 um

wavelengths. The results of these experiments at the 308 nm wavelength are shown in Fig.

4.14; fitted ablation thresholds and yields are in Table 4.4. Note that the ablation yield

values in the table are uncorrected for the number of shots per crater. For all wavelengths

studied, fluence thresholds for both fibrous and calcified plaque in air were similar to

thresholds for bone ablation in air, but the ablation yields increased by a factor of 1-5 for

calcified plaque, and 2-10 for fibrous plaque. These results of similar thresholds, but

decreasing yields with increasing hardness of the tissue are essentially consistent with the

results of a recent study conducted by Taylor et al [Taylor et al 90], who studied XeCl laser

ablation of calcified plaque as a function of the degree of calcification.
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Tissue Sample Medium Fluence

Threshold

(mJ/mm?)
Fibrous Plaque _

Calcified Plaque | air

Beef Bone (fresh) | air

saline + shield | 34

114

16

6

[

Ablation Yield

(mm3/])

231
170

032

026

TABLE 4.4. Fitted ablation thresholds and yields for ablation at 308 nm in

air, and under a Imm layer of saline and a 1mm thick quartz slide.
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4.7. Ablation Under Saline and a Shield

At the 308, 375, and 2.1 um wavelengths, ablation of bone was also studied under a

1mm layer of saline covered by a 1mm thick quartz slide to simulate an optical shield

[Cothren et al 86b]. The results of these experiments at A = 308 nmalso appear in Fig.

4.14 and Table 4.4. For all wavelengths studied, the fluence threshold for bone ablation

under saline and a slide was approximately twice the threshold observed in air with the

same laser, while the ablation yield remained essentially constant.

4.8. Conclusions

With the appropriate choice of irradiance, fluence, and wavelength, a variety of

ablative effects can be achieved in calcified tissue. Irradiances on the order of MW/mm?

produce char-free cutting without plasma generation. Tissue removal is linear with fluence

up to a few times threshold, although crater depths vary nonlinearly with both spot

diameter and the number of shots fired into each crater. Ablation of calcified tissue with

visible wavelengths longer than about 400 nm creates jagged-edge craters and large debris

flakes and particles. Visible and near-ultraviolet wavelengths below 400 nm, as well as

wavelengths near 3 um, are capable of cutting with resolution and debris particle sizes on

the order of tens of wm, allowing for the possibility of tissue micromachining. Ablation

dosimetry studies indicate that those laser wavelengths which exhibit the sharpest cutting

also have the lowest fluence thresholds and the highest ablation yields. Calculated values of

penetration depth in tissue during ablation are dramatically smaller than attenuation depth

values measured spectroscopically in tissue not undergoing ablation. Ablation thresholds in

soft tissue and calcified plaque are approximately the same of lower as for bone, but

ablation yields are higher. Fluence thresholds for ablation under saline and a shield are

approximately twice air thresholds.
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Chapter 5

Time-Resolved Ablation Studies

The high irradiances required for calcified tissue ablation [see chapter 4] have several

effects which combine to make it an extremely violent, complex process. The gasdynamic

ablation model described in section 2.4.6 indicates that irradiances on the order of

MW/mm? lead to ablation front velocities on the order of meters per second and tissue

surface temperatures on the order of several hundred °C. Blast waves are also predicted to

result from pulsed ablation, with velocities up to several times the speed of sound being

driven by pressures of tens of atmospheres.

These considerations have stimulated interest in time-resolved ablation studies,

including fast photographic and spectroscopic studies [Prince et al 86, Puliafito et al 87,

Dyer et al 88, Srinivasan et al 89, Izatt et al 90b, Izatt et al 91a, Walsh et al 91]. Studies of

this type are useful for evaluating models of the ablation process, since they provide direct

information concerning 1) the time evolution of the ablation process in the tissue; 2) shock

wave formation and propagation above the tissue surface; and 3) ablation debris formation,

composition, and ejection. In this chapter, results from laser strobe photography of ablation

are presented which provide information relevant to all of these aspects of ablation.

The studies presented in this chapter are also relevant to the wavelength dependence

of the ablation. The two-component model of calcified tissue ablation [chapter 2] assumes

that all laser energy absorbed in the tissue is quickly transformed into heat, independent of

the particular absorbing chromophores at any given wavelength. This is in direct contrast to

models of ablation which distinguish ablation mechanisms based upon modes of light

absorption; for example, several authors have suggested that photochemical processes

make ultraviolet laser ablation inherently different from infrared ablation [Srinivasan 86,

Grundfest et al 85]. The laser strobe photographic and debris composition studies

presented here of both near-ultraviolet and mid-infrared ablation allow for direct

comparison of ablation dynamics and results.

Finally, the dynamics of the ablation process in calcified tissue are investigated by

ablating with two pulses separated by a variable time delay. The results of these studies
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have practical consequences for the design of laser delivery systems, and also provide

insight into ablation mechanisms.

5.1. Methods for Monitoring Tissue Properties During Ablation

Transient changes in tissue properties during ablation are implied by some of the

results presented in this chapter and the previous one. Several reports in the literature have

recently discussed irreversible changes which occur in tissue optical properties as a result

of heating and coagulation [Thomsen et al 90, Agah et al 90, Levine et al 89. Theoretical

and experimental studies have been conducted of transient changes in optical properties of

organic polymeric materials during ablation, including the effects of two-photon absorption

{Sauerbrey et al 89, Kuper et al 87, Gorodetsky et al 85, Srinivasan et al 86, Srinivasan et

al 87b, Cole et al 86, McGimpsey et al 87]. Published reports of transient changes in

optical properties in tissue during ablation have not yet appeared.

In general, at least two methods are available for determining how tissue properties

change during ablation. The first is to study macroscopic ablation characteristics and

dosimetry, and then infer what processes must have occurred while ablation was occurring

to produce the observed results. This is the method which was used in chapter 4, in which

transient changes in tissue optical properties were postulated, based upon ablation

dosimetry measurements. The main problem with this approach, however, is that it is

heavily model-dependent. In the case of the previous chapter, for example, the inference of

a drastic increase in light attenuation during ablation was based on the thermal model of

ablation. This model has not been independently verified for calcified tissue ablation.

The second method for monitoring tissue properties during ablation is to probe the

tissue in real time. In the next section, experiments are described in which the region above

the tissue surface has been probed in real time with fast laser strobe photography. Although

these experiments contribute information about ablation mechanisms, they do not directly

probe tissue properties. Experiments which do probe tissue properties directly, for example

by monitoring thin section optical properties in real time, are possible (see chapter 7),

although they are difficult to do and interpret.

A compromise approach, and the one which is taken in the later sections of this

chapter, is to probe tissue properties by examining the macroscopic ablation results of

specially designed experiments. In the case of the experiments described below, ablation

with two pulses is studied as a function of the time delay between them. The resulting
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analysis is still model-dependent, but at a more fundamental level than previously. It is

possible to probe the role of thermal diffusion in ablation, for example, by using pulse

separations characteristic of thermal diffusion over distances typical of optical penetration

depths in tissue. By putting the time resolution into the experiment, rather than the

observation, it is possible to probe the important physical processes individually, without

the equipment necessary to monitor them in real time.

5.2. Fast Laser Strobe Photography of Ablation

Several investigators have photographed ablation plumes above tissues and other

materials. Prince et al [86] photographed plasma-mediated ablation of calcified plaque with

usec duration visible light pulses. Puliafito et al [8§7b] discussed the appearance of ablation

debris following excimer laser ablation of cornea. We have published strobe photographs

of bone ablation with mid-infrared and near-ultraviolet wavelengths [Izatt et al 90b, Izatt et

al 91a]. Walsh and Deutsch [91] studied Er:YAG laser plume dynamics. Considerable

experience also exists in the strobe photography of polymer ablation. Srinivasan et al [89]

nhotographed excimer laser ablation of polyimide; Dyer and Sidhu [88] also included fast

spectroscopic studies. While many of these studies have concentrated on the results of

ablation of a particular substrate with a particular laser with a specific application in mind,

the attempt has been made here to perform these studies in such a way as to allow for

comparison of ablation results across a variety of ablation parameters.

The formation of a shock wave during calcified tissue ablation is a consequence of the

explosive nature of the ablation process, and has been cause for concern about accessory

damage to peripheral tissues and laser energy delivery devices [Doukas et al 90, Flotte et al

90]. Particularly good images of ablation-induced shock waves are included here, including

their observation at the shortest time yet reported (25 nsec). Also, studies of shock wave

affects on a simulated laser catheter face are reported.

5.2.1. Experimental Setup

A schematic of the experimental setup used for fast laser strobe photography of

ablation appears in Fig. 5.1. In all experiments two separate lasers were used; one to ablate

the tissue, and another to provide the illumination strobe pulse. The ablation laser beam

passed through an aperture placed directly in front of the laser, and was formed into a

reduced image of the aperture on the tissue surface by a 25 cm focal length lens. This

arrangement produced a uniform, reproducible spot on the tissue with a diameter
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controllable through adjustment of the aperture. The strobe laser beam, which also passed

through a limiting aperture, was made to pass directly above the tissue surface orthogonal

to the ablation laser beam. The region above the ablation site which was illuminated by the

strobe laser beam was imaged by a stereomicroscope fitted with a camera for observation

and photographic recording.
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FIGURE 5.1. Experimental setup used for fast laser strobe photography of

ablation.

The wavelengths and pulse durations of the ablation and strobe lasers which were

used for the experiments are listed in Table 5.1. The delay between the ablation and strobe

lasers was controlled electronically, and was continuously variable from zero separation to

L00 ms separation. For the A = 355 nm ablation photography setup, the pulse separation

jitter was 1 ns, allowing for precise, reproducible control over the pulse separation timing.

For the A = 2.8 um ablation photography setup, the pulse separation jitter was

approximately 200 ns; in this case, the actual pulse separation for each pair of shots was

monitored on an oscilloscope with an accuracy of 10 ns.

Ablation Wave-

length Region

Ablation Laser

Wavelength | Pulse Duration |
 nm) (ns)

Near-Ultraviolet | _ 355

Mid-Infrared 1 2800 350 +
rls.

Strobe Laser

Wavelength | Pulse Duration

(nm) (ns)

596 | 7
son 500

(O7



TABLE 5.1. Ablation and strobe laser parameters for fast laser strobe

photography of ablation.

As can be seen in Fig. 5.1., two separate imaging geometries were available. In the

first geometry, hereafter designated as the scattergraph, the stereomicroscope was

positioned to collect light scattered by ablation debris at a large angle (~90°) from the strobe

laser beam. This arrangement avoided interference in image formation from light diffracted

at low orders from the strobe beam, and therefore allowed the imaging resolution to

approach the limit set by laser speckle in the strobe beam [Svelto 82]. Speckle in the strobe

beam was kept to a minimum through the use of a broadband dye laser as the strobe

source. By using the full 20 nm bandwidth of Kiton Red 620 laser dye, the coherence

length of the strobe laser was reduced to

AZ (600 nm)2
AX =An 200m 20 um. (5.2

This coherence length was similar to the resolution capability of the microscope, and the

photographs which resulted do not exhibit speckle patterns. It should be noted, however,

that structures with dimensions less than ~20 pm are not resolvable in the photographs.

The second imaging geometry used was the shadowgraph. In this arrangement, the

stereomicroscope was positioned directly in the strobe beam in the shadow of the ablation

debris. This setup produced a complicated pattern of diffraction rings in the region of the

ablation debris, providing poor imaging resolution there. However, blast waves

propagating ahead of the ablation debris were clearly visible. A blast wave is a

classification of shock wave for which no energy is supplied behind the shock front after

initiation [Ready 71]. It can be shown that the shadowgraph is sensitive to variations in the

second derivative of the index of refraction of the material in the object plane [Dubovik 81].

This is because if the refractive index or its gradient remains constant throughout the

illuminated area, all rays will be either deflected, focussed or defocussed equally; it is only

if gradient itself changes that the deflection of rays will vary. The strong bimodal pressure

wave in a shock front induces a strong variation in the index of refraction of the air, which

shows up in a shadowgraph as an adjacent pair of bright and dark bands.

Bovine shank bone samples were obtained no later than 2 days post-mortem. Areas

of the bone surface exhibiting a clean, smooth cortical surface were prepared by scraping
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the surface with a razor blade to remove the periosteum. Prepared bone samples were either

used immediately, or kept in a refrigerator until use. Bone samples were ablated in air.

5.2.2. Strobe Photography of Ablation -- Results

An overview of ablation strobe photography results as a function of strobe delay

appears in Fig. 5.2(a-c). Figure 5.2(a) contains shadowgraphs of ablation at A = 355 nm,

and scattergraphs of ablation at A = 355 nm and at A =2.8 um are in Fig. 5.2(b-c),

respectively. The strobe delays are noted below the photographs. All photographs in Fig.

5.2 were taken at the same magnification, which is noted in the figure caption.

The A = 355 nm shadowgraphs in Figure 5.2(a) include the earliest strobe delay

photographs obtained in the study, starting at just 25 nsec separation between the start of

the 7.5 nsec duration ablation pulse and the start of the 6 nsec duration strobe pulse. While

just barely discernable in Fig. 5.2(a), examination of a greater enlargement of the 25 nsec

strobe delay photograph unmistakably reveals the presence of a blast wave above the tissue

surface at this early time. It is interesting to note the irregularity of the blast wave at strobe

delays up to ~500 nsec. It is apparent from those photographs that ablation may have begun

at several distinct sites on the tissue, and it is not until ~1 psec that the blast waves from

these separate events coalesce to appear as a single spherical wave. At a strobe delay of 5

usec, the blast wave had already escaped part of the photographic field of view, and at

longer strobe delays it was no longer visible at all.

The first resolvable debris particles in the A = 355 nm scattergraphs in Fig. 5.2(b)

were also visible very early, by 100 nsec. At 5 usec strobe delay, the fastest visible ejecta

had almost travelled the 3 mm to the top of the photographic frame, and the entire debris

distribution was visible. On these photographs, individual debris particles appear as small

points, but clumps of particles as large as 100 im in extent also appear. By 50 psec strobe

delay, most of the particles had escaped the field of view, and only a few large clumps and

a mist of very small debris remained.

The A = 2.8 um scattergraphs in Fig. 5.2(c) are positioned in the same locations on

the page as the A = 355 nm scattergraphs for the same strobe delay on the previous page.

A few technical differences, as well as the different ablation wavelength, separate the

photographs for these two. First, the A = 2.8 um scattergraphs were taken with a 500 ns

strobe pulse duration, long enough so that debris particles appeared as streaks rather than

as localized particles frozen in time. Second, the ablation fluence in the A =2.8 um
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experiments was approximately five times the fluence in the A = 355 nm experiments,

with the result that a greater quantity of debris was ejected. Finally, due to the excessive

jitter of the pulse separation timing in the A = 2.8 um ablation strobe photography setup,

strobe delay times of less than 5 [sec were not available.

The scattergraph reproduced in Figure 5.3 illustrates the effect on the ejected debris

when the laser was fired into a deep hole in the tissue. This photograph was taken of the

five hundredth shot into the tissue of the A = 355 nm wavelength laser at a fluence of 40

mJ/mm?2. The previous 499 shots had prepared a cylindrical crater in the tissue

approximately 500 um deep, or about twice as deep as the beam width at the surface. The

debris particles emerged from the tissue crater much more collimated than debris ablated

from the surface.

