Selective Laser Ablation of Diseased Tissue:
Investigations on a safe method of opening
occluded arteries

by
Martin R. Prince

.B., Massachusetts Institute of Technology (1980)
.M., Massachusetts Institute of Technology (1982)
M.D., Harvard Medical School (1985)

S
S

Submitted to the Division of Health Sciences and Technology
in partial fulfillment of the
requirements for the degree of
DOCTOR OF PHILOSOPHY
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
June 1988
C) Martin R. Prince
The author hereby grants to MIT permission to reproduce and

distribute copies of this thesis in whole or in psgrt)

Signature of Author:

o AL

June 27, 1988

e

Certified by: bl M N\ N Al ¥ Y SIN T~ s

John A, Parrish
;xhﬂsisnSupgrvisor

Accepted by:

2 X X oL

J Roger G. Mark
Chairman, Graduate Committee

T
JuL 19 1988

USRANES
Archives



SELECTIVE LASER ABLATION OF DISEASED TISSUE:
INVESTIGATIONS ON A SAFE METHOD OF OPENING OCCLUDED ARTERIES

by
Martin R. Prince

Submitted to the Division of Health Sciences and Technology
on June 27, 1988 in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

ABSTRACT

To determine the optimal laser parameters for ablating plaque
without damaging normal artery, an investigation was undertaken of
the optical properties of normal and atherosclerotic artery and the
mechanisms of laser ablation of arterial tissue. Optical studies
demonstrated a waveband from 450 to 500 nm where the absorption
coefficient of soft plaque was twice that of normal arterial wall.
Biochemical studies demonstrated that the preferential absorption
was due to carotenoid pigments present only in the plaque and that
it could be significantly enhanced with beta carotene administered
orally. Microsecond-long radiation pulses in this waveband of two-
fold preferential absorption showed a two-fold difference in
ablation thresholds. By operating the laser above the threshold
fluence for ablating plaque but below the threshold fluence for
ablating normal artery, it was possible to ablate plaque without
ablating normal tissue. High speed photography, ablation
efficiency measurements, debris analysis and histologic analysis
suggested an ablative mechanism for soft plaque that involves
adiabatic superheating of the irradiated tissue leading to
subsurface vaporization within milliseconds of the arrival of a 1-
psec laser pulse which eventually leads to disruption of tissue due
to rapid expansion of the subsurface vapor. Calcified plaque was
found to be ablated by a plasma-mediated process. By-using
sufficiently brief laser pulses it was also possible to ablate
calcified plaque with laser pulses that did not ablate normal
artery in the waveband of preferential absorption. Selective
ablation of atherosclerotic plaque may greatly enhance the safety
and efficacy of laser endarterectomy.
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NOMENCLATURE

a = absorption coefficient (cm'l)
ap = Beer's Law absorption coefficient (cm'l)
App = Kubelka-Munk absorption coefficient (cm'l)
bp = boiling point (°C)
C = specif.c heat (J/gm°C)
dl = deciliter
D = tissue thickness
e = extinction coefficient
El%cm = optical density of 1 cm of a 1% solution
f = laser pulse repetition rate (Hz)
TR = thermal relaxation time
7, = laser pulse duration
F = fluence (J/cmz)
Fip, = threshold fluence for ablation (J/cm2)
h = Planck’s constant (6.63x10" 4 Js)
= heat of vaporization
HPLC = high pressure liquid chromatography
Hz = hertz (cycles/sec)
I = intensity (W/cmz)
I, = intensity at the tissue surface (W/cmz)
I = threshold intensity for tissue ablation
J = backwards light flux in the Kubualka-Munk model
K = thermal conductivity (W/cm®C)
KM = Kubelka-Munk model for radiation transfer in turbid materials
k = thermal diffusivity = K/pC (cmz/s)
mJ = millijoule
uJ = microjoule
sl = microliter
pm = micron (micrometer)
psec = microsecond
nm = nanometer
p = density (gm/cm3)
rF = retardation factor from thin layer chromatography
R = remittance
Skm = Kubelka-Munk scattering coefficient (cm'l)
t = time
T = transmittance
T = temperature (°C)
T, = initial temperature - usually body temperature (37°0C)
T, = vaporization temperature
x = depth into tissue

ablation efficiency = the ratio of tissue mass ablated per unit of
energy incident on the tissue. (ug/J)

fluence = energy incident on the tissue per unit area (J/cmz)



CHAPTER I. INTRODUCTION

Atherosclerosis occurs in near epidemic proportions in western
countries. It is a disease in which fatty yellow plaques form
inside arteries at a rate that depends upon diet, blood pressure,
serum cholesterol, hereditary predisposition and other factors.
Although there are many theories about their genesis, probably the
most accepted view is that serum and some components of blood
insudate through the intima (inner lining of blood vessels)
particularly in regions that are injured and thus are more
permeable. Fatty components, especially lipids and cholesterol
then get trapped in the artery wall where they are phagocytosed by
macrophage/foam cells. The deformity of the vessel wall from the
extra fat renders the intima more susceptible t5s injury and also
may increase turbulence in the local blood flow which, in turn,
increases intimal injury. Injury promotes more insudation of
lipids into the artery wall and a vicious cycle develops (Robbins,

Cotran and Kumar, 1986).

The plaques formed by this process are highly variable and are
continually changing with time. Early lesions, called fatty
streaks, are small and thus have minimal hemodynamic significance.
Fatty streaks are thought to evolve into the classic atheroma which
can compromise blood flow and consists of a thick intimal deposit

of grumous with cholesterol crystals, lipid droplets and necrotic
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tissue elements often with an overlying fibrous cap. In more
advanced lesions, calcium deposits form and the plaque may
ulcerate, exposing grumous to the surface and stimulating thrombus
formation. Generally tine key distinctions between plaque and
normal artery include the high lipid/cholesterol content, presence

of solid calcium deposits and reduced elasticity of the plaque.

As these plaques grow, they obstruct some arteries and
compromise blood flow. Since the flow across a partially occluded
segment of artery varies with (radius)a, these lesions tend to
reach a critical pointvwhere a small increase in plaque causes a
large decrease in flow (Guyton, 1986). Severe plaques may also
promote blood clot formation on their surface or hemorrhage into
the plaque. Because of these phenomena, a plaque may grow for
years with no apparent effect and then suddenly cause a heart
attack. For most arteries there are many collaterals, or
alternative pathways for blood flow. Therefore, the occlusion of
one or only a few of these vessels is of little consequence. But
some arteries do not have collaterals; when they occlude, the
tissue they supply is killed. This is the case for several
arteries of the heart, brain and legs and explains the high
incidence of myocardial infarction (heart attack), stroke and

peripheral vascular disease.

There are many methods of treating stenotic or obstructed
arteries which, in itself, reflects the fact that none of them are
particularly effective, except in special circumstances. Changing

diet, quitting smoking, treating high blood pressure and
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eliminating other risk factors may reduce the progression of the
disease. A number of drugs (Goodman and Gilman, 1987), such as
nitrates or calcium channel blockers can dilate blood vessels., A
small increase in vessel diameter will dramatically increase blood
flow because of the (radius)4 relationship with flow. Some drugs
can act on the clotting system to minimize clot formation (aspirin,
persantine) or dissolve existing clots (,TPA, streptokinase).

There are also drugs that minimize the metabolic activity of tissue
supplied by a stenotic artery (beta blockers) to prevent the tissue

from outrunning its restricted oxygen supply.

Surgery can be used to remove plaque or to bypass the stenosis
with a vein or other graft. The surgery, however, requires general
anesthesia and cutting through a lot of normal tissue to reach the
lesion. Some stenoses can be expanded by inflating a balloon
within the artery. This procedure has merit because it can be done
without surgery or general anaesthesia. Unfortunately, it still
has a significant complication and failure rate occasionally
requiring immediate emergency surgery and more frequently requiring

repeat balloon dilation (due to restenosis) within 6 to 12 months.

Shortly after discovery of the maser by Schawlow and Townes in
1958 and the Ruby laser by Maiman in 1960, researchers began
exploring the potential use of lasers in medicine and surgery. The
carbon-dioxide laser, emitting radiation at 10.6 microns which is
strongly absorbed by water, vias found (Hall et al, 1971) to be
effective in cutting ard ablating tissue presumably because of the

high water content of tissue (about 70%). This laser was found to
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leave a zone of coagulation in the unablated tissue so that blood
vessels were sealed permitting surgery with minimal blood loss. It
was also found to be useful for operating on hard to reach organs

such as the vocal cords, esophagus and cervix (Dixon, 1987),

The potential of another early device, the ruby laser, was
also evaluated (McGuff, 1963). It emits millisecond pulses of high
intensity radiation at 694 nm where tissue does not absorb well.
Its ablative effect proved to be too explosive to be useful. As
laser and optical technology progressed, more medical applications

were discovered,

Recently, removal of obstructing plaques in humans has been
accomplished with laser radiation delivered to the obstruction via
fine flexible optical fibers by Choy et al (1984), Ginsberg et al
(1985), Abela et al (1986), Geschwind et al (1984) and others.
This procedure has the advantage of eliminating surgery and general
anesthesia because the fiber can be inserted into the circulation
in an artery close to the skin and then advanced through the
circulation to the point of the obstruction. It has a potential
advantage over balloon angioplasty in that the diseased tissue
causing the obstruction is actually removed, not just.expanded.
Thus, this procedure might reduce the high incidence of restenosis
associated with balloon angioplasty and may also extend catheter
revascularization techniques to patients in whom surgery is the
only option (e.g. long stenotic lesions, multivessel disease or

acute thromboses)
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Early research in this area has focused primarily on
evaluating the ability of existing lasers to ablate plaque. The
CO, laser emitting 10.6 micron radiation has been favored by some
researchers (Gerity et 11, 1983) because of its widely accepted use
as a surgical laser. In rheory, the high absorption of CO, laser
radiation in tissue can limit the depth of penetration of the
energy into the tissue. But in practice, this laser is used mostly
in the continuous wave mode which can cause extensive thermal
damage from thermal diffusion (Walsh et al, 1988). Intraoperative
ablation of coronary plaques at the time of bypass surgery has been
demonstrated with CO, laser radiation directed into the isolated
coronary artery via a metal tube by Livesay (1985). Katzir et al.
(1985) has described a safe, semi-flexible, optical fiber for
delivery of the CO, laser radiation to arteries although the high
absorption of 10.6 micron radiation by water requires displacing
all physiologic fluids from the space intervening between the laser

catheter and the plaque.

Wolbarsht et al. (1984) has described use of Hydrogen Fluoride
and Erbium:YAG lasers emitting 2.9 micron radiation which may be
even more strongly absorbed in tissue and for which zirconium
fluoride fibers are available. Although initially very brittle,
zirconium fluoride fibers have been improving in flexibility as
manufacturers develop more experience producing them. The
extremely high absorption of this radiation allows the possibility
of removing tissue micron by micron and leaving behind a smooth

surface with virtually no thermal damage. At this point, however,
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the importance of surface smoothness and thermal damage is not

known.

The Nd:YAG laser, emitting at 1.06 microns has been used
clinically to ablate femoral and tibial artery stenoses with a
percutaneous technique. Geshwind et al. (1984) used a balloon
catheter inflated proximal to the stenosis to hold an optical fiber
oriented coaxially with the vessel and to partially displace blood
by perfusion with saline. He reported no immediate complications
on the three patients treated but has provided no long term follow-
up. Since then several centers have coupled Nd:YAG lasers to
sapphire-tipped fibers to ablate peripheral artery lesions (Pilger,
1988 and Cross 1988). The sapphire-tipped fibers have a large
diameter sapphire ball that spreads open the artery while the laser
radiation emitted at the center of the ball makes an incision in

the plaque allowing the occluded artery to open (Verdaasdonk et al

1987b).

The argon ion laser emitting primarily 514 nm radiation was
initially the most popular (Marcuz et al (1980), Lee et al (1981),
Ginsberg et al (1985), Choy et al (1984), Abela et al (1986)). 1Its
radiation is readily transmitted by highly flexible and rugged
quartz fibers, reasonably well absorbed by tissue with a
penetration depth of about 300 microns and familiar to physicians.
Ginsberg treated stenoses and obstructions in leg arteries of 16
patients using a technique similar to that of Geschwind. Although
successful in improving the lumen of 8 patients, there were many

complications including 2 laser perforations, 1 dissection, 7
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patients with severe pain, 4 with spasm, 3 occlusions and 1 acute
thrombosis. In addition, the laser procedure did not make an
adequate channel for blood flow and always was followed with
balloon dilation to obtain an acceptable lumen. In a similar
experiment, Choy used argon lasers to ablate coronary artery
stenoses in 5 patients during coronary bypass surgery. None of the
vessels remained open and one which was biopsied showed deep medial
necrosis due to thermal injury. These early problems with
confining the effect of the laser radiation to plaque have been
confirmed by Gerity (1983), Lee (1984), Abela (1985) and have led
to extensive analysis of argon laser ablation of tissue by Welch
(1984,1985) Cothren (1987) and others. Unfortunately, the
relatively low intensity radiation from the argon ion laser ablates
normal artery as well as soft plaque and typically leaves a 1 mm or
larger zone of histologic alteration (presumably thermal damage) in
the remaining unablated tissue. Like other continuous wave lasers,
it cannot ablate calcified plaque and thus, preferentially ablates

normal artery when directed at a calcified lesion.

Postulating that surface heating is the main ablative effect
of laser radiation on plaque, Sanborn et al. (1986) demonstrated
that placing a rounded metal "hot tip" on the end of the fiber
enabled recanalization of occluded peripheral arteries in humans,
In this procedure the laser radiation never reaches the tissue
directly but rather heats up the metal tip which in theory burns
through the plaque like a hot knife through butter. Unfortunately,

this device has problems with perforation, welding itself to the
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vessel wall and creating excessive thermal injury. At least one
death has been associated with a hot tip perforation of a coronary
artery. The hot tip can make a lumen only the size of itself so
this procedure must be followed by balloon angioplasty. Abela et
al. (1986) have modified the hot tip by drilling a hole in the end
to allow some of the radiation to pass through it and reach the

tissue.

Spears et al (1986) demonstrated that hematoporphyrin
derivative (HPD) is preferentially taken up by plaque as compared
to normal artery. This photoactive substance has been successfully
used to treat cancer. After being taken up by tumors, it can be
irradiated by low intensity argon pumped dye laser radiation at 633
nm to create singlet oxygen, which can then kill tumor cells.
Spears tried this technique in animals and humans but found it has
significant toxicity and does not result in a change in plaque

geometry.

Excimer lasers at 193, 248, 308 and 351 nm have been shown to
make precise cuts in soft and calcified atheromas with little
morphological damage to residual unablated tissue by Srinivasan
(1987), Linsker (1984), Grundfest (1985) and Isner (1987). These
ultraviolet wavelengths carry the potential and often overstated
risk of mutagenesis and the short, high intensity excimer laser
pulses are difficult to transmit down optical fibers. hy stretching
the excimer laser pulse duration, making custom optical fibers and
using 308 or 351 nm radiation (which is not as highly absorbed as

193 nm, 248 nm or 2.9 micron radiation) investigators have been
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able to deliver enough energy via fibers to perform laser

angioplasty and clinical studies are underway.