The dependence of blast wave formation and strength on the fluence of the ablation

laser was probed with a series of strobe photographs reproduced in Fig. 5.4. In this series

of photographs, the strobe delay was fixed at 1 psec, and the fluence was increased from 1

to 7 times threshold at A = 355 nm. The blue-white flash appearing in the photographs

beginning at three times fluence threshold was a plasma generated by the ablation laser

pulse. The plasma was visible in the strobe photographs since it was self luminescent, and

the camera shutter was open for a long time on the scale of the strobe delay. Thus the

photographs provide no information concerning the time evolution of the laser-generated

plasma.
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FIGURE 5.3. Scattergraph of ablation caused by the 500th shot of a

A = 355 nm, 7.5 ns duration pulse at 40 mJ/mm?, illuminated after 10

usec strobe delay by a A = 600 nm, 7.5 ns duration strobe pulse.
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The final series of strobe photographs illustrates the effect of a simulated catheter

shield on blast wave propagation. In these photographs, reproduced in Fig. 5.5, a glass

microscope slide was positioned above the tissue target, and the tissue was irradiated

through the slide. Shadowgraphs were taken with 1 psec strobe delay.

In the first three photographs, the shield was advanced toward the tissue until it

intercepted the blast wave. The blast wave was not discernably reflected from the

microscope slide. The ablation laser was fired many times with the slide just 500 pm from

the tissue surface, coating the shield with ablation debris. For the fourth photograph, the

dirty slide was moved 1 mm away from the tissue surface. A second blast wave, resulting

from ablation of debris from the dirty shield, was clearly evident.

5.2.3. Strobe Photography of Ablation -- Discussion

It is interesting to compare the scattergraphs of ablation at A =355nmand A =2.8

um in Fig. 5.2(b-c). Recall that the strobe pulse for ablation at A = 2.8 um was longer

than for ablation at A = 355 nm, resulting in the debris particles appearing as streaks, and

that more tissue was removed by the infrared laser pulses because they were many times

fluence threshold. Except for these differences, the scattergraphs of ablation at these widely

separated wavelengths appear remarkably similar. The smallest particles visible in the

photographs in both cases were travelling ~600 m/s, with larger clumps of debris up to

~100 pum in extent travelling more slowly away from the tissue surface. Scanning electron

micrographs of debris from ablation at A = 355 nm and at A = 2.8 pm were discussed in

chapter 4, appearing in Fig. 4.9(a-b). The size distribution of particles from ablation at the

two wavelengths was found to be very similar, while the composition of the particles was

measured to be identical. The debris in the photomicrographs in chapter 4 was obtained

under ablation conditions very similar to the conditions present in the scattergraphs in Fig.

5.2, so it is reasonable to assume that the photomicrographs accurately reflect the

microscopic appearance of the debris in flight in the scattergraph photos. Thus, even at

times as short as a few hundred ns after the ablation pulse, there is very little difference

observable above the tissue surface between ablation caused by near-ultraviolet and mid-

infrared light.

Additional information is available from the scattergraphs concerning the angular

distribution of debris ejection during ablation. The solid angle over which debris was

ejected in the photographs in Fig. 5.2 was ~1.8= steradians for A = 2.8 pm ablation, and

 | 17



-0.67 steradians for A = 355 nm ablation. This difference is probably due to the amount

of debris created in the two cases. When ablation occurred at the bottom of a ~500 um deep

crater, however, in Fig. 5.3, the ejected debris was nearly collimated, coming out over

~0.17 steradians. The debris in this case was probably initially ejected over a larger solid

angle, but a fraction of the particles encountered the crater walls and either 1) were

deflected back toward and out of the crater opening, 2) fell back to the crater bottom, or 3)

plated onto to the crater walls. These observations are consistent with the results from

sections 4.4.2 and 4.4.3 that ablation is less efficient at high fluence and for large numbers

of shots per crater, since each of these circumstances involve ablating at the bottom of deep

craters.

The position of the blast wave produced by 40 mJ/mm?2, 7.5 ns duration pulses at

A = 355 nm as a function of strobe delay is plotted in Fig. 5.6. The blast wave positions

plotted in the figure are an average of two measurements from each photograph: the radius

of the blast wave perpendicular to the tissue surface, and one-half of the blast wave

diameter at the tissue surface. Except for the very first measurement on the plot at 50 ns, all

of the data points fall close to a straight line on the log-log plot; the least-squares linear fit to

this data has a slope of 0.61, and is overlayed on the data. Although the velocity of the

blast front was a function of time and fluence in all cases blast wave velocities were on the

order of 1000 m/s, consistent with the predictions of the gasdynamic model of ablation

(section 2.4.6).

118



 wn
=
©
©

aS

D
=
©

&lt;.
fd

 wn
©
 mM

10mm -

1mm -

 yy TTY A——

Plane Wave

Slope = .667 pd BA Wave
Slope = .500 &amp;yd

~

~ Spherical Wave

Slope = .400

rt

2
 4

Data

Slope = .61

a
-’

100 um

0-1S '00 ns 10 us

Strobe Delay

FIGURE 5.6. Blast wave position versus time strobe delay. Ablation was

caused by A = 355 nm, 7.5 ns duration pulse at 40 mJ/mm?, illuminated

by a A = 600 nm, 7.5 ns duration strobe pulses.

The slope of the blast wave versus strobe delay data may be compared with the

expected scaling of blast wave radius with time predicted from dimensional analysis,

derived in Sedov [59]. This analysis predicts that the blast wave radius should scale with

(ime to the 2/3 power in one dimension, to the 1/2 power in two dimensions, and to the 2/5

power in three dimensions. These cases correspond to plane, cylindrical, and spherically

expanding blast waves, respectively. The slope of the blast wave data from the

shadowgraphs, however, is approximately 0.6, even though the appearance of the blast

waves are clearly spherical. Other authors have also reported the observation of apparently

spherical blast waves with faster than expected growth. Srinivasan et al [89] reported a time

exponent of 0.76 for 248 nm light ablating PMMA, and Walsh et al [91] found superlinear

growth (time exponent 1.1-1.6) for 2.9 um light ablating human skin. One explanation for

these findings is that some exothermic process, perhaps combustion in the ablation plume,

contributes energy to the expanding gases.
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The first few photographs in the series in Fig. 5.4 illustrate that the velocity of the

blast wave initially increased with pulse fluence. Figure 5.7 contains a plot of the blast

wave radius as a function of fluence. Each data point in the figure represents information

from one shadowgraph; the error bars are an estimate of the pulse-to-pulse variability. As

seen in the figure, the blast wave radii are a decreasing function of fluence, probably due to

increasing absorption by the plasma which effectively shields the tissue surface.
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FIGURE 5.7. Dependence of blast wave radius on fluence, for A = 355 nm,

7.5 ns duration pulses, illuminated by A = 600 nm, 7.5 ns duration strobe

pulses.

Finally, the blast waves produced during ablation of bone at A = 355 nm appear to

have no effect on a simulated laser catheter shield. This includes observation of neither

shield damage, nor reflection of the shock front back into the tissue. Tissue debris which

collects on the shield over time is ablated, however, accompanied by a very similar blast

wave to that produced by ablation of native tissue.
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5.3. Ablation with Sequenced Pulses

Experiments designed to investigate the dynamics of tissue ablation in a time-resolved

manner contribute both to the development of accurate models of the ablation process, and

also to practical solutions of clinical problems involving tissue removal. While fast strobe

photography of ablation yields important information about the results of ablation above the

tissue surface, the information it yields about processes occurred within the tissue can only

be inferred.

This study probes the ablation process directly by examining the characteristics of

calcified tissue ablation with two pulses separated by a variable time delay. Investigation of

the time dependence of ablation with sequenced pulses yields clues about the physical

processes which contribute to ablation. For example, the role of thermal storage of laser

energy during ablation is probed by performing ablation with pulses separated by delays

characteristic of thermal diffusion times. In addition, information may be inferred

concerning the role of transient changes in tissue optical and thermal properties which may

occur during ablation, and the time constants for those changes.

The information gained in the present study was critical to the design of the prototype

system for laser angiosurgery, described in Part II of this thesis. Information about ablation

dynamics may be alternatively cast as information about the "memory time" of tissue during

ablation, which can then be compared to, and optimized with respect to the recovery time

for avoiding optical damage in fibers.

5.3.1. Experimental Methods

Two identical Q-switched Nd:YAG lasers emitting 7.5 nsec duration, A = 1.064 nm

pulses at 10 Hz were used to perform ablation experiments. For single wavelength

experiments, the third harmonic of each laser (A = 355 nm) was used. For dual

wavelength experiments, one laser was operated at the Nd:YAG second harmonic

{A = 532 nm), with the other operating at the third harmonic. The pulse separation

between the two laser firings was controlled by a variable electronic delay circuit between

the laser Q-switch triggers. The pulse separation jitter was &lt;10 nsec. Pulse separations

were measured on an oscilloscope with a fast diode.

Each Nd:YAG laser emitted a cylindrically symmetric beam with a diameter of 6 mm.

[he beam irradiance profiles were measured to be uniform to within 10% over their inner 3
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mm of radius, and less uniform outside of that radius. The beams exiting the two lasers

were overlapped in position and direction with a 50% reflective beamsplitter, as shown in

Fig. 5.8. The inhomogenous outer portions of the beam profiles were blocked with a 3 mm

diameter aperture. Light passing through the aperture was directed through a 25 cm focal

length lens to create a 1.4 mm diameter, demagnified image of the aperture on the tissue

surface. This scheme of re-imaging the known, uniform light distribution within the

aperture onto the tissue surface assured a top-hat profile ablation spot. Complete overlap of

the beams from the two lasers was checked both at the aperture and at the tissue surface by

~xamining burn patterns made on exposed polaroid film.
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FIGURE 5.8. Schematic of sequenced pulse ablation experiment.

Pulse energies were measured several times during each experiment with a thermopile

detector placed immediately after the beam limiting aperture. Crater depths were measured

at their centers by monitoring the vertical travel of a high-power microscope between

focussing on the top and bottom of laser craters.
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The tissue studied in the experiments was bovine shank bone. Bone samples were

obtained no later than 2 days post-mortem. Areas of the bone surface exhibiting a clean,

smooth cortical surface were prepared by scraping the surface with a razor blade to remove

the periosteum. Prepared bone samples were either used immediately, or kept in a

refrigerator until use. Ablation was done in air.

5.3.2. Determination of Threshold Fluence

A careful choice of working fluence was essential for obtaining statistically

significant, reproducible results. Optimal discrimination in crater depth was obtained with

each pulse just below fluence threshold, so that two completely overlapped pulses delivered

almost twice threshold, while pulses separated by long times did not remove any tissue

(there was a slight amount of tissue charring, probably due to heat buildup at the 10 Hz

laser repetition rate -- see section 2.3.2).

In order to accurately determine threshold fluence for the relevant tissue and laser

parameters, a crater depth versus fluence study using single pulses with the sequenced

pulse ablation setup was carried out. The results of this study, obtained using 600 shots per

crater (60 seconds at 10 Hz) on beef bone at the 1.4 mm spot diameter, have already been

discussed in chapter 4. They are plotted in Fig. 4.6, and the fitted values for fluence

threshold and ablation yield are listed in Table 4.2.

Based on the data in Table 4.2, a working fluence of 13 mJ/mm?2 was chosen as a

value which would give no crater at infinite pulse separation, and craters on the order of 1

Lum per shot at zero pulse separation (complete temporal overlap). Except where specifically

noted, all sequenced pulse experiments in this chapter were done with a 1.4 mm spot

diameter.

5.3.3. Single Wavelength Sequenced Pulse Ablation -- Results

Ablation with sequenced pulses was carried out with each laser delivering a fluence of

13 mJ/mm? to the tissue surface, for pulse separations (Tsp) varying logarithmically

between 1 nsec and 100 msec. Three qualitative changes occurred in the appearance of the

laser craters over this range. For 1s, between 1 nsec and 10 usec, laser craters had smooth

bottoms and only mild discoloration (charring) on the sides. At a Tgp of 20 usec, the

bottoms of the craters began to take on the appearance of valleys separated by char-covered

peaks. As Tq, was increased from 20 psec to 10 msec, more and more char-covered peaks
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appeared, although deep valleys were still evident. Finally, at a Tsp of 100 msec, there

were no valleys and no evidence of tissue removal. The bone surface was completely

covered with char.

Quantitative measurements of crater depth as a function of pulse separation are shown

in Fig. 5.9. Five craters were drilled at each value of tT and averaged to give the data values.

The error bars on the data between Tgp = 1 ns and Tsp = 1 Hsec represent the standard

deviation among the crater depths measured for those pulse separations. Measurement of

crater depths for Tg, values between 2 psec and 10 ms was complicated by the crater

geometry. Average crater depths were estimated by measuring the depth of the valleys in

the craters, and estimating the percentage of the crater bottom area which was at that depth.

The error bars for those t values were based on both the standard deviation of the depth

measurements, and the error associated with valley area estimation.
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5.3.3.1. Discussion of Single Wavelength Results

Several aspects of the pulse separation dependence of sequenced pulse ablation

deserve comment. First, the effect of individual sub-threshold pulses is not permanent;

with sufficient delay, all memory of each pulse is lost. The data points at the longest pulse

separation in Fig. 5.10, Tsp = 100 msec, were taken with 600 shots at 10 Hz. Although

there was some charring, no tissue removal was observed.

Second, the tissue did not differentiate between pulse separations of up to a few

hundred ns, indicating that pulse contiguity is not essential—the tissue "remembers" the

presence of the first pulse over this period. Beyond this time, crater depth decreased

monotonically to zero over 6 decades of pulse separation. Thermal diffusion of the heat

deposited in the tissue by the first pulse probably contributes to the decrease in crater depth

in the ps to ms regime, since these times are characteristic of thermal diffusion over

distances typical of optical penetration depths in tissue. However, the fall-off is too gradual

to be explained by simple thermal diffusion (i.e. with constant optical and thermal

parameters), since most of the heat deposited by the first pulse would diffuse out of the

volume to be illuminated by the second pulse within a few thermal time constants.

Thermal diffusion might not be the only source of energy loss. Processes such as

radiative cooling and coupling into acoustic modes of the tissue might also contribute to

dissipate the energy delivered by the first pulse. Transient changes in the optical and/or

thermal properties of the tissue could also contribute to the extended fall-off time. The first

pulse could produce a transient change in the attenuation coefficient, for example, by

populating a long-lived electronic triplet state. The attenuation coefficient could also be a

function of local tissue temperature. Transient changes in thermal diffusivity could also

extend this interaction time.

The memory time during which the tissue is insensitive to pulse separation may be

ased to advantage in the design of optical fiber light delivery systems. The memory time of

the tissue may be directly compared to the memory time of fused silica, the best waveguide

material in the near ultraviolet region. In experiments described in chapter 7, the recovery

time for avoiding optical breakdown between irradiation with sequenced pulses in fused

silica substrate samples was observed to be less than ~10-15 nsec, consistent with

electronic relaxation processes in the dielectric [Albagli et al 91]. This difference in

characteristic times between the two materials opens a window of between ten and a few
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hundred ns over which ablation light may be delivered without inducing optical fiber

damage and yet without diminishing ablation. This has been used to advantage in the

design of the prototype laser angiosurgery system described in Part II of this thesis.