All of the research in this area has employed lasers emitting
radiation that effectively ablates the normal artery wall as well
as or bectter than the plaque. The numerous reports of
perforations, aneurysms and other forms of inadvertent damage to
the normal artery that is adjacent to or underlying the plaque
indicate the difficulty of confining laser radiation to the
diseased tissue with present catheter techniques. To overcome this
problem, many investigators are developing angioscopic (Spears
1983, Litvack 1985, Shure 1985), spectroscopic (Kitrell 1985,
Sartori 1986, Deckelbaum 1987, Clarke 1988) ultrasound imaging
(Sahn, 1982) and other techniques that discriminate plaque from
normal artery to improve aiming. Mechanical "atherectomy" devices
that take advantage of differences in tissue elasticity between
plaque and normal artery to selectively remove plaque are also
under development (Schwarten 1986, Kensey 1986, Hansen 1987). An
ideal approach, would be one in which laser pulses completely
ablated plaqﬁe while causing no damage when inadvertently directed

at normal artery.

Selective destruction of tissue based on differential
absorption has been described by Anderson and Parrish (1983). They
took advantage of the preferential absorption by hemoglobin at 577
nm compared to nonvascular dermal tissues to selectively coagulate
the anomalous micro blood vessels that cause port wine stain, an

unsightly red patch of skin often occurring on the face. By using
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pulses that are short compared to the thermal relaxation time for
the 100 um diseased blood vessels, the thermal damage was confined

to the region of the blood vessels.

Many studies on laser ablation of materials have shown a
"threshold" above which ablation occurs and below which ablation
does not occur. This threshold behavior, which can depend upon
optical absorptioa and other properties of the materials, suggests
that selective ablation of plaque is possible if a waveband of
differential absorption can be identified. Selective ablation of
ureteral calculi and biliary stones by a plasma mediated process
indicates that selective ablation of calcified plaque may be

possible by a similar mechanism (Watson, 1986).

This thesis investigates the possibility of ablating plaque

with laser pulses that do not ablate normal artery.

HYPOTHESIS: It is possible to ablate arterial plaque with laser

pulses that do not ablate normal artery.
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CHAPTER II. RATIONALE FOR SELECTIVE ABLATION

Selective ablation requires capitalizing on the optical,
thermal and mechanical differences between normal and diseased
tissue to remove unwanted tissue with a minimal effect on normal.
Thermal properties of atheromas and normal artery are known to be
similar because of the high water content (= 70%). There are,
however, obvious mechanical and optical differences between
atheromas and normal artery. Atheromas are generally yellow while
normal artery is pink. Atheromas are weakly held together,
inelastic and sometimes hard and brittle while normal artery is
strong, tough, elastic and soft. The idea behind this work is to
take advantage of the optical differences to preferentially deposit
radiation energy in atheromas. How this selective deposition of
laser energy affects ablation would obviously depend on the precise
mechanism of ablation. Analysis of the complex processes by which
laser radiation incident on tissue causes ablation has recently
been reviewed from many perspectives (Regan and Parrish 1982, Ready
1971 and 1982, Welch 1984, Boulois 1987, Wolbarsht 1984, Hillenkamp
1980, Weber and Zweig 1987, Letokhov 1985, Partovi et al 1987, Yoon

et al 1987) and will be described in greater detail in Chapter VI.

To see how selective deposition of laser energy may lead to
selective ablation, assume for the moment that ablation is nothing

more than evaporation of water (as will be discussed later, this is
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far too simple a model). If we further assume homogeneous
material, Beer’'s law absorption, and apply the one-dimensional heat
equation (which is justified if the laser beam diameter is greater
than 1/a), then the temperature distribution during irradiation

with an intensity, I , would be given by

32T pC 8T Toae 9%
— e e — 1.1
a2 K ac K

where x = depth into the tissue

x
K = thermal conductivity
C = specific heat
p = density
o = absorption coefficient
I, = intensity of incident radiation
T = temperature
t = time

To maximize selectivity, the energy should not have time to diffuse
to adjacent tissue once it is selectively absorbed. This restricts
the laser pulse duration to times much shorter than the thermal
relaxation time, Tp, Where

R = 1/6a%k I1.2

k = K/pC = thermal diffusivity

as described by Anderson and Parrish (1983). This allows

simplification of equation I.1 to
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8T loae %%
—_— . —— II.3
at pC

for the period of irradiation, which can be integrated to yield:

I ta
o)
e X 4 7

T = I1.4

o
pC

where T, = initial temperature.

Now assume that vaporization will begin as soon as the surface
reaches a vaporization temperature, Ty,. Then, the threshold
intensity, I.p, for ablation can be calculated by solving for the

intensity at which the surface temperature T(x—O) exceeds T, i.e.

Iy = —— II.5,

This threshold intensity can be rewritten in terms of a threshold

energy per area (fluence) to give

Eth pC(Ty-Ty)
Fth = = Itht - —— I1.6.
Area a

Selectivity in this ablative regime will occur when the

threshold fluence, Fehy 1s higher for normal tissue than for plaque
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and when one is operating above the threshold for plaque and below
the threshold for normal tissue. The thermal properties, p, C and
(T,,-T,) have Yeen measured and found to be comparable for nlaque,
normal artery and water (Welch 1984). This is presumably because
water is the dominant thermodynamic material in tissue accounting
for 70% - 90% of its mass. This leaves the absorption coefficient,
a, as the only parameter in this model system available for
differentiating the ablation thresholds between plaque and normal
artery. Since in theory, the threshold fluence scales inversely
with a, selective ablation would be predicted to occur at
wavelengths where the plaque absorption coefficient is
significantly greater than the normal artery absorption coefficient
(sssuming all plaque has the same absorption coefficient and all

normal tissue has the same absorption coefficient).

In the region of the electromagnetic spectrum from 1.3 um to
mm, absorption in all tissue is dominated by water. Since water is
the dominant component of both plaque and normal artery no
selectivity based upon preferential absorption would be expected in
that part of the spectrum. At ultraviolet wavelengths below 300
nm, the strong absorption by DNA and proteins in cellular tissues
like normal artery also make selectivity for plaque unlikely,
These higher energy photons (greater than 3-4 electron-volts) also
can initiate a variety of undesirable photochenical reactions.
However, in between these regions there may be differential

absorption as evidenced by the obvious difference in color between
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plaque and normal artery.

Thus, selective ablation may be possible if one could identify
a wavelength between 300 to 1300 nm where there is preferential
absorption and a laser emitting sufficiently short pulses at that
wavelength. This laser then, should be operated above the
threshold for ablating plaque and below the threshold for ablating

normal artery.

Chapters 3 and 4 will discuss the studies undertaken to
identify a waveband of preferential absorption and to demonstrate
that preferentially absorbed radiation can selectively ablate

atherosclerotic plaque.
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CHAPTER ITI. EXPERIMENTAL METHODS

This chapter describes the experiments used to

a. identify a waveband of preferential absorption,

b. measure ablation thresholds,

c. cdemonstrate selective ablation,

d. evaluate the mechanisms of ablation,

e. identify carotenoids as the chromophores responsible for
selective ablation, and

f. demonstrate that selectivity is enhanced by fseding
carotenoids to patients.

These experiments are summarized in Table III.1 and described in

detail below.

III.1 Optical Studies

Two techniques were used to evaluate tissue absorption.
First, diffuse spectral remittance and transmittance were measured
on a spectrophotometer fitted with an integrating sphere and the
Kubelka-Munk (1931, 1948, 1954) model for light propagation in
scattering media was used to calculate absorption coefficients,
The integrating sphere measurements showed reduced precision in
regions of high absorbance, which were the most relevant to this

study. Accordingly, a tunable-dye-laser-based-spectrophotometer
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was constructed which could measure transmittance with a precision

of 1073 percent over areas as small as 1 mmz.

III.1.1 Specimens. Specimens of human aorta were obtained less
than 48 hours post mortem from 10 cadavers. Optical measurements
with the integrating sphere were made on 6 soft, yellow, raised
plaques from which the outer portion of the media and adventitia
had been stripped by blunt dissection. Each plaque came from a
different cadaver and was measured once. A total of 7 normal aorta
specimens were prepared from 3 of those cadavers. One was studied
as an intact, full thickness specimen and measured 3 times. A
second was studied intact and then roughly divided into adventitia,
media and intima by blunt dissection, and the integral parts
examined separately. A third was divided into an intimal and a
medial specimen before measurement. Laser spectrophotometer
measurements were made on specimens from 4 cadavers. In each
specimen, 3 atheromatous regions and 3 adjacent normal spots were

studied, for a total of 12 pairs of measurements.

IIT.1.2 Integrating Sphere Measurements. Specimens of .2 to 2
mm thickness were mounted in a holder with polished quartz windows;
the holder was filled with normal saline to minimize optical
artifacts from tissue surface irregularities. The air-quartz
interfaces of the holder had a consistent and predictable
remittance that was measured and subtracted from the tissue
remittance measurement. The mounted tissue was placed on a 7.5-cm-

diameters, barium sulfate-coated integrating sphere connected by 2-



mm-internal-diameter fiber optic bundles to a Beckman 5270 double
beam spectrophotometer as shown in Figure III.1 and described
previously by Anderson (1981) and Wan (1981). This
spectrophotometer was interfacel to a Hewlett Packard 9825A
computer for digital data acquisition and analysis. The apparatus
used a ccllimated light beam to illuminate a 5-mm-diameter region
of the sample tissue. Diffuse illumination was not used because it
would have required illumination of a substantially larger diameter
spot to achieve the same level of precision, making it difficult to
study individual, discrete atheromas. The illumination wavelength
was scanned from 1330 to 250 nm. Freshly coated barium sulfate
plates were used as 100% remittance standards. Thickness of the
tissue, positioned between the two quartz windows, was measured
with a micrometer. To examine the effect of denaturation on tissue
optics, some mounted specimens were heated with a hot air gun to

100°C and reexamined.

Immediately following measurement of remittance and
transmittance, the area examined was marked with india ink, fixed
in 10% buffered formalin, processed through xylene and graded
alcohols and paraffin embedded. Sections were staineq with
hemotoxylin and eosin for light microscopy. Silver stains were

used on selected sections to better visualize elastic fibers,

IIT.1.3 Laser-based Spectrophotometer Measurements. Because
the integrating sphere measurements were limited to a minimum of a

5-mm-diameter region on the sample and a transmittance of > 0.5
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percent, a tunable-dye-laser-based spectrophotometer was
constructed which could measure transmittances as low as 10'5 in 1-

mm-diameter spots (see Figure III.Z2).

A nitrogen-laser-pumped dye laser (Laser Sciences Inc.) was
used to provide light from 400 to 605 nm using DPS, coumarin 440,
voumarin 480, coumarin 540A and rhodamin 6G dyes. All transmitted
light was detected with a 1 cm? UV-IR enhanced silicon photodiode
(Hamametsu #1337-1010BQ). An RC integrating circuit was used to
average over 100 laser pulses. A reference beam with an identical
detection circuit was employed to compensate for pulse to pulse
variations in laser output. Another identical detection circuit
was submerged in the saline bath on top of the specimen to measure
remittance. Remittance was calibrated using a 1.5 mm thick piece
of teflon. The specimens were immersed in a normal saline bath
during measurements to minimize the effects of irregular surface
contours and to simulate the in vivo optical environment. The
small spot size permitted translating the tissue through the beam
to directly compare optical properties at normal and atheromatous

regions on the same specimen. Following measurements, the spots

studied were marked and processed as previously described,

IIT.1.4 Calculation of Absorption and Scattering Coefficients
based on Kubelka-Munk Theory. Absorption and scattering
coefficients were calculated with the Kubelka-Munk (KM) model for
light propagation in turbid and absorbing media (Kubelka, 1948,

1954). 1In this model, light in the tissue is separated into two
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diffuse fluxes, the first, I, propagating forward into the tissue,
the second, J, propagating backwards towards the source (Figure
II1.3). The model defines absorption and back scattering
coefficients, Ay, and Skm» and describes light propagation by Zuwe

first order differential equations,

dl
- = -Ska - Aka + Ska III.1
dx
dJ

These equations have been solved for the boundary
conditions illustrated in Figure III.3 to give the Aym and Sy
coefficients in terms of the measurable quantities remittance, R

transmittance, T and thickness, D, where

-5 1-R24+72
1 [ j1+R2- T2 7R
Skm = - (—————-)-l cot:h'1 52 i ITI.3
D 2R [(1+R T ) _1]1
7R
Apn = Sp([((L + RZ - T2)/2R] - 1) 111.4
km km e

When T is small, equation III.4 can be approximated as

Agm = Skml (1 - R)2/2K] I11.5.

For very small values of T, such as in a thick specimen or
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in a region of high absorption, the value of Skm in equation III.3
is very sensitive to errors in the measurement of T. Because
scattering usually varies slowly with wavelength (32), it is
possible to calculate Ay, using the measured R, and the Sk from an
adjacent spectral region with higher T. In regions of T < 0.5%,

App was calculated this way.

ITI.1.5 Calculation of Absorption Coefficients based on Beer's
Law. In the waveband of preferential absorption in atheromas an
additional method was used to evaluate absorption. Beer’s law

absorption coefficients, a), were calculated using equation III.6

ap = -1ln(Transmittance)/thickness ITII.6

and the ratio of atheroma oy to normal aorta aj, was plotted to
locate the wavelength of maximum preferential absorption in
atheromas. This simplified analysis ignores the effect of light
scattering within the tissue. In cases where scattering is small
compared to absorption as well as wavelength and sample-

independent, ap will be similar to Ay

III.1.6 Statistical Analysis. A t test for dependent measures was
used to evaluate the significance of the observed difference in

absorption between atheromatous and normal aorta at the wavelength



of maximal preferential absorption in atheromas (470 nm). The
laser spectrophotometer measurements were treated as paired data,
since both atheroma and normal aorta were compared within the same
individual. The three measurements on the atheromatous and on the
normal regions of each of the specimens were averaged, and the
average atheroma and normal absorption coefficient for each
individual were treated as two separate observations. For the
integrating sphere measurements, determinations of atheroma or
normal absorbance on multiple specimens from the same individual
were also averaged. The averaged data were treated as independent

observations.