5.3.4. Dual Wavelength Sequenced Pulse Ablation -- Results

A striking and potentially useful effect was observed when the second pulse in the

sequenced pulse experiment was replaced with a pulse of another wavelength, the A = 532

nm second harmonic of the Nd:YAG laser. In the study of bone ablation dosimetry in

chapter 4, craters drilled with single pulses of A = 355 nm light exhibited sharp cuts at

their margins and the solid debris from the ablation process was found to be composed

mostly of hydroxyapatite granules on the order of a few im in diameter. Craters drilled in

the A = 450-600 nm wavelength region, on the other hand, were very roughly cut, often

extending beyond the boundaries of the illuminating beam, and large flakes and particles of

debris were found attached to the edges of the craters and otherwise strewn about. The

cutting quality exhibited by a laser wavelength was not found to depend upon the spot

diameter, except of course that a given degree of cutting roughness appeared worse

compared to a small crater.

Figure 5.10(a) illustrates the quality of the laser cut obtained by a sequence of 30

mJ/mm? at A = 355 nm followed by 30 mJ/mm?2 at A = 532 nm with 200 nsec pulse

separation. The light was delivered by a 200 um core optical fiber, which was in contact

with the tissue. Each pulse alone was below fluence threshold for that wavelength and spot

diameter, so the ablation crater was made by a cooperation between both wavelengths. For

reference, the gross appearance of a typical bone cut on a larger crater in the 450-600 nm

wavelength region is reproduced in Fig. 5.10(b) (also see Fig. 4.7(b-c)). Strikingly, the

crater made with the combination of wavelengths exhibited a cutting quality far superior to

craters made with any of the visible wavelengths; in fact, the cutting quality was equal to

craters cut with the A = 355 nm wavelength alone.

The dependence of dual wavelength sequenced pulse ablation crater depths on pulse

separation are also plotted in Fig. 5.9. The square data points in the figure were obtained in

the same manner as for the single wavelength study; each dual wavelength data point is an

average over three tissue craters. The dependence of crater depth on pulse separation for

those data points was very similar to the results for single wavelength sequenced pulse

ablation. Note also that the dual wavelength crater depths were about one fourth of the

single wavelength crater depths at all positive pulse separation times.
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(b)

FIGURE 5.10. (a) Crater in bovine bone from dual wavelength ablation at

A = 355 + 532 nm, 200 nsec pulse separation, spot diameter = 200 tm,

® = 2 x 30 mJ/mm? exhibits excellent cutting characteristics. Length of

bar = 200 um. (b) Bone crater from single pulses at A = 503 nm, spot

diameter = 500 um. Crater is larger than laser spot and exhibits rough

cutting. Length of bar = 500 um.
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Figure 5.11 illustrates the behavior of dual wavelength ablation as the fluences at both

wavelengths were independently varied. The pulse separation was fixed at 100 nsec, with

the A = 355 nm pulse always coming first. Each data point represents the measured depth

of one bone crater. Note that for sufficiently high A = 532 nm fluences, though still below

threshold for A = 532 nm alone, even A = 355 nm pulses well below threshold were

sufficient to begin the ablation process. All bone craters in this matrix exhibited a quality of

cut at least equal to the crater reproduced in Fig. 5.10(a).
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first.

128



5.3.4.1. Discussion of Dual Wavelength Results

The similarity in the time dependence of the dual wavelength studies to the single

wavelength studies, illustrated in Fig. 5.11, suggests that the same physical processes are

involved. Craters made with two wavelengths were shallower than craters made with one,

consistent with a smaller attenuation coefficient at A = 532 nm than at A = 355 nm.

The ability to ablate with a combination of A = 532 and A = 355 nm light while

maintaining excellent tissue cutting quality suggests an application in which a small quantity

of ultraviolet "priming" light is followed by a larger quantity of visible "cutting" light. This

possibility is especially attractive if the visible light is substantially cheaper to produce

and/or deliver to the tissue surface than the ultraviolet light, which is certainly the case with

present laser sources and optical fibers.

5.4. Conclusions

Fast laser strobe photography reveals that bone ablation with near-ultraviolet and mid-

infrared light have very similar results above the tissue surface. Using a shadowgraph

viewing configuration, blast waves resulting from ablation areclearly. visible. Blast waves

generated by A = 355 nm ablation of bone grow with time to the 0.6 power. Blast wave

velocity increases with ablation fluence until plasma shielding of the incident light occurs.

The blast waves have no discernable effect on a simulated laser catheter.

Sequenced pulse ablation studies indicate that bone is insensitive to pulse separation

over the first few hundred ns. Crater depths fall off monotonically beyond this time,

indicating either that competing physical mechanisms combine to contain and dissipate the

energy deposited by the first pulse, or that transient changes in the optical and/or thermal

tissue properties occur which modulate the energy deposition and/or dissipation processes.

Dual wavelength sequenced pulse ablation studies exhibit approximately the same

temporal behavior as the single wavelength studies, and illustrate that two sub-threshold

pulses of different colors may combine to ablate tissue with the cutting characteristics

determined by the more strongly absorbed wavelength. This effect may prove useful in

medical applications such as the delivery of ablation light through optical fibers to locations

within the body.
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PART II

A PROTOTYPE SYSTEM FOR LASER

ANGIOSURGERY
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Chapter 6

Design Considerations for the LAS II System

In Part II, a prototype clinical system is described which has brought the research on

calcified tissue ablation described in previous chapters into practical application. The

clinical application chosen in this case is laser treatment of coronary artery disease.

Methods for laser treatment of atherosclerosis have been outlined in section 1.5. That

section included a brief description of the salient features of a new system for laser

angiosurgery, the MIT LAS II system. As mentioned there, development of the LAS II

system at MIT included three major technical innovations: design of the LAS II catheter,

design and implementation of a clinically effective ablation and light delivery scheme, and

invention of a tissue fluorescence-based catheter guidance system. The primary

contributions of the author to the LAS II system, and the subject of Part II of this thesis,

fall into the second category.

This first chapter of Part II treats the design of the LAS II "ablation subsystem" in

more detail, including the details of the choice of the ablation laser, and the implications of

the design of the LAS II catheter for ablation subsystem engineering. The remaining

chapters in Part II deal with limits imposed on system design by high-irradiance laser light

conduction in optical fibers, the engineering of the working prototype system, and tissue

dosimetry studies using the completed LAS II system.

6.1. Choice of the Ablation Laser

Successful laser recanalisation of coronary arteries containing complicated

atherosclerotic plaque requires a light source capable of ablating densely calcified tissue

with a desirable clinical end point, without destroying the optical fibers in its own delivery

system. For this reason, some understanding of the mechanisms of both laser ablation of

calcified tissue and laser-induced breakdown of optical fibers is a prerequisite to selecting a

suitable ablation laser. The preceding chapters in Part I of this thesis have described

progress which has been made in understanding the physical mechanisms of the calcified

lissue ablation process, and their manifestations in terms of tissue cutting quality and

dosimetry. Some recent work which has been done on understanding laser-induced

breakdown in optical materials is described in chapter 7. However, the general approach to
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deciding upon a laser source for the LAS II system was to concentrate primarily on the

laser cutting characteristics and dosimetry and how they interacted with catheter design.

Considerations of laser availability and optical design were secondary, under the

assumption that a sufficiently robust light delivery system could be designed around the

optimal laser choice. It is interesting to note that this ordering of priorities is not always so

in the design of laser angioplasty systems, where the availability or marketability of novel

laser systems often drives the development of new clinical initiatives.

The primary selection criteria for for the laser source were the sharpness of the laser

cut in fibrous and calcified tissue, the size of ablation debris particles, crater histology,

removal dosimetry considerations (including fluence threshold and ablation yield), and the

avoidance of any forseeably deleterious host response, such as the the potential of the

wavelength for mutagenicity. Chapter 4 of this thesis describes a parameter survey of

calcified tissue ablation (including comparisons with fibrous tissue ablation) which

included variation of all of the light delivery parameters controllable through the choice of

the ablation laser. Of particular interest for the choice of a clinical laser angiosurgery laser

was the comprehensive wavelength ablation study conducted as a part that survey,

performed within the irradiance range appropriate for efficient, two-component hard tissue

ablation.

The potential of ultraviolet radiation for cytotoxicity (cell killing), mutagenicity

‘inheritable mutation), and carcinogenicity (tumor generation) has been studied for many

years as a major research topic in photobiology. Historically, most cell line and animal

model studies have employed conventional ultraviolet light sources. The extrapolation of

results obtained in these studies to the effects of pulsed radiation from lasers, although

possible in some cases, is difficult [Kochever 89]. This is because even though two-photon

processes are probably not important at typical ablation irradiances, mutagenic effects may

still depend on irradiance and/or the time separation between treatments. Fractionation of x-

ray doses is a common method in radiation dosimetry, for example, to enhance cytotoxic

effect [Hall 78]. Thus, considerable primary research remains to be done on the

photobiological effect of ultraviolet laser radiation.

Ultraviolet light is conventionally divided into the wavelength regions UV-A (320-

400 nm), UV-B (290-320 nm), UV-C (200-290 nm), and vacuum UV (&lt;200 nm).

Wavelengths in the VUV, UV-C, and UV-B regions are absorbed in DNA, in decreasing

order [Ito et al 86]. Photobiological effects have been observed in all four wavelength

regions, however. The action spectra for UV-induced cytotoxicity and mutagenicity have
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been measured with cw radiation sources in many cell lines and bacteria, and is closely

related to the DNA absorption spectrum, with the exception that VUV wavelengths are

often less active than wavelengths in the UV-C region [Peak et al 84, Jones et al 87]. This

may be due to the fact that VUV wavelengths are so strongly absorbed in cell membranes

and cytoplasm that they are strongly attenuated by the time they reach the nucleus, or else

that by exciting higher electronic states in DNA they produce different, less active

photoproducts [Kochever 89]. Cytotoxicity and mutagenicity are typically several orders

of magnitude less in the UV-B region than in the UV-C region, and the same trend

continues into the UV-A region. Since UV-A radiation is not strongly absorbed in DNA

itself, its photobiological effect appears to be the result of chemically active photoproducts

produced by light absorption in other tissue chromophores.

Vacuum UV radiation is usually not considered a candidate for laser surgical

applications because it is absorbed in the atmosphere, and optical fibers are not available in

that wavelength range. One exception to this rule is ArF excimer radiation at A = 193 nm

which is used in corneal surgery, where fibers are not required and the attenuation in air is

outweighed by the wavelength's excellent tissue cutting qualities [Krauss et al 86, Trokel et

al 83]. UV-C radiation is commonly used as a germicidal agent, and no clinical applications

of lasers in this wavelength region are known to the author. Even in the less active UV-B

range, cytotoxicity, mutagenicity, and carcinogenicity have been observed in cell line and

animal models in doses even less than the threshold for pulsed ablation of calcified tissue

at, for example, A = 308 nm (where ¢y ~ 20 mJ/mm?2) [Rasmussen et al 89, Collela et al

86, Tiphlova et al 88, Freeman 78, Hsu et al 75, Strickland et al 79]. Although most of the

tissue irradiated during ablation with a 308 nm laser is removed, sub-threshold doses of

light are unavoidably deposited at the bottom and sides of every ablation crater. Thus,

when light in the UV-B region is used, potentially dangerous fluence levels are deposited in

healthy tissue.

Wavelengths below 320 nm, although excellent tissue cutters, were excluded from

consideration for the LAS II system because of the risk of mutagenic and carcinogenic

effects. Visible wavelengths above about 400 nm were eliminated because they exhibited

unsatisfactory cutting and debris, accompanied by substantial cracking and fissuring [see

chapter 4]. Although the 2.1 um region wavelength exhibited satisfactory cutting qualities,

the combination of high threshold and low yield at that wavelength raised concerns about

collateral damage effects due to the substantial heat deposition in the sub-threshold tissue
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region. Wavelengths between 320-400 nm, and in the 3 um region, exhibited excellent

ablation quality by all selection criteria.

Secondary considerations related to beam quality and the survival of the light delivery

system further limited the choices for the ablation laser. No fibers were available which

could deliver sufficient light in the 3 um region to ablate tissue, unfortunately disallowing

that otherwise highly desirable wavelength range from consideration. Fiber breakdown

considerations constrained the range of possible irradiances usable in the remaining 325-

400 nm wavelength region, as will be discussed in detail in a later section. Finally, high

laser beam quality was necessary to implement the advanced features of LAS II, such as

passing through the pulse stretching network described below, and the ability to separately

address each fiber or any group of fibers in the catheter tip.

With all of these considerations in mind, the A = 355 nm third harmonic wavelength

of the Nd:YAG laser was chosen as a proven, reliable and commercially available laser

system which had sufficient beam quality to allow for external optical pulse stretching to

satisfy fiber transmission requirements. The tripled Nd:YAG laser is especially attractive in

the hospital environment in comparison to excimer lasers, which have low beam quality,

contain toxic gases which need to be replaced periodically, and are notoriously unreliable.

From Table 4.3, the threshold fluence and ablation yield for ablation of bovine bone in air

are og = 36£4 mJ/mm?, and Y = 0.066 mm3/J, respectively. According to the results in

section 4.7, the fluence threshold is expected to approximately double under saline and a

shield, to ~70 mJ/mm?. In order to give a healthy working fluence range, the nominal

design fluence at the catheter tip was set at twice this value, Or Qgesign = 140 mJ/mm?2.

6.2. Catheter Design Constraints on System Engineering

As described in section 1.5, the LAS II catheter incorporates several advanced

features which allow for delivery of laser light to diseased arterial tissue in such a manner

as to minimize deleterious host response to the procedure. These characteristics include the

use of multiple individually addressable optical fibers, the use of an "optical shield" at the

catheter tip, and the incorporation of a guidewire. These catheter characteristics combine

with the carefully chosen ablation wavelength and fluorescence-based spectroscopic

feedback to provide maximum selectivity of diseased tissue and minimal trauma to normal

tissue. The requirements which these catheter characteristics place on the design of the

optical delivery system are the subject of this section.
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A schematic of a prototype catheter consisting of 12 x 200 um core diameter fused

silica optical fibers constructed for intraoperative use appears in Fig. 1.1. The catheter is

1.6 mm in diameter, with a 500 um guidewire lumen. Thus, the catheter shield area is

Ashiold = 5] (1.5 mm)? - (0.6 mm)2] = 1.48 mm? (&lt;1)

The energy per fiber required to be delivered to achieve the design fluence at the catheter tip

iS then

_ design * Ashield _ 140 mJ/mm? + 1.48 mm?

Efiber =" of fibers 2 = 17.5 oJ.
Pr

a.)

Thus. the fluence at each 200 um core diameter fiber tip is required to be:

dfiber = — Efi _ 550 mJ/mm?

~ [200 um)?

6.3

Note that these calculations represent the energy and fluence requirements at the

output end of the catheter. Due to losses in the catheter fibers, and at the fiber-air and

shield-air interfaces, the energy required at the input end of the catheter is even higher. In

addition, the LAS II system incorporates a 15 m long transmission line which conducts

light from the laser table to the operating room (see chapter 8). Taking all of these losses

into account, at one point in the system it is necessary to conduct almost twice the values

calculated above through each of several 200 um core optical fibers (for a detailed

accounting of energy transmission through the LAS II system, see section 8.3.2).