III.2 Ablation Studies

III.2.1 Radiation Source. All laser radiation was provided by
flashlamp-excited dye lasers (Candela Laser Corp. Wayland, MA).
Initially a coaxial flashlamp-excited dye laser was used that
generated l-usec-long pulses (fnull width at half maximum) at a
repetition rate of 1 Hz with energies up to 1.5 joules per pulse,
This laser could be frequency doubled using a ammonium dihydrogen
phosphate crystal and provided up to 30 mJ/pulse of 290 nm
radiation at a pulse duration of 500 ns. A repetition rate of only

1 Hz made it difficult to quantitate the ablative effect because of
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the need to average over many pulses. Accordingly, a linear
flashlamp-excited dye laser was obtained which operated at up to 10
Hz with up to 500 mJ/pulse with a pulse duration of 1 usec. To
study the effect of pulse duration, additional lasers were
constructed with 8 and 50 usec pulse durations. Fundamental mode
radiation at 465, 480, 504, 540, 658 and 690 nm was produced using
various laser dyes (Exciton Chemical Co. Dayton, OH) in the 1 usec
lasers. The longer pulse duration lasers were operated only at 480
nm. Laser wavelength was measured with a grating monochromator
(Bausch Lomb #33-86-76). Pulse width was measured with a reverse
biased silicon photodiode (EG&G FND 100Q). The laser mirrors were
adjusted prior to each experiment until output burn patterns on
exposed polaroid film were circular and uniform. Spot size was
determined by measuring burn patterns on polaroid film placed just
in front of specimens. The energy per pulse was measured with an
energy meter (Scientech #36-5002 & 38-0101) or power meter

(Coherent #CT-210). Pulse-to-pulse energy variation was + 5%.

IITI.2.2 Specimens. Specimens of atherosclerotic human aortas,
heart, inferior vena cava, pulmonary artery and pulmonary embolus
were obtained from the Massachusetts General Hospital morgue and
used within 5 days of death. All specimens were reviewed by a
pathologist (or pathology resident), rinsed with normal saline to

wash off blood and post-mortem clot, tightly wrapped in plastic and
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placed in refrigerated storage; they were allowed to equilibrate to
room temperature just before irradiation. Normal-appearing regions
of aorta were categorized as normal intima. The underlying media
and adventitia were made avaliable for study by blunt dissection.
Atherosclerotic regions were categorized into fatty streaks, fibro-
fatty plaque or calcified plaque. Post-mortem thrombus was
discarded. Organized thrombus adherent to plaque was labelled
thrombus. Organized thrombus in pulmonary arteries was labelled

pulmonary emboli.

IIT.2.3 Ablation Thresholds. The threshold energy for ablation
was defined as that energy delivered through the fiber that caused
visible removal of tissue from the specimen. Any visible change in
the surface of the tissue including just roughening of the tissue
surface was considered to be ablation. Typically it was
accompanied by a characteristic snapping sound and fiber recoil.

It was measured as shown in Figure III.4., 1Initially the coaxial
flashlamp-excited dye laser was employed and the laser beam was
made uniform by focusing into a step-index, multimode; quartz
optical fiber with a 1 mm or 650 micron core, approximately 1 meter
long (Math Associates QSF 1000 or QSF 650)., The output end of this
fiber was placed flush against aortic specimens submerged in
saline. The laser energy was increased at increments of $-10 mJ

until the ablation threshold was reached. This energy was then
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measured by aiming the fiber into the energy meter. Threshold
fluence was calculated by dividing this energy by the area of the

fiber core.

When the lineur, high repetition rate, laser became available,
the recorded threshold energy for ablation of each specimen was
determined as the energy at which 50% of 20 separate exposures
showed signs of ablation. Threshold fluence was calculated as
described previously. This technique was fast and permitted
averaging over a large volume of tissue. For each pulse duration,
specimens of each tissue type from at least 5 different cadavers
were studied and averaged. Statistical comparisons were made with

a t test for independent measures.

ITI.2.4 Histology of Preferential Ablation. To examine the
selective ablative effect of this laser histologically, large areas
of plaque were ablated as shown in Figure III.5. Atheromatous and
adjacent normal regions of 20 specimens were irradiated with
multiple pulses at a rate of 1 Hz and a fluence of 18 J/cmz/pulse
either in air or submerged under 1 cm of saline. Following
irradiation, the irradiated areas were mark:d with india ink, fixed
in formalin, processed routinely and stained with hematoxylin and
eosin., Calcified plaques were first decalcified in nitric acid and

then processed routinely,

III.2.5 Measuring Mass Ablated. Two techniques were used to

quantify the mass of tissue ablated per laser pulse (ablation
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efficiency). In the first technique, specimens were mounted
vertically at the edge of an analytic balance (Mettler AE163) such
that ablation debris landed off the balance as shown in Figure
III.6. A humidified chamber surrounding the specimen minimized
interference from air currents and weight loss from evaporation.
Specimen mass was recorded automatically at 2 Hz by a computer (IBM
PC) interfaced to the balance (Mettler Interface Option 011). All
specimens were cut from human aortas using a 6 mm biopsy punch to
provide the same surface area for water evaporation. A 2.5-mm-
diameter spot on each specimen was irradiated with 10 pulses, each
at 0.9 J (18 J/cmz/pulse) delivered at 1 second intervals. This was
repeated for 7-10 normal and atheromatous aortic specimens from
each of 4 aortas for a total of 66 measurements. Balance readings
were also taken before and after laser irradiation to correct for

drift due to water evaporation.

When a linear flashlamp laser with a repetition rate of 10 Hz
became available it was possible to deliver many more laser pulses
in between balance readings. This greatly enhanced the signal-to-
noise ratio of the measurement. It was then possible to weigh a
small specimen before and after irradiation under saline with 100
to 200 pulses, A total energy of 0.8 or 8 J was delivered to each
specimen under saline between mass measurements depending on the
tissue'’s susceptibility to ablation. This was repeated at 2
different pulse energies including subthreshold (control) and twice
the threshold for plaque tissue. This measurement was repeated 10

times for each specimen. Normal intima, fibro-fatty plaque and
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calcified plaque were all studied in this manner. Specimens of
each tissue type from at least 5 different humans were studied at

each pulse duration.

IITI.2.6 High Speed Photography. The ablation process was
photographed using a method developed in collaboration with
Edgerton (1979). A 35 mm camera with the shutter open was aimed
perpendicular to the laser beam. A yellow filter (Corning #3-370)
excluded the 465 nm laser radiation from exposing the tilm. The
room was darkened sufficiently to allow exposure of the film (Kodak
Plus-X) only by a l-usec-long electronic flash pulse. A delay
circuit permitted triggering the flash at times ranging from 10 to
2500 psec, as measured with a photodiode (Centronics BPX65), after
the laser pulse. Specimens from the two atheromatous aortas were
ablated at 25 J/cmz/pulse over 2.5-mum-diameter spots. A
luminescent plume associated with ablation of calcified plaque
ablation was photographed in a similar manner but without the

electronic flash.

III.2.7 Ablation plume spectral analysis. To determine if the
luminescent plume associated with calcified plaque ablation
represented a plasma, as opposed to incandescent or fluorescent
emissions, the spectral distribution of the luminescent plume, in
the spectral range from 300 to 600 nm, was measured using a method
described in detail by Teng et al (1987a). A grating spectrometer
with a gated multichannel analyzer detection system (OMA-3

Princeton Applied Research Princeton, NJ) was used to obtain
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emission spectra at various times after the beginning of the laser

pulse.

I11.2.8 Analysis of Ablation Products. Ablation debiis was
collected by placing a microscope slide in the path of the laser
radiation, 2 cm away from the specimen. The debris on the slide was
examined while fresh, and again after being fixed and stained with
hemotoxylin and eosin. Debris was also collected by placing a
saline filled petri dish just in front of the specimen (oriented
vertically) being ablated; it was collected on 5 micron filter
paper (Millipore SM 5.0 um), fixed in 95% ethanol and stained with
hematoxylin, orange-green and eosin to evaluate particle size.
Calcified plaque debris was collected by irradiationg the plaque
under prefiltered saline. Fcllowing irradiation, the saline was

examined under a dissecting microscope.

III.3 Chromophore Studies

ITI.3.1 Chromophore Identification. After identifying a spectral
region of preferential absorption in atheromas (see chapter IV), it
was possible to partially characterize the responsible
chromophores. Lipophilic pigments were extracted by shaking 1.2 gm
of atheroma or normal aorta in 10 ml common xylenes (Fisher X-5 SK)
for 12 hour at 5°C. After filtration (Whatman #42 ashless filter
paper), absorption spectra of the filtrate were determined in l-cm-

path cuvettes using a Beckman 5270 UV-VIS spectrophotometer. The
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xylene extracts were then evaporated to 0.2 ml, chromatographed on
Eastman Kodak silica gel thin layer sheets and developed with
petroleum ether (bp 30-60°C, Fisher E139). The spots were cut
out and eluted with ethanol. The absorption spectra were measured

from 300 to 600 nm on a Cary model 14 spectrophotometer.
I1II.3.2 Chromophore Enhancement.

Patients Ten patients scheduled for carotid endarterectomy
volunteered (with the informed consent process) to take 180 mg of
beta carotene (Solatene, Hoffmann-LaRoche, Nutley, NJ) per day in 3
divided doses for periods varying from 8 to 41 days prior to their
surgery. On the day of surgery, blood was taken for serum beta
carotene determination and the pills remaining from the bottle
provided to the patient were counted to evaluate compliance.
Followving surgery each endarterectomy specimen was examined by a
pathologist, washed in normal saline and frozen at -70°C. Three of
the patients had a prior carotid endarterectomy on the
contralateral side without having taken beta carotene and their
specimens were saved (in an identical manner) to use as controls.
An additional 16 patients underwent carotid endarterectomy without
taking beta carotene and their specimens and serum were also saved
at -70°C for use as controls. For all patients in the study, data
on risk factors for atherosclerosis including age, sex, tobacco
use, diabetes, hypertension, serum cholesterol and serum
triglyceridés were obtained by chart review. The study was not

randomized or blinded. Specimens of normal vascular tissue were
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not obtained because, in the carotid endarterectomy procedure, only

abnormal tissue is removed.

Carotenoid and Lipid Extraction Lipids and carotenoids were

extracted from all specimens using a method described by
Blankenhorn (1957). Endarterectomy specimens were first weighed
and homogenized. Canthaxanthin, a carotenoid not normally found in
human tissues, was added to 5 specimens as an internal control for
evaluating cthe extraction yield. The homogenate was then
saponified by adding 1 ml of 6% potassium hydroxide (KOH) in
absolute methanol and shaking in a 60°C water bath for 60 minutes.
After saponification, the mixture was cooled to room temperature
and extracted twice with 2 ml of petroleum ether (b.p. 30-60°C: No.
E-139, Fischer Scientific Co.). The methanol and petroleum ether
layers were allowed to separate (centrifuging when necessary).
When necessary, a third ether extraction was performed. The
petroleum ether extracts for each specimen were pooled., Serum was
extracted by adding the 1 ml 6% KOH directly to 0.5 ml serum and

then proceeding as with the plaque.

Beta Carotene Determination The extracted caroténoids were

further separated by a high pressure liquid chromatograph (HPLC)
method described by Bieri et al (1985). For each specimen, the
ether was evaporated under nitrogen and the residual pigment was
resuspended in 1 ml of methanol. After centrifuging at 2000 rpm
for ten minutes to eliminate any particulate contaminants, 220 ul

of each specimen was injected (Hewlet Packaru HPLC model# 1090)



onto a C-18, 5 micron, reverse-phase column (LC18, Supelco Inc.,
Bellefonte, PA) with an isocratic solvent (acetonitrile:methylene-
chloride:methanol, 70:20:10) flowing at 1.7 ml/min. The absolute
amount of beta carotene was determined by integrating the area
under the curve of absorbance at 450 nm versus time and comparing
to the area obtained for a known amount of purified beta carotene.
Extraction yield was determined as the ratio of canthaxanthin mass

in the extract to the mass of canthaxanthin added to the specimen.

Statistical Analysis Comparisons were made by a t-test for

dependent measures in the group of 3 patients who had two
endarterectomy specimens, one with and one without beta carotene
pretreatment. These data were then pooled with the unpaired data
of the appropriate type and means of these data sets were compared

with the t-test for independent measures.

Microscopy In order to evaluate where the beta carotene
accumulated within the plaque, 6 specimens were examined
microscopically. These included specimens from 2 patients who were
studied both before and after beta carotene treatment and specimens
from 2 patients who were studied only after beta carotene
treatment. All specimens were prepared for histologic analysis by
embedding in optimal cutting temperature medium (OCT), sectioning
by cryostat and mounting without staining between coverslips with a
single drop of aqueous mounting medium. They were then examined by
conventional light microscopy and also by microspectrophotometry.

On some specimens, additional sections were made with



-40-

hematoxylin/eosin and pentachrome stains to examine the

histological architecture in detail,

Microspectrophotometry Absorption spectra were determined for
all 6 sectioned specimens by a microspectrophotometry technique
described by MacNichol (1978). A beam of radiation that scanned
from 375 to 750 nm transilluminated specimens sandwiched between
coverslips on the stage of a microscope. By adjusting slits that
defined the beam, illumination could be confined to spots as small
as 2 by 2 microns. Light from this measuring beam was collected by
a 100x glycerol immersion, UVF objective that focused the slit
image in the specimen plane onto an eyepiece or a photomultiplier
tube. An additional broadfield illumination source could be turned
on to permit precise alignment of the measuring beam with the
tissue structure of interest. The monochromator and
photomultiplier tube with photon counting electronics were
interfaced to a computer for data collection and analysis. Data
was collected by first scanning a blank area for calibration and

then scanning the structure of interest,



CHAPTER IV. EXPERIMENTAL RESULTS

IV.1 Optical Studies

Figure IV.1A shows the integrating sphere measurement of
remittance and transmittance for a typical specimen of endothelium
and intima (310 microns thick) from normal aorta. The absorption
and scattering coefficients calculated from the data of Figure
IV.1A using Kubelka-Munk theory are given in Figure IV.1B,
Comparable data for a typical atheroma (1.5 mm thick) are shown in
Figures IV.1C and IV.1D. The greater thickness of this sample
gives lower transmittance and higher remittance compared to the
sample of normal aorta. The effect of thickness is accounted for
in the calculation of absorption and scattering coefficients. When
these measurements were repeated three times for one of the
specimens, there was only a few percent variation in measured
remittance and transmittance and even less in the calculated
absorption and scattering coefficients. Another specimen, the full
thickness normal aorta, was subdivided and showed no differerce in
the shape of the absorption and scattering spectra amoung its three

parts,

Figure IV.2A shows the average Kubelka-Munk absorption
coefficient for integrating sphere measurements on 6 atheromas

compared to that of the 7 normal specimens. The results for the



“42-

normal aorta are generally similar to those described by Kaminow
(1984), Anderson (1981), Wan (1981) and Van Gemert (1985), and
lisplay peaks characteristic of known tissue chromophores including
hemoglobin (alpha band at 550-570 nm, beta band at 530-550 nm,
Soret band at 390-420), aromatic amino acids and DNA (both having
absorption bands at 250-290 nm). The athteroma and normal data do
not differ significantly for most of the spectral range covered by
the two curves. However, in the region of 420 to 530 nm the
atheromas clearly absorb more than the normal tissues. At 470 nm,
the average Kubelka-Munk absorption coefficient for the six
atheromas was 50 + 7 cm'l, while that of the normal specimens was
24 + 4 em™1 (Table IV.1). Using a Beer's law analysis which
accounts only for the transmitted radiation, the average absorption
coefficient was 63 + 7 em L for atheruma, compared to 36 + 7 em™ !

for normal tissue.