In the actual LAS II catheter, the light from each individual 200 pm core diameter

fiber diverges to form a spot approximately 540 ium in diameter on the output face, yielding

an expansion factor in area from the fiber to the shield of 7.3. Since the sum of twelve

spots of that diameter is much larger than the shield area, the spots are overlapped on the

catheter face. On average, each location on the shield is illuminated by 1.83 fibers, so there

is double spot overlap almost everywhere. This has important ramifications for the

minumum number of fibers which can be fired at once to ablate tissue. If only one fiber is

illuminated, the energy it must have to achieve fluence threshold in its 540 pm spot on the

catheter shield is
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TCeEy fiber = 6g + LAOmm”_ 16 mJ (6.4 4

It takes almost all of the design energy per fiber to reach fluence threshold, and it is the

fiber overlap which brings that spot on the shield up to the design fluence. Thus, it is

expected that no fewer than two adjacent fibers should be able to ablate tissue (see section

0.2).

The expected catheter advancement rate in the densest calcified tissue, assuming

P.v = 1 watt average power at the catheter tip, may be calculated from the above

considerations, the ablation yield for bone, and the ablation efficiency Map1 = [Pdesign

do]/o (see section 2.4.4):

V catheter
_ Poy (/s) + Y(mm3/) | Qdesign-P _ 2.5 I/s +0.66mm3/J

Amid MD Que | LABmmT OO

yy, HI (6.5)

The primary constraints which catheter design places on system engineering are

twofold. First, the laser energy reaching the catheter input must have sufficient beam

quality to be divided up and directed into a subset of 12 separately addressable, 200 pm

core diameter fibers. Second, the optical fibers comprising the optical delivery system must

be able to conduct not just the ablation working fluence of 140 mJ/mm?2, but up to 8 times

that amount to allow for light expansion through the optical shield and losses in the system.

6.3. Conclusions

The components of a new system for laser angiosurgery responsible for tissue

ablation and laser light delivery are described in Part II of this thesis. Frequency-tripled

light at A = 355 nm from a solid-state Nd:YAG laser was chosed for the LAS II system

due to its excellent tissue cutting characteristics, avoidance of the potential for mutagenicity,

and the laser's intrinsic advantages of beam quality, safety, and reliability. The advanced

features of the LAS II catheter impose tough constraints on the beam quality and energy of

the laser light which must be delivered to the catheter tip.
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Chapter 7

Optical Fiber Delivery of High Intensity Light at
A =355 nm

High pulse energy frequency-multiplied Nd:YAG lasers of the type chosen for the

LAS II system typically have pulse durations on the order of 10 ns. Short, Q-switched

pulses are necessary in these systems in order to gain high frequency conversion efficiency

into the third harmonic. As described in the previous chapter, the LAS II catheter design

requires the delivery of high fluence through the catheter fibers; delivering this fluence in a

10 ns pulse results in a peak irradiance on the order of GW/cm2. Since this is above the

threshold for optical damage in fused silica optical fibers, an understanding of the

relationship between irradiance, fluence, and pulse width in the breakdown mechanism of

fused silica is important to the design of an optical system for processing the raw laser

pulses into pulse shapes which existing fibers can transmit.

The lead role in consideration of laser damage in fused silica optical fibers for the

LAS II system was taken by Douglas Albagli. Insight into the theoretical aspects of the

problem was contributed by Michael Feld and Iriving Itzkan, while the experiments

described here were conducted with the aid of Gary Hayes and Bryan Banish.

7.1. Mechanisms for Optical Damage in Fused Silica

Two mechanisms dominate optical breakdown in fused silica in the ns pulse duration

regime [Albagli et al 91, Feld et al 91]. Self-focussing is the focussing of a beam in a

material due to a change in the index of refraction of the material induced by the beam itself

[Chiao et al 64, Shen 84]. Self-focussing is independent of beam diameter or pulse fluence,

being a purely power-dependent phenomenon. At a threshold power Py, self-focussing just

cancels beam spreading due to self-diffraction, and the beam maintains its size as it

propagates. At a higher power P,, the beam self-focusses to a singularity. Damage in the

material typically occurs in the bulk of the material at some power in between these two

values. Self-focussing scales as the square of the wavelength, rendering it a more important

phenomenon in the ultraviolet than in the visible wavelengths. Values of P, and P, for

fused silica at 355 nm are listed in Table 7.1 [Smith et al 77]. Neglecting system losses,

and assuming that the design energy Egper = 17.3 mJ must be delivered by each fiber to the
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end of the catheter, the pulse widths tT, and t, corresponding to P; and P, are also listed.

These values of tT; and 1, assume a top-hat temporal pulse profile, and represent the

shortest duration in which a 17.3 mJ pulse can be delivered with a peak power less than the

corresponding values of Py and P,. Thus, pulse durations in excess of ~100 ns are

necessary to avoid optical breakdown due to self-focussing in the LAS II system.

A (nm) P1 (kW) P, (kW) Ty (nsec) T, (nsec)

 355 125 462 138 37 _

TABLE 7.1. Critical values for self-focussing in fused silica [Smith et al 77].

The second mechanism for optical breakdown in fused silica is surface breakdown,

which is probably a surface-enhanced form of bulk breakdown. Fused silica is normally

optically transparent because it is an insulator with an electronic band gap (~8 ev) wider

than visible photon energies. This is also true at A = 355 nm, where hv = 3.5 eV, and

three photons are necessary to span the band gap. Thus, optical damage can only be

induced if the material is first turned into an absorber. This can be accomplished if

sufficient electrons are excited into the conduction band, where they become absorbers

since there are a large number of allowable unoccupied states there. Due to inclusions and

defects in the material, some electrons are always in the conduction band; others may be

excited into the conduction band in strong optical fields by multiphoton ionization. Once

electrons are in the conduction band, they may be accelerated by the incident optical field

until they obtain sufficient momentum to ionize electrons in lower bands. The potential for

impact ionization in the optical frequency range was first described by Bloembergen [74].

If the rate of free electron production by this process exceeds the rate of electron loss from

the conduction band due to electron-hole recombination, there can be a net buildup of free

electrons. Bloembergen [74] obtained an equation for the population of free electrons, N,

as a function of time, in the limit where multiphoton ionization is not important:

N = Nj exp (nic(E) - =) . t) 9)

Here Nj is the resting electron population, Nic(E) is the probability per unit time for an

electron to undergo an ionizing collision, E is the electric field of the laser, Tre is the

characteristic time for electron-hole recombination, and t is the pulse duration. Nic(E) has

been measured in fused silica in several experiments to have the form nic(E) ~ E®, where n
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ranges between about 4 and 7 [Smith et al 77, Fradin et al 73]. The rate of electron

production is thus a very strong function of the irradiance, which of course goes as E2. The

electron-hole recombination time been measured to be ~8 ns by Hughes [78].

Equation (7.1) may be used to obtain the scaling of breakdown fluence with pulse

duration, assuming a top-hat profile pulse of duration t. It is assumed that once the number

of free electrons has been increased by some fixed amount, the energy that they absorb is

sufficient that when it is transferred to the lattice, stress is induced leading to mechanical

breakdown. When the exponent in Eq. (7.1) becomes equal to a constant, K, the

breakdown fluence may then be shown to scale according to

Dhan ~ | K + pl ) 2).
Trec

7 ¥

J

which has the limits

Pbkdn ~ t (: 2).

Obkdn~t-

t&lt;&lt; Ke Tec;

t&gt;&gt; Ke Te.

3) Ww

(7.4)

A rough estimate for K can be obtained by assuming that 1) there are ~1020 available

zlectronic states per band in the material, 2) the lowest empty band actually contains ~ 108

zlectrons/cm3 due to impurities and inclusions, and 3) when the population of that band

reaches about 1% of its capacity, or ~1018 electrons/cm3, breakdown occurs [Feld et al

91]. Under these assumptions, N/Nj ~ 1018 ~ e23, leading to K ~ 23. Thus, according to

Eq. (7.3-4) and using K =23 and 1, = 8 ns, the changeover from a power-law type

growth of fluence breakdown with time to a linear relationship should occur at pulse

durations on the order of a few hundred ns.

Bulk breakdown is observed in practice only when a beam is focussed into a material.

This is because breakdown at the material surface usually occurs at irradiances 2-10 times

lower than bulk breakdown, even for clean, polished optical surfaces [Reif 89]. Several

mechanisms have been suggested for this effect. Bloembergen [73] suggested that the

incident electric field could be enhanced due to microscopic pores and cracks on the

surface. More recently, Reif [89] has suggested that the surface defects could also cause

resonant enhancement of the multiphoton absorption process, or alternatively that surface-

assisted dielectric air breakdown may also play a role.
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Some experimental data exists in the literature for surface breakdown thresholds. By

convention, these studies have investigated breakdown by studying breakdown fluence as a

function of pulse duration. Singleton et al [88] found that the surface damage threshold for

fused silica optical fibers scaled as the square root of pulse width in the range 10-300 ns at

A = 308 nm. This finding is consistent with njc(E) ~ E4. Rainer et al [83] also found a

square root dependence at A = 248 nm in MgF, and CaF,. More extensive data exists for

bulk breakdown in fused silica at 1.06 um, where fluence was also found to scale

approximately as the square root of the pulse duration [Van Stryland 80]. Unfortunately,

many of the studies cited relied on several different lasers systems and optical setups to

obtain the necessary variation in pulse duration. Also, there was no data available at

A = 355 nm in fused silica.

The interplay of surface breakdown and self-focussing places limits on the shape of

the laser pulse profile, if sufficient light is to be delivered down the catheter to ablate tissue.

Unfortunately, the data on surface breakdown available from the literature was insufficient

to characterize this process with sufficient accuracy at the wavelength of interest to decide

upon a pulse duration. For this reason further breakdown studies were necessary, and they

are described in the next two sections.

One additional degree of freedom in the temporal pulse profile which was available

for incorporation into the LAS II system was the insertion of a variable time delay between

different portions of the same pulse. This idea, more simply viewed as the sequencing of

:wo or more pulses, allowed for the possibility of circumventing time-dependent optical

breakdown mechanisms by allowing sufficient relaxation time between pulses for what had

built up to a critical level to relax. If electron avalanche ionization were the dominant

process, for example, this time could allow free electrons to relax back down into bound

states. On the other hand, such a relaxation time would have no effect on self-focussing,

since the nonlinear index change is essentially instantaneous. The idea of using sequenced

pulses to avoid optical breakdown in fibers is directly analogous to the sequenced pulse

ablation experiments described in section 5.3 above, in which it was observed that the

tissue could not discriminate between pulses separated by up to several hundred ns. Thus,

if the mechanisms responsible for fiber breakdown were found to relax more quickly than

tissue, this effect could be taken to advantage. With this motivation, sequenced pulse

breakdown studies were also conducted in fused silica.
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7.2. Fused Silica Flat Optical Breakdown Studies

In order to characterize surface breakdown, self-focussing, the relaxation time

between sequenced pulses, and the interaction between these processes in fused silica at

A = 355 nm, breakdown studies were carried out in both optical fibers and fused silica

flats. Because of the difficulties and uncertainties associated with the polishing and

preparation of optical fibers for testing, most quantitative tests of breakdown were

performed on fused silica flats; the resulting trends were confirmed with a lesser number of

optical fiber breakdown studies. These experiments were carried out using a single laser

with a variable pulse duration, a substantial improvement over previous surface breakdown

studies. Fused silica flat studies are described in the following subsections, while the

optical fiber results are described in section 7.3.

7.2.1. Experimental Methods

The variable optical delay system described in detail in chapter 8 was employed to

stretch the pulse duration from a frequency-tripled Nd:YAG laser a variable amount

between 7.5 and 150 ns. The pulse delay network was passive, using internal refocussing

to assure that the exit beam size and divergence were constant during €ach pulse. A second

laser was aligned coaxial through the optical delay network with the first, and could be

triggered to fire at any time relative to the first laser.

The experimental arrangement used is shown in Fig. 7.1. After passing through the

optical delay network, laser beams were focussed onto a fused silica substrate with a two

lens system designed to give a large depth of focus, to simplify positioning of the

substrate. Two different focal spot diameters, 45 and 70 um, were used in different pulse

duration regimes. The spatial profile of the beam focus was measured with a reticon diode

array for each focal diameter size. Light which passed through the substrate was viewed on

a screen. When optical breakdown of the substrate occurred, the transmitted light pattern

abruptly and permanently changed. The substrate used was Suprasil 2, polished to a

flatness of 1/2 wave at 633 nm with 20-10 scratch-dig surface quality.
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FIGURE 7.1. Experimental setup

experiments.

for the fused silica breakdown

1.2.2. Results and Discussion

In the first experiment, fluence breakdown threshold was measured as a function of

pulse duration for pulse durations varying between 7.5 and 150 ns. At each value of pulse

duration, at least five different fluences were tested. For each fluence tested, 100 shots

were fired onto each of five different sites on the substrate, and the number of breakdown

events was recorded. The number of damaged sites minus the number of undamaged sites

at each fluence was plotted as a function of fluence. This data showed statistical variation,

so for the purpose of obtaining breakdown threshold numbers and error bars it was fitted to

a hyperbolic tangent function,

Ybkdn = 5 © tanh[ be(¢ - ¢p)]. 17£

Here Y is the probability of breakdown, ¢ is the fluence, ¢q the fluence at which 50% of

sites break down, and b is related to the spread of the data. The experimental data for the

120 ns pulse duration, and the resulting data fit, are illustrated in Fig. 7.2.
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FIGURE 7.2. Fused silica breakdown data for the 120 ns pulse duration.

Figure 7.3 shows the results of breakdown fluence versus pulse duration. A

reasonably good fit to the data was obtained by the equation shown on the figure, that

breakdown fluence scales as pulse duration to the 0.85 power. No improvement in the

quality of the fit was obtained by fitting the data to Eq. (7.2), indicating that the data is

insufficient to distinguish between a simple power law and the more complicated equation

predicted by electron avalanche ionization. This scaling is stronger with pulse duration than

the results of previous studies mentioned above. Possible reasons for the difference are that

two of those studies were conducted at wavelengths were only two photons are required to

span the fused silica band gap, and the third was conducted in the near infrared, where

breakdown mechanisms may be substantially different.
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Figure 7.3. Plot of breakdown fluence versus pulse duration in fused silica

at A = 355 nm.