The laser spectrophotometer data taken in the range of 400-
605 nm were similar to the integrating sphere results for all 24
samples from the 4 cadavers. Figure IV.2B shows the calculated KM
absorption coefficients for three, 1-mm-diameter normal and
atheroma measurements on a typical specimen. All of the
atheromatous spots studied had greater absorption froa 430-500 nm
than all of the normal spots. For the laser spectrophotometer
measurements, the average Kubelka-Munk absorption coefficient at
470 nm for the twelve measurements on atheromas from four
individuals was 61 + 16 em™! while the average absorption of the

uninvolved are:s in the same specimins was 27 + 14 em L (Table



IV.1). Beer's law analysis gave 48 1 9 em Ll and 25 + 4 cm'l,

respectively (Table IV.1).

Figure IV.3 shows the ratio of atheroma to normal aorta
absorption from 300-600 nm, for both integrating sphere and laser
spectrophotometer measurements. This ratio is largest near 470 nm,

with a value of 2.2 or 2.3.

For the laser spectrophotometer data, using a t test for
dependent measures and comparing average absorbance within the same
individual (see Methods), the differences were statistically
significant with p < 0.05 for both the Kubelka-Munk and Beer's law
analyses (Table IV.1). For the integrating sphere data, comparing
the average absorbance of atheroma or normal from different
individuals and using a t test for independent measures gave
p < 0.0601. Thus the differences between atheroma and normal were

highly significant.

Scattering coefficients (Figures IV.1B & )D increased 2 to 3
fold with decreasing wavelength over the spectral range, varying
slowly and smoothly. In general, scattering was slightly higher in
atheromas but always similar in shape to the normal aorta. For thin
specimens, where T was large enough to use equation III.4, as in
Figure IV.1B, the scattering coefficient (Skm) was essentially
constant at 8 em™! from 450-550 nn. The flat behavior of Skp In
this region justifies the approximation used for thick samples with
small T (see Methods). In thicker specimens (Figures 1IV,1C and

IV.1D) transmittance was < 0.5% in some regions requiring use of



equation III.5. The minima seen in Figure IV.1B at 260 and 400 nm
are probably artifacts due to errors in transmittance and

remittance measurements at regions of higu absorbance.

Following thermal denaturation there was a slight increase in
both absorption and scattering over the entire measured spectrum
except near 410 nm (Soret band) where absorption was diminished.
These changes were small compared to the preferential absorption in

atheromas.

Histologic analysis confirmed that the areas of specimens
chosen to be "normal” had normal morphology. A typical atheroma is
shown in Figure IV.4. In the atheromas the intima was thickened
with dense, hyalinized collagen bundles and diminished amounts of
elastic tissue and smooth muscle cells. In the centers of the
atheromas there were variable amounts of irregularly deposited
grumous material that appeared to consist of extracellular lipids
and cellular debris. In some of the specimens there were
scattered, dystrophic calcifications. There was no evidence of
ulceration or direct exposure of the grumous material to the
luminal surface, although in two specimens there were scattered
acute and chronic inflammatory cells in the superficial portion of

the atheroma.

IV.2 ABLATION STUDIES

IV.2.1 Threshold Fluence. For each specimen there was a threshold



fluence above which ablation occurred and below which the tissue
appeared to the eye to be unaffected. Near the threshold, the
ablative effect was a slight roughening of the surface, but at 2 to
3 times the threshold value, craters were formed which were of the
same diameter as the laser beam and up to several hundred microns
deep. When the fiber was in contact with tissue, laser pulses at
or above the threshold fluence were always associated with a
"recoil" force which could be felt while holding the fiber and

which increased with increasing fluence.

With calcified lesions, laser pulses above threshold were
associated with a loud popping noise. There was also a flash of
white light, like an electrical spark, at the site of irradiation

(easily seen through goggles that excluded the laser radiation).

Figure IV.5 shows the threshold fluence at 465 nm (with a 1 mm
fiber) for normal and atheromatous aorta from seven individuals.
In each case the threshold fluence for ablating normal tissue was
higher than for atheromatous tissue. The average threshold for
ablating atheromatous tissue was 6.8 + 2.0 J/cm2 compared to 15.9 +
2.2 J/cm2 for normal. Ablation threshold for all types of
cardiovascular tissues are shown in Figure IV.6 and Table 1IV.2.
These data indicate that at 482 nm (with a 320 micron fiber), the
diseased tissues (including fresh thrombus, pulmonary embolus,
calcified plaque and fibro-fatty plaque) all have a lower ablation
threshold than the normal tissues (including adventitia, media,

normal intima, inferior vena cava and pulmonary artery).




The effect of wavelength on the ablation threshold is
indicated in Tables IV.3 & IV.4 and in Figure IV.7. In the
ultraviolet, at 290 nm, there is no selectivity for the plaque. At
482 nm, where there is 2-fold preferential absorption in yellow
plaque, there is about 2-fold selectivity for fibro-fatty plaque,
calcified plaque and fatty streaks. Also at 482 nm there is
enormous selectivity for thrombus (>10-fold). At 658 nm where
there is no preferential absorption, there is no selectivity for
fatty streaks or fibro-fatty plaque, but, interestingly, there is
still significant selectivity for calcified plaque and thrombus.
This suggests that the selectivity for yellow plaque is based upon
absorption differences but the selectivity for calcified plaque and

thrombus may be due to a different mechanism.

The effect of pulse duration on the ablation threshold is
shown in Figure IV.8 and Table IV.5. In general, as the pulse
duration increased, the threshold fluence also increased. Despite
the increase in threshold, the relative magnitudes of the
thresholds for plaque and normal artery were roughly preserved with
only a slight decrease in the ratio of the ablation threshold for
normal tissue to the ablation threshold for plaque. This suggests
the introduction of some inefficiency in the ablation.process at
the longer pulse durations which affects plaque and normal artery
equally. A more extensive study covering a wider range of pulse
durations would be useful to better characterize this effect but
was not done in this thesis due to technical and financial

constraints,
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Table IV.6 and Figure IV.9 indicate the effect of fiber
diameter on the ablation threshold fluence. The threshold fluence
increases with decreasing fiber diameter presumably due to
scattering and beam divergence which becomes significant with small
diameter fibers. This makes the beam spot size different from the
fiber diameter and hence, results in uncertainty in calculating

fluences.

IV.2.2 Histology. Figure IV.10 presents a cross section of 2
atheromatous and 2 adjacent normal regions of human aorta. Each
region was irradiated with 10, 1 usec pulses of 465nm laser
radiation at a fluerce of 18 J/cmz/pulse; a level that is well
above the threshold for ablating atheromas but near the threshold
for ablating normal aorta. As expected, there was substantial
removal of atheroma forming craters greater than 1 mm deep, while
the normal tissue showed only a slightly roughened surface. This
selective ablation occurred both in air and under saline with
radiation direct from the laser or delivered via a quartz optical
fiber. All soft yellow atheromas as well as red, brown/black or
green thrombus were readily ablated at this fluence. Pipe stem-like
yellow calcific plaques were also ablated in saline; in air they
were usually ablated to a depth of about 1/2 mm, exposing bright
white material which could not be ablated. Normal tissue,
irradiated at 18 J/cmz/pulse, was slightly roughened and in some
regions turned slightly brown at the surface. No char was seen

grossly on any of the specimens.
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Figure IV.11 shows the histology for a typical ablation crater
made by 10 pulses of 465 nm radiation at 18 J/cmz/pulse. The edges
are irregular but show only traces of coagulation (the black
material is the india ink used to mark the site of irradiation).
Specimens ablated in air showed a zone of coagulation about 100
microns thick lining the ablation crater; this coagulation was also
present in some regions that were not irradiated, but rarely seen
in specimens ablated under saline. Histology on older specimens
(greater than 24 hours post-mortem) showed some autolysis in the
media but no other differences from the fresher specimens. When
specimens were irradiated with 20 to 50 pulses, ablation virtually
stopped at the media or fibrous/sclerotic material underlying the
more fatty or grumous part of the plaque. Irradiation of normal
aorta, in air with 10 pulses at 18 J/cmz/pulse, produced ablation
up to a maximum depth of 200 microns with the formation of
irregular crater edges and a similar zone of thermal damage. Normal
tissue irradiated under saline often could not be distinguished

from adjacent unirradiated normal aorta.