In a second experiment, the fluence breakdown threshold was determined for two 7.5

ns duration pulses as a function of the time separation between them. The results of this

experiment are plotted in Fig. 7.4. What was measured by the experimental methodology in

the first experiments was the fluence at which a single pulse would break down the

substrate 50% of the time, so two such pulses separated by more than the recovery time

should cause breakdown 75% of the time. Thus, the “total recovery” line in Fig. 7.4 is

drawn at 3/2 the value of the single pulse breakdown value.
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Since the pulses themselves were of 7.5 ns duration (FWHM), for pulse separations

less than 7.5 ns the peak irradiance seen by the substrate was changing. For pulse

separations between 7.5 and 15 ns, there was still some some overlap between the pulse

tails. Thus, the irradiance seen by the substrate was a function of pulse separation up to 15

ns. The fact that the fluence breakdown threshold changed mostly in the first 7.5 ns, and

then the rest of the way over the next 7.5 ns, confirms that the breakdown threshold

depends much more strongly on irradiance than on recovery time. The only quantitative

information gained about the recovery time of the material is that it appears to be less than

~25 ns. This observation is consistent with the electron-hole recombination time of 8 ns

mentioned above [Hughes 78]. Even this information is very useful in practical

applications, however, because it means that the fluence transmitted through the material

can be effectively doubled if the energy is delivered in sequenced pulses separated by more

than the recovery time.
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7.3. Optical Fiber Breakdown Studies

Several problems accompanied breakdown studies in optical fibers which were not a

factor in the fused silica substrate studies. While hundreds of sites with identical polish and

preparation were available on each fused silica substrate, each fiber sample required

individual preparation. Because of this, many fewer fiber samples could be tested, and the

preparation of different samples was not guaranteed to be uniform. For these reasons, the

data in this section represents a compilation of experience gained by several workers over

approximately one year's time (primarily B. Banish and G. Hayes, assisted by the author

and D. Albagli), rather than one carefully controlled study.

7.3.1. Experimental Methods

The optical fibers used in these studies were made of UV grade fused silica of 200

um core diameter, encased in a 220 pm diameter hard cladding and a 245 um diameter

polyimide buffer. The fibers had a numerical aperture of 0.22. All fibers were polished on

their input and output faces with a three-step process terminating with 0.05 pm grit alumina

oxide polish. Experiments were also conducted with cleaved fiber faces. Fiber transmission

was found to depend critically upon the surface preparation. In general, polished fibers

performed best, even though there was substantial variation even among fibers prepared by

the same worker.

All fiber results were obtained by imaging the central, homogenous portion of the

laser beam onto a 170 um diameter spot on the 200 um core diameter fiber face. The fiber

buffer coating was stripped away from the input end of the fiber for all experiments.

7.3.2. Results and Discussion

A compilation of results for energy transmission through 3 m lengths of 200 pm core

fiber is presented in Table 7.2. Four different pulse profiles are listed in the table; single

7.5 ns duration pulses, a sequence of 6 x 7.5 ns pulses separated by 30 ns, singe 210 ns

duration pulses, and two 210 ns duration pulses separated by 200 ns. Two transmission

results are presented: the best result ever obtained, and a consistent working value.
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Pulse Profile

Single 7.5 ns pulse

Train of 6 x 7.5 ns pulses

separated by 30 ns

Single 210 ns pulse

Two 210 ns pulses with 200

ns separation

| Energy Throughput (mJ)

Best Value Ever ] Consistent Working Value

2.5 | 10-15

24 60

157 12

4

3 py

TABLE 7.2. Compilation of results for energy transmission through 200 um

core fused silica fibers at A = 355 nm.

Several aspects of the data in Table 7.2 deserve comment. First, in many instances

there was a qualitative change between the type of breakdown observed for the 7.5 ns

duration pulses (single pulses or a train) and the 210 ns pulses (either one or two). In these

cases, the location of the breakdown was several mm into the fiber in the case of 7.5 ns

pulses, while breakdown was observed at the fiber face for the 210 ns duration pulses.

This result probably indicates that self-focussing was occuring for some of the shorter

pulses, while surface breakdown took over for longer pulses. This is consistent with

predictions of self-focussing thresholds from the literature: the 1.5 mJ throughput result for

a single 7.5 ns pulse corresponds to a power of ~200 kW. which is between P; and P, for

self-focussing (see Table 7.1); while the 12 mJ throughput result for a single 210 ns pulse

corresponds to a power of ~60 kW, well below P;.

Secondly, the data in the table tends to confirm the result obtained in fused silica

substrates that pulses separated by more than ~25 ns are completely independent. This was

confirmed both with a train of 6 short pulses each separated by 30 ns, and by two long

pulses separated by 200 ns. In both cases, the consistent working values for a train of

pulses are just the sum of the working values for the individual pulses. The fact the "best

ever" value for a train of 7.5 ns pulses is less than six times the value for a single pulse is

most likely a reflection of the variability of single measurements.

A comparison of the fiber transmission results, converted into fluence units, and the

scaling law obtained from fused silica substrates is illustrated in Fig. 7.5. It is seen in the

figure that fiber breakdown obeys approximately the same scaling law as was obtained

from the substrate experiments, although the fiber fluence breakdown thresholds are about
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a factor of seven below the substrate results. Several factors may contribute to this

difference. First, consistent working values are substantially less than 50% damage

threshold probabilities, since working values are chosen to give many hours of operation

without breakdown. Second, fiber numbers were calculated assuming a 200 um diameter

aniform spot on the fiber face, which is results in an underestimate of peak fluence.

Finally, it is believed that a much better surface polish is available on the substrate than can

be achieved on the fiber tips.
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FIGURE 7.5. Comparison of fiber breakdown results with substrate scaling

law (top curve), and substrate scaling law divided by 7 (bottom curve).

Fig. 7.6, contains a plot of the consistent working values for 200 pm core fiber

transmission, compared with the estimated breakdown thresholds from self-focussing and

surface breakdown. The self-focussing breakdown threshold was estimated by

extrapolating from the 7.5 ns duration fiber breakdown number, which gives a reasonable

critical power for self-focussing of 200 kW. The surface breakdown threshold was

estimated by assuming that the fiber results have the same scaling with pulse duration as the
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substrates but are a factor of 7 lower. These rough estimates are useful primarily for

(llustrating the role of the different breakdown mechanisms. As can be seen in the figure, it

appears that for 200 pm core fibers there is no pulse duration range where self-focussing

breakdown threshold should be lower that surface breakdown threshold. The macroscopic

observations of self-focussing breakdown occurred in a region where the two thresholds

are very close. For the pulse duration range of interest for ablation through the LAS II

catheter, surface breakdown is the dominant mechanism.
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FIGURE 7.6. Consistent working fiber transmissions compared with

estimated breakdown thresholds from self-focussing and surface

breakdown.

The role of different breakdown mechanisms in fused silica at A = 355 nm is further

illustrated by the plot of pulse power at breakdown versus spot diameter in Fig. 7.7. The

critical powers for self-focussing appear as horizontal lines on the graph. The curves for

surface breakdown were obtained from the consistent working values for 200 pm core
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fiber transmission, scaled with the 0.85 power scaling law. Curves are drawn in the plot

for two values of pulse duration. As seen in the figure, for a 200 um diameter spot, the

short pulse duration is in the range for self-focussing, consistent with the observation

reported above of a qualitatively different breakdown there.
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FIGURE 7.7. Illustration of the role of different breakdown mechanisms in

fused silica as a function of spot diameter.

7.4. Conclusions

Two primary mechanisms have been identified for laser-induced breakdown in fused

silica. These are self-focussing and surface breakdown. For 200 um core fused silica

diameter fibers at A = 355 nm, surface breakdown appears to be the dominant mechanism,

especially for pulse durations of a few hundred ns. Laser-induced surface breakdown was

found to scale with pulse duration to the 0.85 power in the nsec regime. Sequenced pulses

which are each just below fluence threshold for breakdown do not cause breakdown when

they are separated by more than ~25 ns.
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Chapter 8

[mplementation of the LAS II System

In this chapter, the implementation of the LAS II system is described. First, an

overview of the complete system is provided to serve as background, and to illustrate how

ablation interacts with spectral diagnosis. Then, the implementation of the ablation

subsystem is described in detail, including a description of the pulse stretching network

which allows for conduction of high pulse energies through the optical fibers in the system.

A detailed accounting of laser pulse energy transmission through the system is given.

8.1. LAS II System Overview

Figure 8.1 provides a block diagram of the LAS II system. The system has four

principle components: the (disposable) catheter, the ablation subsystem, the spectroscopy

subsystem (which performs fluorescence-based spectral diagnosis of tissue), and the

computer. The computer interprets diagnostic information from the spectroscopy

subsystem and controls the interaction between the other system components. The LAS II

catheter was described qualtitatively in section 1.5 and quantitatively in section 6.2. The

catheter is addressed by both the ablation and spectroscopy subsystems. Interfacing of both

of the subsystems with the catheter is accomplished in the multiplexer, under computer

control. The multiplexer is described in section 8.2.2. In order to describe how the

subsystems interact in the catheter, a brief description of the spectral diagnosis technique

used to identify pathogenic tissue is necessary.

The use of tissue fluorescence as a diagnostic tool for guidance of laser

angiosurgery has been suggested by several authors [Cothren et al 86b, Leon et al 88,

Fitzmaurice et al 89]. The analysis of atherosclerotic tissue autofluorescence has been a

research topic in the MIT group for some time, and has culminated in the development of a

model which describes the observed fluorescence spectra in terms of constituent tissue

chromophores and absorbers [Richards-Kortum 89a, Richards-Kortum 88, Richards-

Kortum 90]. In the LAS II spectroscopy subsystem, low-energy pulsed light at A = 476

nm from a nitrogen-pumped dye laser is sequentially coupled into each of the 12 fibers in

the LAS II catheter [Feld et al 91]. This coupling occurs in the multiplexer (see section

8.2). Tissue fluorescence which returns from the same fiber as the excitation light was sent
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is dispersed by a monochromator onto an optical multichannel amplifier (OMA). Spectral

signatures received in this way then fitted to the fluorescence model, yielding information

about the relative concentration of three important arterial chromophores in the tissue in

front of the catheter: structural proteins, ceroid and hemoglobin. This information is then

converted into a classification of the tissue into normal, non-calcified plaque, or calcified

plaque, and a degree of confidence in the classification.
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Ablation Subsystem

Ablation
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Fiber

Selectors
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chromator
OMA

Computer
A

Figure 8.1. LAS II system block diagram.

Once the entire catheter face has been sampled spectroscopically, the resulting image

is analyzed by the computer to determine which fibers should be fired upon with the

ablation subsystem. The computer considers the contiguity of the classifications delivered

by the spectroscopic subsystem and also the degrees of confidence. If three or more

contiguous fibers are determined to be atherosclerotic, the computer calculates the "dose" of

ablating light to be directed into those fibers from stored tissue ablation data for the type of

plaque in front of that fiber group (see chapter 9). The dosimetry is adjusted to remove
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approximately 100 um of tissue before stopping to look again, insuring that ablation never

overruns the look-ahead capability of the diagnostic (~500 um). After ablation is done

ander the direction of the surgeon, control is returned to the spectroscopic subsystem, and

the cycle is begun again.

8.2 Ablation Subsystem Engineering

The prototype LAS II system is built specifically to fit into space available in the

operating suite of the Cleveland Clinic Hospital in Cleveland, Ohio. An important

constraint on system design is that in this operating suite, the space which is available for

the optical table holding the ablation laser is approximately 15 m removed from the

operating table. It is impractical for the catheter to be this long, particularly since one end of

it would have to extend out of the operating room. For this reason, the ablation subsystem

incorporates an optical fiber transmission line which conducts laser light from the optical

table into the operating room, where it is interfaced with the input end of the catheter (see

section 8.2.2).

Based upon the catheter energy requirement calculations in section 6.2, and estimated

losses in the catheter and transmission line, the design goal for consistent working value

energy input to the fiber optic delivery system in LAS II was set at 28 mJ . Referring to Fig.

7.7, this requires a pulse duration on the order of 450 ns to avoid fiber breakdown. This

energy transmission goal has been achieved using a novel optical delay system in which

7.5 ns duration pulses from two frequency-tripled Nd:YAG lasers are first stretched to 210

ns duration each, then sequenced 200 ns apart.

8.2.1 Waveform Engineering

This section describes the variable length pulse stretching network which not only is a

primary feature of the LAS II ablation subsystem, but was also used to obtain the fused

silica substrate and fiber optical breakdown results in chapter 7. This pulse stretching

aetwork has proved to be a unique and versatile tool for studying pulse length dependent

phenomena. It can be set up to deliver top-hat pulse profiles variable in 7.5 ns increments

from 7.5 to 30 ns duration, and in 30 nsec increments from 30 to 210 nsec duration. In

addition, two separate lasers are aligned through the delay network, and may be sequenced

with respect to each other with any time delay.

The pulse stretching network is entirely passive, containing only highly reflecting

mirrors and beam splitters. The network in effect splits the input beam up into many
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beamlets each containing a fraction of the original energy. It then sends each beamlet

through a different path, and relies upon the speed of light in air to delay each beamlet

relative to the rest. Finally, all of the beamlets are recombined. Importantly, each beam

path is corrected for any divergence which occurs relative to the shortest path through the

system. At the output all temporal components of the beam have the exactly the same size

and divergence. This is especially important in experiments such as optical breakdown

studies, where the spatial profile of the laser spot must not vary as a function of time during

the laser pulse.

The pulse stretching network is surprisingly efficient. Each laser normally supplies

160 mJ in 7.5 ns pulses to the input of the delay network. At each of the two outputs, with

the maximum stretching configuration set up (210 ns duration), 90 mJ pulses are routinely

obtained. This corresponds to ~60% efficiency in a system which stretches pulse durations

by a factor of 28. This efficiency is remarkable, given that the each pulse strikes between

27 and 80 optical surfaces. As will be seen in the next section, the average pulse strikes six

45° incidence reflectors, 33 0° incidence reflectors, and 15 anti-reflective coatings. The

60% throughput efficiency of the optical delay network is consistent with losses in these

three types of optics of 1.5%, 1%, and 0.3%, respectively. Thus, although the concept of

passive optical pulse stretching could probably have been described by Galileo, its

realization depends on state-of-the-art mirror coating technology.

8.2.1.1. Pulse Filler

The first stage of the pulse stretching network is the pulse filler. The original

suggestion for the pulse filler was from Dr. G.S. Janes. The filler takes up to two inputs

and if no beams are blocked, it produces two outputs of 30 ns duration each. Figure 8.2

contains a schematic of the pulse filler. Light from the two different lasers enters the filler

symmetrically through both sides of a 50% beam splitter. The laser beams are exactly

overlapped on the beamsplitter in both position and direction, so that at all points later on

they may be considered spatially coincident and colinear. Half of the light passing through

the beamsplitter is directed by a flat mirror back to a second 50% beamsplitter. The other

half of the light, however, is diverted an extra 7.5 feet before being directed back to the

second beamsplitter. Thus, half the light reaching the second beamsplitter has been delayed

by 7.5 ns. To compensate for divergence in the beam which travels the extra distance, the

input of the extra 7.5 feet (optic #8) is optically imaged onto the output of the extra distance

(optic #10) with three concave mirrors.
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The second part of the filler is exactly analogous to the first, except that this time the

delay in the longer path is 15 ns. Thus, the two beams exiting the third beamsplitter are

each 30 ns duration. Alternatively, since each 7.5 ns duration beamlet travels along a

different spatial path, it may be blocked, yielding any desired combination of 7.5 ns

duration pulses at the output.

Close examination of Fig. 8.2 reveals that the filler cannot be constructed in on a flat

surface while maintaining the necessary symmetric inputs on all of the beamsplitters to

avoid abberrations. To actually construct the beamsplitter it was necessary to go into three

dimensions, as illustrated schematically for the case of only one input beam in Fig. 8.3.

Figure 8.4 contains an oscilloscope trace of one 7.5 ns duration pulse, the output of

‘he tripled Nd:YAG lasers. Figure 8.5 is a trace of a completely filled, 30 ns duration pulse

obtained at the filler output.

8.2.1.2. Pulse Extender

The second stage of the pulse stretching network is the pulse extender, schematically

illustrated in Fig. 8.6. The pulse extender is a commercial product sold by Excitech Inc.,

which was designed to take as input a single pulse, and to output a train of six equal

amplitude pulses, each separated by 30 ns, plus an exponentially decreasing tail. The pulse

extender contains eleven focussing mirrors (M1 - M11) and six beamsplitters (R1 - R6) of

varying reflectivity between 10% (R1) and 100% (R6). The beam splitters are sequentially

spaced along an optical path at 30 foot intervals. Their reflectivities are chosen so that the

six primary reflected beams are of equal amplitude. The focussing mirrors serve to fold the

long optical path so that it fits in a reasonably sized box, and also to correct for beam

divergence by re-imaging the light from each beamsplitter onto the next. The entrance

optics, consisting of a input lens and one focussing mirror, double the beam spot size on

the first beamsplitter to avoid optical damage on it and all subsequent optics.

A particularly tricky problem arose in attempting to propagate both beams coming out

of the pulse filler through the extender at the same time. It was soon realized that any

number of beams could be propagated through the extender, as long as they were spatially

coincident on the beam splitters, and still passed through all limiting apertures. Thus, two

beams were successfully passed through by bringing them to cross at a distance in front of

‘he stretcher such that the crossing point would be re-imaged by the input lens onto the first

beamsplitter mirror. Then, that image of the crossing point automatically be re-imaged onto
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each subsequent beamsplitter. The only restriction on this scheme was that the angle of the

beams heading into the first crossing point had to be small enough so that both beams

passed through the extender input lens; this was accomplished with the aid of a beam

diverting wedge which was inserted into one of the beams.

Figure 8.7 contains an oscilloscope trace of the output of the pulse extender, given a

single 7.5 ns duration pulse as input. As can be seen in the figure, the first pulse of the

exponential decay (the seventh pulse) is as high as the average of the first six pulses.

Figure 8.8 illustrates the output of the extender given a single 30 ns pulse as input; a fairly

uniform, 210 ns duration pulse is the result. Finally, the pulse profile resulting from

sequencing two 210 ns duration pulses separated by 200 ns is shown in Fig. 8.9. This

pulse profile has successfully transmitted 30 mJ down a 200 um core fused silica fiber

without breakdown (see section 7.3.2).
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FIGURE 8.3. Three-dimensional filler schematic for one input beam.
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FIGURE 8.4. Oscilloscope trace of a single 7.5 ns duration pulse.

FIGURE 8.5. Oscilloscope trace of a 30 ns duration pulse exiting the filler.
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FIGURE 8.7. Oscilloscope trace of pulse extender output for a 7.5 ns

duration input pulse.

FIGURE 8.8. Oscilloscope trace of pulse extender output for a 30 ns

duration input pulse.
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FIGURE 8.9. Oscilloscope trace of pulse extender output for two 30 ns

uration input pulses separated by 400 ns.

Figure 8.11. Photograph of the lasers/filler/extender table in operation taken

in a darkened room with ultraviolet-sensitive film.
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8.2.2. Ablation Subsystem Implementation

The ablation subsystem consists of four primary components and the interfaces

between them: the lasers, the pulse stretching network, the transmission line, and the

catheter (which is considered a component of both subsystems). This section describes

how each of these components are implemented to give the system the capabilities

described in section 8.1.

The ablation lasers and the pulse stretching network fit onto a single 5' x 8' optical

table. The layout of components on the table is shown in Fig. 8.10. Two Continuum model

NY-61 tripled Nd:YAG lasers operating at 10 Hz and producing 7.5 ns duration pulses of

160 mJ energy per pulse each are located near the center of the table. Using a Stanford

Research Pulse Generator, the Q-switch of one of the lasers is set to fire 400 ns after the

other. This delay is set longer than necessary from fiber breakdown considerations to

reduce the probability of jitter in the Q-switch trigger causing both lasers to fire

simultaneously, which would cause optical breakdown throughout the system.

Taking into account all of the losses throughout the system, the pulse energy

generated by the two lasers is sufficient to illuminate four catheter fibers simultaneously.

Thus, the transmission line, which runs from the lasers/pulse stretcher optical table into the

operating room, contains only four fibers. Control over which of the catheter fibers are

illuminated is exerted in two ways. First, the computer chooses which of the twelve

catheter fibers the transmission line illuminates; this switching occurs at the transmission

line-catheter interface (multiplexer). Second, the computer selects which of the

transmission line fibers are illuminated by activating solenoid-controlled shutters on the

lasers/pulse stretcher table.

Directly in front of each laser are located two shutters, one controlled by the computer

and the other controlled by the surgeon via a foot switch in the operating room. Two

additional computer-controlled solenoids containing partially reflecting mirrors are located

slightly further along the optical path. These mirrors can be switched into the beam,

directing the laser light into a power meter for monitoring. When the power meter solenoids

are not activated, the beams from the two lasers pass into the pulse filler. The numbers

assigned to the optical elements in the filler in Fig. 8.10 correspond to their numbering in

Fig. 8.2. Note that the last beam splitter in the filler is separated from the rest of the filler

by optics leading to the pulse extender. This is done for ease of alignment of the system,
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and because it was the only way to fit all of the necessary components onto one 5' x &amp;

table. Upon exiting from the extender, the two beams are finally mixed in the last beam

splitter of the filler. At this point the beams have obtained their final temporal profile,

illustrated by the oscilloscope trace in Fig. 8.11.

The final section of table splits the two output beams of the filler/extender system into

four equal beams, focuses them into the four transmission lines, and selectively controls

which fibers are illuminated. The first function is performed with two more 50% beam

splitters. Light is coupled into the transmission line fibers by re-imaging and demagnifying

the beam exiting the last beam splitter of the filler to a 600 pm diameter spot on the surface

of each transmission line fiber. This task is accomplished for each fiber by a two-element

imaging system which accomplishes the demagnification with a very small fiber entrance

numerical aperture (0.02) in a relatively small space. The third function is accomplished

with four more solenoid-driven opaque shutters placed in front of each transmission line

fiber holder, which may selectively block any beam under computer control.

A photograph of the lasers/pulse stretcher optical table taken in a darkened room with

ultraviolet-sensitive film is reproduced in Fig. 8.11. The photograph was taken from the

same perspective as Fig. 8.10, with the lasers in the center, the filler on the left, and the

extender on the right. The photograph amply demonstrates the complexity of the many

folded optical paths.

The transmission line is comprised of four 15 m long optical fibers which taper in

diameter from 800 pum at the input end to 200 pum at the output. Tapered fibers were chosen

for the transmission line for several reasons. First, the large input face provides a bigger

target and is much more forgiving of small misalignments on the lasers/pulse stretcher

table. Second, while sufficient energy was at one point conducted down a single 200 pm

core diameter fiber to serve as a transmission line (see table 7.2), this was accomplished

only when the most uniform portion of the laser beam was imaged onto the fiber face. Use

of a tapered fiber allows the entire beam to be coupled into the transmission line without

exceeding breakdown fluence at the center. In addition, the tapered fiber itself serves as a

beam homogenizer for the catheter fiber inputs. The only cost is that light must be coupled

into the tapered fiber at a sufficiently small solid angle so that the light which emerges still

couples into the catheter fibers, even though the numerical aperture of the light grows in the

taper. This is accomplished, as described above, by coupling into the transmission line at a

numerical aperture of 0.02. The light typically emerges from the transmission line at a

numerical aperture of 0.20, smaller than the 0.22 numerical aperture of the catheter fibers.

163



af : ew ow abo A Sed lant

Re ee

EEE ———————————— Se x tient
« eo es 8 » 8 ® e 8 a2 es &amp; 8 © eo a a ss a ee a ss + ss ee s+ os + st eo 2 2 0 ss 2 0 + + es &gt;» 2S in cc B8*Rz=195m

“on . 3
5":R=.75] | ee INT SN FR=0.5m . . . . . a 1 Coe ee ee Yasd Meta —

__] ch le ss ee Tr "74 : . — . Soe ee eee eee eee ee

EER ee) Fa . o.oo... . . Filler spacing: units of 5625 cm .
5"R=1.9I. . I : "gt cc cc ROTM. a. wow ema

| rn 8.7 NT TT
a": RT. . "6 SciantechPowerMeter.......5° Wedgé

intercepts | |

lop.beam| |

Ey,
5

po

wiiiptaill,

23 pd Se b

so Wil :

Continuum YAG
bn cA

heals

# Continuum YAG |
4. aN] + os

av Vo 5 eT
 § 4"Be 3 a 5

“%

BS 10"Pg
we

“Zo
%

¥
Z,

aig 210%[Ey-|J—

Spe

X10", v

— i—

SE——— p— Star  ee

2
Excitech Pulse Extender

~~ ¥

1

 _—

a

I-00

KEY:

Shutter/movable mirror assembly

3eam going to the left rises

3eam going to the right stays parallel to table

Mirror with 0.75m radius mounted at 3" height

ens)

Fiber coupler

FIGURE 8.10. Layout of the lasers/pulse stretcher optical table.



The transmission line-catheter interface, or multiplexer, is illustrated in Fig. 8.12. At

the output end of the transmission line, the four transmission line fibers plus a

spectroscopy fiber are fastened in a linear array. This array is attached to a computerized,

motorized translator which moves in the direction shown. The catheter fibers are also fixed

in a linear array parallel to the transmission line array. Coupling of the light from the

transmission line to the catheter is obtained by bringing the opposing fiber arrays to 100

im axial separation. As will be described below, this direct illumination coupling technique

is quite efficient. Selection of which catheter fibers are illuminated by the transmission line

is obtained by linear motion of the translator. Thus, the computer can fire any desired fiber

or set of fibers by positioning the transmission line in front of the catheter fibers of interest,

and then firing the desired transmission line fibers by opening the appropriate shutters on

the lasers/pulse stretcher table.
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The catheter input end has 14 fibers fixed in a linear array. The middle twelve fibers

in the array are the ablation fibers, while the two extra fibers on the array ends are used for

power and alignment checking. The LAS II catheter is approximately 3 m long and

incorporates a guidewire. The output end of the catheter has already been described in

section 1.5.

Finally, the computer controls the solenoid-driven shutters and the translator at the

rransmission line-catheter input interface. The computer illuminates the twelve catheter

fibers in three separate groups of four. Three variables control the way energy is delivered

through the catheter. The energy delivered per fiber is denoted by E. This is set by varying

the Q-switch delay in the lasers, and is not altered during an ablation sequence. The number

of shots which are fired through a group (4 or less) of catheter fibers before moving on to

the next group is n. Finally, the number of times all three groups are sequentially fired is

called the number of rounds, m. Both of these latter quantities are available to the computer

for adjustment according to the dosimetry required.

8.2.3. Energy Budget

An accounting of the energy losses throughout the ablation subsystem is provided in

Table 8.1. The first three columns list energy per pulse measurements taken at the output of

each subsystem section. The fourth column lists the number of outputs each section has,

leading to the fifth column which is the total energy present at all corresponding locations.

Finally, the last column lists the percentage energy lost in the section just completed.

The first loss of 41% occurs in the pulse stretching network, and it has already been

described as remarkably low given the number of optical surfaces encountered by each

beam in the network. The second loss, 40%, occurs in the transmission line. About 8% of

this loss is due to Fresnel reflections at the silica-air interfaces at both ends of the fibers.

The remaining loss is primarily due to absorption in the fiber core material itself. The final

loss of 40% occurs in the catheter. This loss has three components. First, there is some

loss associated with the direct fiber-to-fiber coupling, since some of the light exiting each

transmission line fiber misses the corresponding catheter fiber. This loss is relatively small,

however; under ideal conditions it has been measured to be as small as a few percent, while

the typical working value seems to be closer to about 10-15%. The second catheter loss is

about 12% due to three Fresnel reflections, one each at the input of each fiber, the output of

each fiber, and the internal air-shield interface. Since the catheter shield normally operates
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in contact with tissue, the outer edge of the shield is usually indexed-matched to the tissue.

The remaining catheter loss of about 10% is absorption loss in the fiber.

Measurement

location

Best value

ever measured

(mJ)

Laser output!

Output of | 53
filler/extender

Output of )

transmission |
line

Catheter output

175

4

Consistent

working

value

(mD

160

47

- -

Number of Total energy

in system

(mJ)

Through

locations -put in

section

%

2 lasers oo

4 output arms 188 | 59

270

4 transmission.

line fibers

112 40

4 illuminated 64 60

catheter fibere

TABLE 8.1. Trace of energy losses throughout the ablation subsystem.

[t is seen from Table 8.1 that the ablation subsystem delivers 64 mJ of energy to the

tissue, out of the total 320 mJ output from the lasers. This represents an overall throughput

efficiency of 20%. This efficiency could be improved in future systems. First, elimination

of the transmission line by moving the optical table into the operating room would remove

some, but not all, of the 40% lost there. It would not remove the entire loss because the

taper in the transmission line also acts as a beam homogenizer for the input of the catheter

fibers. The total loss in the transmission line could only be recouped if the catheter fibers

themselves had tapers, or if another, lossless beam homogenizer could be built. The energy

lost in the pulse stretching network, and quite a bit of space as well, could be saved if a

laser were obtained which emitted long pulses without the need for external pulse

stretching.

8.4 Conclusions

A novel two-stage passive pulse stretcher has been designed and built to stretch the

7.5 nsec duration pulses from two Q-switched Nd:YAG lasers to 210 nsec each, while

maintaining high beam quality. When these stretched pulses are sequenced ~200 nsec apart,

sufficient long-pulse laser energy is available to simultaneously illuminate 4 out of the 12
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catheter fibers. A computer-controlled opto-mechanical switching and multiplexing system

fires the fibers which the spectral diagnosis system has previously interrogated, and

identified as pointing at pathogenic tissue.
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Chapter 9

Dosimetry with the LAS II System

in this chapter, the initial in vitro ablation dosimetry studies with the LAS II system

are described.

9.1. Experimental Design

One of the first tasks in characterizing ablation dosimetry involves isolating those

variables which are critical to system performance. The experimental variables available for

dosimetry testing with the LAS II catheter are listed in Table 9.1. These variables are

divided into three levels, where the level structure defines the interaction between the

variables. The primary variables are the categories of tissue to be studied; for every major

tissue type dosimetry information is required as a function of all of the other categories of

variables. The secondary variables represent the degrees of freedom of energy delivery

through the catheter, each of which controls the fluence delivered to the tissue in a different

way (see Table 9.1). This redundancy preserves the freedom to readjust treatment protocols

if necessary; for example, if the highest fiber energies are found in clinical trials to cause

intolerable tissue dissection, the same tissue volume can be removed at lower fiber energy

through adjustment of the other variables. The tertiary variables represent information

which is critical to dosimetry testing, but not necessarily for every combination of the other

variables.

Since the LAS II system is designed for coronary laser angiosurgery, it was not

necessary to test ablation in aorta. Aorta was included, however, because dosimetry testing

was much simpler and more reproducible in aorta, and insufficient coronary tissue was

available for full testing of all of the necessary variables. In addition, although the structure

of normal aorta is elastic rather than muscular like coronary tissue, the structure of soft and

hard plaque in both tissues is thought to be identical. Aorta was thus the primary tissue

studied, while selected comparative tests were performed in coronary artery.

All three secondary variables could not be examined independently of the other two

for each tissue type. The number of catheter rounds, myound, Was chosen as the quantity

most likely to be linearly proportional to crater depth. Then for each tissue type, a matrix of
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craters was made by varying ngper On one axis, and Efjper On the other. The ranges of nfjper

and Egper values were chosen so that crater depths on the order of 100 pm per round would

be drilled. The entire range of values for nner and Egper Were tested in aorta, while only

selected critical values were tested in coronary artery. This two-dimensional approach was

designed both to establish the reciprocity relationship between ngper and Efper, and also as

a mechanism of gathering a large quantity of depth versus fluence data. The highest pulse

energy per fiber available in this study was 16 mJ. In a separate experiment, the linearity of

crater depth versus m was tested in normal aorta.

TVariable Level IVariable + Symbol

Primary t Tissue Type |

Rangeof Values
 Aorta: normal, fatty/tibrous
plaque, calcified plaque
» Coronary: normal, fatty/fibrous

plaque, calcified plaque
» Thrombus

8-16 mJSecondary
(determines total
fluence)

Energy per Fiber " Efiber

"Number of Shots | Nfiber | 5-60
Number of Rounds Myround 1-5

NumberofPixels| SVE

Catheter Force 5-30 gm

Histology » Cutting quality, peripheral

  — _damage=~
Ablation Media » Saline

» Iced cardioplegia (no blood)

Iced cardioplegia (with blood)
 Blood

» Particle size range

+ Particle composition

Leraarv

TABLE 9.1. Variables for in vitro catheter ablation testing.

The tertiary variables were probed in separate experiments. All experiments described

in the previous paragraph were done by illuminating all 12 catheter fibers, and advancing

the catheter between rounds to a constant force of 10 gm. 10 gm was selected as the

nominal applied force after several different people tried holding the catheter onto the scale

with what seemed to them light force, and it was sufficient to hold the often slippery or

anevenly shaped tissue steady during the experiment. Ablation with just 3 fibers

illuminated was probed by ablating one row and one column of the matrix mentioned above

for only one round. The dependence of the crater depth on the force with which the catheter
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was pressed onto the tissue surface was probed in an experiment on normal aorta. Ablation

at a selection of secondary variable values was performed in coronary artery samples,

which were subsequently fixed in formalin and sent for histological analysis. All

experiments were performed under iced, clear cardioplegia obtained from the Cleveland

Clinic Foundation.

0.2. Ablation Crater Characteristics

The LAS II system has ablated all tissue types on which it has been attempted, from

normal soft tissue to rock-hard calcified plaque. Ablation occurs only when at least two

adjacent fibers were fired at the same time, as anticipated in section 6.2. When two fibers

are fired, a slit-shaped overlap ablation pattern is not observed, but rather almost the entire

region illuminated by both fibers is ablated. When an entire catheter round is fired, a

complete cylinder of tissue is removed in soft tissue, except for a plug of tissue at the crater

bottom. The plug of tissue appears to be the tissue in front of the guidewire lumen, which

actually enters the lumen during ablation. In some calcified tissue craters, whole cylinders

of tissue are removed, but other craters exhibit bridges of tissue between the outer diameter

and the central plug. These bridges appear at the locations of the three gaps in between the

four adjacent fibers which are fired simultaneously. It has been demonstrated that by

dithering the fiber firing sequence, so that different sets of four fibers are fired each round,

all but one of these tissue bridges can be eliminated. The one remaining bridge is between

the first and last fiber on the transmission line-catheter interface translator, since it is never

possible to illuminate those two fibers at the same time.

Full catheter craters at 90° incidence in normal aorta and coronary artery had the most

complicated shape of all craters observed. Figure 9.1 illustrates a typical normal tissue

crater profile, with all of the relevant crater characterization parameters noted. Figure 9.2 is

a photograph of a full catheter crater in normal aorta. The typical normal tissue crater was

cylindrically shaped, with a ridge of tissue surrounding the crater opening and a plug of

tissue at the center of the crater bottom. Crater widths (W1) were typically 1000-1500 pm,

while ridge ring widths (W2) were 1500-2000 um. Ridges could be up to a few hundred

gm in height (H2). Crater depths (H1) varied with the ablation energy, and were in the

range 200-1000 pm. The lumen plug was typically ~500 pum in diameter (W3) and up to

500 um tall (H3), in tissue which had been dried with a paper towel for crater

measurement. It was found that after ~10 minutes of soaking in cardioplegia, the lumen

plug could swell in size to fill almost the entire crater.
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FIGURE 9.1. Normal tissue crater characterization.

Normal tissue craters varied in appearance with their depth. Experiments done with

the lowest energy (8.5 mJ), or with low numbers of shots per crater, did not make a single

crater, but rather three oblong-shaped slits, in positions directly beneath the three four-fiber

groups which were fired. Craters with depths between ~200-600 Lm were very cleanly cut,

with flat bottoms and a profile similar to the sketch in Fig. 9.1. Craters with depths greater

that ~800 1m were more ragged in shape, often partially closing up. This was particularly

true in coronary artery samples.

Craters made in fibrous/fatty tissue had no ridges around the crater tops, and were

generally more roughly cut and more likely to partially re-close before measurement. Some

craters only a few hundred pm deep were not circular. Once again, craters in coronary

tissue were generally rougher than their counterparts in aorta. Figure 9.3 is a photograph of

full catheter craters made in fibrous/fatty coronary artery.

Excellent craters were made in both aorta and coronary artery calcified tissue samples.

Hard tissue craters were always very cleanly cut and cylindrical in shape, typically 1300-

1500 um in diameter with a 500 um diameter lumen plug. Some fracturing at the tissue

surface was occasionally observed, particularly in inhomogenously calcified samples.

Large debris granules (~10-100 um diameter) were observed in some calcified aorta

craters. Figure 9.4 is a photograph of a full catheter crater made in aortic calcified plaque.

Ablation in all tissue types was accompanied by an audible crack, following which

bubbles of vapor emerged from the catheter tip area and rose to the cardioplegia surface.

Ablation also produced a pronounced catheter jerking movement along its axis,

predominantly in calcified tissue.
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FIGURE 9.2. Full catheter crater in normal aorta. Ablation parameters:

Efiver = 13.5 mJ, nfiper = 3, Mound = 3.

FIGURE 9.3. Full catheter craters in fibrous/fatty coronary artery. Ablation

parameters: Efjpes(bottom left crater) = 15 mJ, Egjper(other

craters) = 11 mJ, nfper = 10, Myoung =~
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FIGURE 9.4. Full catheter crater in aortic calcified plaque. Ablation

parameters: Eur = 13.5 mJ, Nfiber = 60, Myound = 5.

174



9.3. Dosimetry Results

0.3.1. Full Catheter Egper—nifiver Reciprocity Study

The most extensive catheter dosimetry study examined crater depth as a function of

both Efper, the energy per shot and ngper, the number of shots per fiber. Plots of depth

versus energy per fiber are plotted in Figs. 9.5 and 9.6 for aorta and coronary artery,

respectively. In Fig. 9.5, the data from different values of ngpey Were averaged at each

fluence for each tissue type. The standard deviation with n for each fluence appears as error

bars in the aorta data figure. As will be discussed below, this is a reasonable approximation

given the scatter of the data.
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The fluence at the catheter tip was estimated from the measured quantities of energy

exiting the catheter per fiber by assuming the light from each fiber expanded to a 500 pum

diameter spot on the catheter surface.

The results of straight-line fits of the depth versus energy data for values of threshold

fluence, ¢, and ablation yield, Y, are summarized in Table 9.1. Threshold fluences for all

tissue types and sources were consistently near 70 mJ/mm?, very close to the values

measured for bovine bone, reported in chapter 4. Recall from section 4.7 that fluence

threshold was not expected to change between different tissues. Ablation yields, on the

other hand, showed considerable variation. For both aorta and coronary artery, yields in

soft plaque were ~5-10 times yields in calcified plaque, and yields in normal tissue were

~1.5 times yields in soft plaque (consistent with the results of section 4.6). Yields in aorta

calcified plaque were similar to yields in coronary artery calcified plaque, while yields in

the other tissue types in coronary artery were ~1.5 times yields in aorta. Yields in both

calcified aorta and calcified coronary were very similar to the yield reported for bone in

chapter 4.
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Tissue Type

Normal

Fibrous/Fatty

Calcified

&gt;stimatea

Number of

Shots per Fiber,[issue Source

Nfiber

Aorta

Coronary

Aorta |
Coronary
Aorta

5-20 |
5.90) |

5-20

5-20

30

45

60

30Coronary

Bovine Bone* | 10

-om data in chapter 4

Fluence

Threshold, ¢g |
(mJ/mm?2)

78

7

81

70

6.

76

70

48

71

70

Ablation Yield,

(mm3/N

0.48

0.72

0.32

0 49

0.08

0.07

0.05

0.03

0.06

0.07

TABLE 9.1. Results of Efiper—nfiber reciprocity study

Table 9.1 also describes the dependence of crater depth on the combination of energy

per fiber and shots per fiber used to construct the fluence which was delivered per round.

For normal and soft plaque tissues from both sources, there was sufficient scatter in the

data to prevent the appearance of any consistent pattern to the number of shots per fiber

data. Thus, to the resolution of the experimental data, the average depth per crater did not

depend upon the number of shots per fiber fired, for ngper ranging between 5 and 20. As

noted below, however, there is some evidence that crater depth per shot drops off for nfiper

values less than 5. In aorta calcified plaque, in the other hand, there was a clear dependence

of ablation yield on ngper.

9.3.2. Full Catheter m;oung Linearity Study

The reduction of the number of secondary variables requiring full testing in Table 9.1

from three to two depended upon the assumption that crater depth would be linear with the

number of catheter rounds fired. This assumption was tested by selecting a practical value

for Efper (16 mJ), and a value for ngper which would allow the linearity test to be

performed without perforating the artery sample. The results of this experiment are plotted

in Figure 9.7, illustrating that crater depth was linear with the number of rounds.
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9.3.3. Three Fiber Study

In order to verify proper dosimetry when less that the full catheter is required to be

illuminated, a study was conducted of ablation with three fibers and no catheter

advancement. In this experiment, performed on normal and softly plaqued aorta, crater

depth versus fiber energy curves were generated. The results of this study are plotted in

Figs. 9.8 and 9.9. Also included on the plots are the data for the corresponding values of n

from the full catheter study. As can be seen from the plots, ablation yields were less by a

factor of ~3 in normal aorta and ~2 in soft plaque aorta than the values for the full catheter.

This difference is probably due to the fact that the catheter could advance after each of the

full catheter rounds, when of course it could not advance after firing only a 3 fiber group.

This experiment points out the importance of good contact between the catheter tip

and the tissue in front of it. The ablating light normally exits the fibers at the output end of

the catheter at the full fiber numerical aperture (NA) of 0.22 (see Fig. 1.1). Upon entering

the shield at its flat inner surface, the NA is reduced to ~0.15. The shield is placed such that
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the light from each fiber forms a spot on its outside surface of 540 um diameter, so that if

the tissue is in contact with the shield, the fluence incident on the tissue is as calculated in

section 6.2. If the shield is not in contact with the tissue, however, the light continues

expanding after it leaves the catheter, to form a larger spot on the tissue with reduced

fluence. If saline, which has an index of refraction close to that of quartz, fills in the gap

between the shield and the tissue, then the light exits the shield at 0.15 NA. This means

that the light spot increases in diameter by 30 um for every 100 pm of shield-tissue gap, or

that the fluence is reduced to one-half its original value at a gap of 750 pm. Recall that the

design working fluence was set at twice fluence threshold, so when the fluence is cut by

half, crater depth goes to zero. If for some reason air or vapor gets into the shield-tissue

gap, then refraction at the output surface of the shield increases the NA beyond the original

0.22 due to the curvature of the shield, and fluence falls off even more rapidly with

distance. It is conceivable that water vapor resulting from previous ablation shots may

accumulate in this region (see the next section).
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9.3.4. Full Catheter Applied Force Stud3

The results of a study of crater depth versus catheter applied force on a sample of

rormal aorta are plotted in Fig. 9.10. It is interesting to compare the ablation yield as a

function of applied force with ablation yields measured in soft tissue with a focussed beam

ander saline in chapter 4. Unfortunately, soft tissue dosimetry studies were not done at

A = 355 nm. However, since bone was studied at A = 355 nm, by using the ratio of soft

rissue to bone yield at a nearby wavelength, it is possible to extrapolate what soft tissue

yields should be at A =355 nm. The closest wavelength for which comparison data is

available for yield values between bone and soft tissue is at A = 308 nm (see Table 4.4).

Performing this extrapolation, the yield for full catheter ablation of normal aorta under

saline matches the expected yield for ablation of soft tissue with a focussed beam under

saline at an applied force of ~10 gm.

Although the reason for the variation in yield with applied force is not completely

understood, one potential explanation is simply the extent of catheter-tissue contact. Since

the catheter tip is rounded, it is reasonable that the degree of contact between the catheter
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shield and the tissue in front it is sensitive to the force exterted by the catheter on the tissue,

since that force will bend the tissue surface to conform to the catheter shield shape. The

results of losing contact between the catheter shield and the tissue have already been

discussed in the previous section, where it was shown that the problem of a shield-tissue

gap is exacerbated if vapor accumulates in that region between shots. If the catheter applied

force is large enough, it may force the vapor out of the gap. The consequences of forcing

this steam into the tissue are discussed in the next section on histology.

A potentially useful result of this study was that the catheter in light contact with the

tissue (1 gm) ablates very little. This result is beneficial, since the LAS system is designed

to ablate only that tissue which is directly in contact with the catheter shield, and hence in

view of the spectroscopic guidance system. This may provide an automatic safety feature

whereby release in pressure on the catheter by the surgeon stops ablation from proceeding.
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9.4. Histology of LAS II Catheter Craters

Several tissue samples used during the catheter dosimetry study were prepared for

histological analysis. Photographs of two 5 wm tissue sections, stained with hematoxylin &amp;

eosin, are reproduced in Fig. 9.11(a-b). The crater in in (a) was made by placing the

catheter in contact with 20 gm force with a normal aorta wall sample under iced

cardioplegia, and firing 3 adjacent fibers a total of 20 shots at 16 mJ per fiber. The crater is

~400 pm wide at the tissue surface, ~500 pm deep, and a pathologist estimated that there

was ~100 pm of thermal coagulation at the crater edges. The craters in (b) were made with

the catheter in contact with 10 gm applied force with a sample of ulcerative, calcified aorta.

In this case, two sets of two adjacent fibers on opposite sides of the catheter were each

fired a total of 200 shots at 12 mJ per fiber. The dual craters each measure approximately

500 um in diameter by 450 um deep, with ~50 pm of thermal coagulation at the edges.

It is somewhat difficult to correlate the dimensions of the craters as they appear in the

histology samples with the dimensions of the catheter, since it is not known whether the

sections were taken through the center of the tissue crater, and if the plane they lay in was

tangent or perpendicular to the circle of fibers at the catheter tip. The crater widths from

both (a) and (b) in the figure are consistent with sections taken radially, since the spot on

the catheter face from each fiber has a 540 pm diameter. The crater depth in (a) was

approximately 1.5 times the depth predicted by the three-fiber dosimetry study (Fig. 9.8),

consistent with the extra depth expected due to the 20 gm applied force (Fig 9.10). The

crater depths in (b) were ~80% the depth of full-catheter craters in calcified plaque, which

is deeper than expected from the ratio of three-fiber to full-catheter crater depths in soft

tissue (~30%). However, examination of other histology slides for two-fiber craters in

calcified plaque reveals substantial variation in crater depths in different samples, ranging

from 15% to 80% of the expected full-catheter crater depth (which itself is an average of

many individual craters). In addition to purely statistical variation, this additional variation

in calcified tissue crater depths may be due to the variable extent of calcification in different

samples.

Apart from the variability just described, the photographs in Fig. 9.11 are typical of

histological findings from a large number of samples which were examined. None of the

ablation craters showed any evidence of charring. Craters in calcified tissue were always

cleanly cut to ~20 um of surface roughness, with ~50 um of thermal coagulation at the

edges. This cutting quality is comparable to the bone section histology at A = 308 nm and
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2.8 um, described in section 4.5.1.2. Soft tissue craters made with applied forces of 10 or

20 gm all looked like Fig. 9.11(a), with a cutting roughness on the order of 150 um,

combined with a zone of thermal coagulation of about the same depth. This type of result

was also observed by Gijsbers et al [90], who observed very rough cutting in aorta under

saline with a 308 nm multifiber laser catheter. In our experiments, soft tissue craters made

with 1 gm applied force had no visible tissue disruption and very little heat damage, but as

mentioned in the previous section, had very low yield. Some craters in both kinds of

tissue, although predominantly in calcified tissue, exhibited a much larger zone of thermal

damage directly beneath the crater, particularly at the higher energies (Efper = 13 or 16 ml).

This zone extended up to 250 um deep in some cases, and was manifested as a zone of

darker staining, occasionally accompanied by small vacuoles and sites of lateral tissue

dissection.

The larger-than-expected zone of thermal coagulation in the craters, particularly at

their bottoms, and the extent of disruption in soft tissue at high applied forces, may be

related to steam production at the catheter shield-tissue interface. As discussed in sections

9.3.3 and 9.3.4, vapors produced during ablation significantly alter the optics there. A

potential explanation for all of these results is as follows. When the catheter is brought into

contact with soft tissue at only 1 gm force, only the center of the shield is in contact with

the tissue. Expansion of the light exiting the shield (see section 9.33) results in a reduced

fluence on the tissue surface, and therefore low ablation yield. Most of the vapors produced

during ablation escape out the side of the ablation region into saline. When the catheter is

pressed with 10 or 20 gm of force, the tissue is deformed so that the entire shield is

brought into contact. The fluence at the tissue surface is therefore the design fluence, and as

has been pointed out, the ablation yields which result are approximately the same as for soft

tissue ablated with a focussed beam under saline. As the crater deepens, however, the

pressure of the catheter on the tissue forces the steam created during ablation into the tissue,

causing a deep zone of disruption and and thermal coagulation. The region of thermal

coagulation is particularly deep because in disrupting the tissue, the steam has burrowed

deep into the tissue. This steam then recondenses, depositing its heat at that depth. In

calcified tissue being ablated with high applied force, less steam is produced, due to the

lower water content, and the steam that is created is prevented from piercing the tissue by

its hardness. In this case, the steam either remains in the gap created at the catheter bottom,

or else slowly escapes along the side of the catheter crater. The steam being somewhat

trapped in the gap is consistent with the catheter jerking motion when ablating calcified

tissue described in section 9.2. In this case, the recondensing steam deposits a large
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amount of heat into the tissue, although the depth of heat deposition resulting from

diffusion in this case is not as deep as the depth of heat deposition resulting from tissue

disruption in the soft tissue case.

If this explanation of tissue disruption and thermal damage is correct, a few options

may be considered for obtaining high yields in soft tissue without disruption. The first

involves ablating at a low applied catheter force, where tissue disruption does not occur.

Since it appears that yields are low with a small applied force because the fluence is reduced

due to light expansion out of the catheter, the catheter tip would need to be redesigned to

either 1) include optics to modify the light divergence to deliver the design fluence to the

tissue, rather than to the shield surface, or 2) change the shield shape so that it remains in

full tissue contact at low applied force. Another option for obtaining high yields in soft

tissue without disruption involves providing an escape valve for the steam generated during

ablation, so that it is not forced into the tissue. This may accomplished in several ways. For

example, the catheter guidewire may be withdrawn slightly after positioning the catheter, so

that it fills up with saline and provides a volume where the steam can collect and

recondense. Although all of the above experiments were performed without a guidewire,

the guidewire lumen did become plugged up with tissue. Other potential strategies for

providing a steam escape route involve redesign of the catheter. One such redesign might

place the fibers in the catheter such that tissue is ablated sequentially around in a circle or a

spiral from the inside out, so that the location just ablated always fills up with saline and

orovides a harmless direction for steam venting. Alternatively, one could imagine catheter

designs which hold the tip off of the tissue surface in some fixed way, so that saline fills in

the gap.

9.5. Conclusions

Dosimetry with the working LAS II system was consistent with the experiments

reported in chapter 4. All tissue types were successfully ablated, generating craters large

enough to pass the catheter in soft tissue. Substantially different ablation yields were

observed for different types of plaque, consistent with earlier results. Maintenance of good

contact betweent the catheter tip and the tissue surface is important to delivering the design

fluence to the tissue. Histological examination of tissue craters showed no charring, ~150

um of peripheral thermal damage, and clean cutting in calcified tissue, but significant

disruption was observed in soft tissue. Both ablation yield and the amount of disruption in

soft tissue varied as a function of applied force on the catheter. A potential explanation for

these effects is that steam created by the ablation process is either forced into the tissue or
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trapped in between the catheter and the tissue, where it deposits heat in the tissue upon

recondensation. Methods for rectifying this situation are suggested.
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FIGURE 9.11. Catheter crater histology. (a) 3 fiber crater in normal aorta,

20 g applied force, 16 mJ/fiber, 20 shots. (b) 2 fiber crater in calcified

aortic plaque, 10 g applied force, 12 mJ/fiber, 200 shots.
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Chapter 10

Conclusions

Since a conclusions section is provided at the end of each chapter, a separate

summary of all results is not given here. Rather, a concise list of the major experimental

observations is given. Following that, the major implications of these results for theoretical

modeling of the ablation process are outlined. Finally, further experiments are suggested to

both clarify existing results and conclusions, and to approach the the unanswered questions

raised in this work.

10.1. Summary of Experimental Observations

The primary experimental observations of this thesis are as follows.

[. Light penetration depths in compact bovine bone are roughly proportional to wavelength

in the near-ultraviolet and visible wavelengths, with values on the order of a few hundred

im. Penetration depths are only a few microns near A = 3 pm. Throughout the visible

region, scattering dominates absorption by a factor of ~5-10.

2. Light from pulsed lasers, with irradiances on the order of MW/cm?, is capable of

producing clean-cut, char-free ablation in calcified tissue, without plasma generation.

3. As a function of pulse fluence, the volume of tissue removed during ablation exhibits a

threshold, a region of roughly linear growth up to a few times threshold, and a fall-off

from the linear. In the near fluence threshold region, tissue removal is adequately described

by two parameters, the fluence threshold and the ablation yield (being the slope of a

straight-line fit to depth versus fluence data). Ablation volume varies with the laser spot

diameter and the number of shots fired per crater.

4. Through the choice of laser wavelength, a variety of ablation characteristics may be

obtained. The best cutting quality for microsurgical applications in calcified tissue is

produced by wavelengths which are strongly absorbed in tissue, specifically below A ~&lt;

400 nm, and near A = 3 um. In these wavelength regions, histology reveals that calcified

tissue is cut to within ~20 um of surface roughness, with ~&lt;50 um of peripheral thermal

damage. The ablation debris in this wavelength range is composed of mostly vapor and of

rough-edged particles of hydroxyapatite on the order of a few im in diameter.
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5. Ablation thresholds for both fibrous and calcified plaque in aorta wall are similar to

thresholds for bone ablation in air, but the ablation yield increases by a factor of 1-5 for

calcified plaque, and 2-10 for fibrous plaque. In all tissues studied, fluence thresholds

ander saline and a quartz slide are approximately twice thresholds in air, while ablation

yield remains approximately the same.

6. Fast laser strobe photography (scattergraph configuration) of ablation reveals that

material is ejected from the tissue surface beginning as soon as 100 nsec after the ablation

pulse. The smallest particles observed are travelling up to 600 m/s, while larger particles

are observed travelling more slowly. The velocity and size distributions of debris particules

ejected during ablation are very similar for strongly absorbed wavelengths in the near-

ultraviolet (A = 355 nm) and mid-infrared (A = 2.8 um) wavelength regions.

7. Fast laser strobe shadowgraphs of ablation reveals spherical blast waves visible as soon

as 25 nsec after the ablation pulse, travelling outward from the ablation site at velocities on

the order of 1000 m/s. These shocks travel faster than theory predicts for purely dissipative

blast waves, implying exothermic processes in the ablation plume.

8. Single-color sequenced pulse ablation results imply that ablation is insensitive to

temporal pulse structure for the first few hundred nsec following a laser pulse, that

transient changes in tissue optical or thermal properties may be induced during ablation,

and that processes induced in the tissue by sub-fluence threshold energy deposition are

completely reversible.

9. Dual color sequenced pulse ablation experiments show that two sub-threshold pulses of

different wavelengths may combine to ablate tissue, with the cutting characteristics

determined by the more strongly absorbed wavelength.

10. The mechanism for laser-induced breakdown in 200 pm core diameter fused silica

fibers at A = 355 nm is surface breakdown. Breakdown fluence in fused silica substrates

and optical fibers scales with pulse duration to the 0.85 power in the nsec regime.

Sequenced pulses which are just sub-threshold for optical breadkown act separately if

separated by more than ~25 nsec. A pulse duration of ~450 nsec is necessary to conduct

sufficient light at A = 355 nm down 200 um core diameter optical fibers to ablate calcified

plaque at the other end, with enough fluence left over to allow the beam exiting the fiber to

expand in area by a factor of 5.
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11. Dosimetry with the working LAS II catheter is consistent with results obtained

previously by ablating vascular tissue under saline and a simulated shield, although yield

values depend upon the catheter applied force on the tissue. Histology of tissue craters

made with the LAS II system exhibits no charring, ~150 um of thermal coagulation

peripheral to laser craters, and significant disruption in soft tissue ablated at ~&gt;10 gm

catheter applied force.

10.2. Summary of Implications for Ablation Modeling

Several of the experimental results of this thesis, in combination with the initial

calculations presented herein, have implications for further modeling of the ablation and

related processes. These implications fall into the general categories of tissue optics,

ablation modeling, and catheter-tissue interaction.

As illustrated in the discussion of ablation modeling in section 2.4, knowledge of the

light distribution in tissue is critical for understanding ablation. In this thesis, the simple

assumption of a constant, exponential light distribution in tissue is made. This assumption

is sufficient to motivate simple ablation models for extracting fluence thresholds and yields

from ablation dosimetry data. However, several of the results presented here imply that the

light penetration depth in tissue is dramatically reduced during ablation (see sections

4.5.2.4 and 5.3.3.1). In close cooperation with future efforts in ablation modeling,

descriptions for the dynamics of light distribution in tissue must be developed.

The second category of experimental implications, for which this thesis provides a

rich supply of raw data, is in ablation modeling. As mentioned above, simple models for

ablation have been developed for obtaining fluence thresholds and ablation yields from

dosimetry data, and for extracting from these quantities such intrinsic tissue properties as

heat of ablation and light penetration depth. However, due to the results just referred to

concerning the dynamics of the light distribution, these simple models may prove to be

over-simplifications for high-irradiance ablation. If it can be shown experimentally that the

light distibution in tissue during ablation is indeed dynamic (see the next section), then the

ablation models will need to be updated to reflect this.

Another consequence of high-irradiance ablation, which has already been mentioned

in section 2.4.6, is the role of gasdynamics and thermodynamics in the air or fluid above

the tissue during the ejection process. The fast laser strobe photographs of ablation in

section 5.2 clearly show supersonic blast waves caused by ablation in air, followed by
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debris ejection at velocities of up to several hundred meters per second. The energy

expended in aerodynamic effects, and the consequences of shock wave propagation

through the tissue, must be accounted for quantitatively. A related problem is the ablation

of composite structures such as calcified tissue. A preliminary two-component picture for

how this process may occur, which depends upon the high ejection velocity of vaporized

tissue, was described in section 2.4.7.

Finally, several aspects of ablating tissue through a catheter require further

experimental and theoretical attention. Of primary importance among these are the

consequences of ablating tissue in a volume enclosed by the catheter shield. The pressures

generated during ablation, and the mechanisms of their release afterward, must be

anderstood so that alternative methods for their venting may be suggested. Another aspect

of catheter ablation which would benefit from further study concerns the optics of the

catheter tip, and how future versions may be designed to deliver the design fluence to the

tissue while satisfying other requirements such as the catheter applied force.

10.3. Suggestions for Further Studies

This results of this research provide a picture of the calcified tissue ablation process

which has been sufficient to aid in the design of a clinical laser angiosurgery system.

Several aspects of ablation remain, however, which have been noticed in this work, but are

not completely understood. Much of this experimental work parallels theoretical work

suggested in the previous section.

The implication of a dramatic decrease in light penetration depth during high-

irradiance ablation, discussed above and in sections 4.5.2.4 and 5.3.4.1, may be verified

experimentally. One way to do this would be to ablate a thin bone sample of bone in a

conventional transient absorption spectroscopy setup, so that the spectrum of transmission

of an independent source of white light may be monitored as a function of time after the

ablation pulse. A more sophisticated version of this experiment could be done with the

sample in an integating sphere, so that both total transmission and reflection may be

measured as a function of time after the ablation pulse. With this experiment, any changes

in attenuation in the sample would be measured as a function of both time and wavelength.

Several aspects of the ablation process itself may be illuminated by further

experiments. Many details of the gasdynamic and two-component ablation processes, for

example, are not known. Pressure changes in the ablation plume could be measured
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directly by performing fast laser strobe photography in an interferometer. The role of the

ratio of soft to hard component in the tissue could be investigated by constructing and

ablating artificial tissue, with varying ratios of collagen and water to hydroxyapatite. Heat

distributions in the tissue can be measured using magnetic resonance imaging [Bleier et al

90].

Investigation of the characteristics of ablation through the LAS II catheter has just

begun, due to the recent completion of the pulse stretching network. One of the surprising

results of this work so far is the difference in cutting quality exhibited between ablation

with a focussed beam under saline, and ablation with the same fluence through the LAS II

catheter (see sections 9.3-4). This effect should be studied in more detail; for example,

further applied force studies in different tissues, or strobe photography of the catheter tip

during ablation may explain this phenomena. The role of a layer of air, saline, or different

fluids between the catheter shield and the tissue may be examined by forcing air or saline

through the catheter lumen during ablation.

Finally, clinical applications of this work in other areas of the body besides the

coronary arteries may be explored. The LAS II system, which after all delivers ablating

doses of laser light through flexible optical fibers, may be ideal with only slight

modifications for applications in orthopedics, densitry, or otolaryngology.
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