IV.2.3 Ablation Efficiency. Measurements of the mass of tissue
ablated per laser pulse were undertaken to learn more-about the
nature of the ablative process (see Figure III.6). Measurements of
the mass ablated by ten pulses of 465 nm radiation at 18
J/cmz/pulse showed that for the four aortas studied, every atheroma
was ablated more than every specimen of normal tissue., Figure
IV.12A shows how mass varies with time during ablation for

atheromatous and normal aorta. Ablation efficiencies (see Table



-49-

IV.7) ranged from 161 to 370 pug/J for atheromas and from 50 to 74
pg/J for normal aorta. These averaged ablation efficiencies are
comparable to the efficiency of water vaporization (=400 ug/J).
However, some of the specimens had efficiencies as high as 900 pg/J
which indicates that simple water vaporization may not be able to
account for this ablation process. In many atheromatous specimens,
when the atheroma was completely removed down to the underlying
normal tissue, the ablation efficiency diminished considerably
(Figure IV.12C) due to the lower ablation efficiency of normal

artery at this fluence.

To evaluate the ablation efficiency under conditions closer to
those one might expect in vivo, a highly reproducible technique for
evaluating ablation efficiencies under saline was developed (see
section III.2.5). By ablating with a large number of pulses in
between each mass measurement, it was possible to keep the
variability in the mass measurement (from variable water content)
to substantially less than 10% of the mass change. It was also
possible to ablate with an optical fiber of a small enough diameter
to te sufficiently flexible for clinical use and to use lasers at 3

different pulse durations.

The data on ablation efficiency under saline at the maximally
selective fluence are summarized in Table IV.8 and illustrated in
Figure IV.13 for three different pulse durations. It is difficult
to compare these measurements directly with those made in air,
because of the different fluences, wavelength and spot size.

Nevertheless, the ablation efficiencies under saline are even
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higher than those in air and significantly higher than water
vaporization. Thus, water vaporization alone cannot account for

the tissue ablation observed here.

The ablation efficiency for normal artery and fibrofatty
plaque are relatively unaffected by pulse duration for these pulses
which are all short compared to the thermal relaxation time (7 =
40 msec). But for calcified plaque, the ablation efficiency drops
off considerably at 50 usec and it cannot be ablated by continuous
wave lasers (at much longer pulse durations). This suggests that

the optimal pulse duration for selective ablation of plaque is less

than 50 usec.

IV.2.4 high speed photography. Figure IV.14 shows high-speed
flash photographs of the ablation process at 10, 150, 500 and 2500
psec after exposure to a single pulse of laser radiation. At 10
usec, a mist of fine particles emanates from the ablation site at a
velocity of at least 300 meters/second. At 150 microseconds, some
larger droplets and a large plume are visible. At 550 microseconds,
the plume is gone but there is a jet-like stream of apparently
fluid or semisolid material emanating from the ablation site. At
2.5 msec, debris is still apparent in front of the specimen. This
pattern of explosive ablation on a time scale much longer than the
1 pusec duration of the laser pulse was consistently photographed on

all specimens of atheroma studied.

High speed photography of calcified plaque ablation, shown in

Figure IV.15A, revealed a luminescent plume that obscured details
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of the ablation process. This plume was always present when
calcified plaque was ablated at any of the wavelengths tested.
Spectroscopic characterization of this plume is shown figure IV.15B
(In this Figure the irradiation was at 690 nm to avoid interference
with the interesting part of the spectra around 450 nm). The
spectra revealed emission lines for ionized and neutral calcium
superimposed upon a continuum centered around 400 nm. This

indicates the presence of a plasma.

IV.2.5 ablation debris. Ablation debris are shown in Figure
IV.16. They consist of whole and fragmented cholesterol crystals,
small pieces of calcific material and fibers that appear shredded
and occasionally hypereosinophilic. No smooth muscle or elastin
was apparent. The particles collected on the filter paper were
mostly under 100 microns in maximum diameter, although there were a

few as large as 300 microns.

IV.3 Chromophore Studies

IV.3.1 Chromophore Identification. During extraction with
xylenes, the atheroma turned from yellow to white and the xylenes
turned from clear to yellow; the xylenes used to extract normal
aorta remained clear. This result indicated the presence of yellow
pigments in plaque that were not present in normal aorta. The
similiarity of the absorbance of the atheroma extract before thin

layer chromatography and that of beta-carotene can be seen in
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Figure IV.17. The absorption at 400 nm and the large peak below
350 nm are probably due to other components. Thin layer
chromatography of the atheroma extract yielded 6 bands with rF
(retardation factor) values of 0.25, 0.13, 0.12, 0.11) 0.01-0.10
and 0.0, respectively. Bands 1 and 2 had absorption peaks at 420,
440, and 470 nm (consistent with 2 isomers of beta-carotene), band
4 had absorption peaks at 442, 470 and 500 nm (consistent with
lycopene) and band 5 had absorption peaks at 440, 465 and 495 nm.
The pigment in band 6 had 4 peaks at 400, 422, 445 and 470 nm
suggesting that it might be a mixture of carotenoids. Band 3 had
no significant absorption between 400-550 nm. The yellow color of
these pigments, their characteristic 3-peak absorption spectra and
the characteristics of separation by thin layer chromatography

definitively identify these pigments as carotenoids

IV.3.2 Chromophore Enhancement. All ten patients treated with
beta carotene tolerated it well and did not report any adverse
affects., Compliance was good with one patient averaging only 3.7
pills per day and the rest averaging 5-6 pills per day (see Table
IV.9 for a tabulation of the data). All patients on beta carotene
had a serum beta carotene level that was more than 15 times the
mean serum beta carotene level of the controls. The control group
(consisting of 16 patients who did not take beta carotene pooled
with 3 patients who were studied both before and after beta
carotene treatment) was well matched to the study group (consisting
of 7 patients studied only after taking beta carotene pooled with

the 3 patients who were studied before and after beta carotene
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treatment) with similar age, sex distribution, smoking history,
incidence of diabetes and hypertension, serum creatinine, serum

cholesterol and serum triglycerides (Table IV.10).

At the time of surgery, the normal arterial tissue did not
appear differentlin color in patients taking beta carotene. Some
of the endarterectomy specimens from patients on beta carotene,
however, did have a deeper yellow tone. Conventional light
microscopy revealed faint, yellow, 0.1 to 10 micron diameter drops
and streaks which were present diffusely throughout both of the
control specimens that were examined microscopically. All 4 post
beta carotene treatment specimens that were examined
microscopically had deeper yellow and yellow-orange coloring to fat
drops in the atheroma. Many specimens from patients on beta
carotene had orange crystalline objects suggesting that the beta
carotene had come out of solution in the fat during freezing.
Three of the post beta carotene treatment specimens had a few
layers of normal appearing smooth muscle interspersed with elastic
tissue and collagen .t “he outermost edge. This normal tissue did

not contain any noticeble yellow pigment.

Microspectrophotometry (Figure IV.18) of the normal smooth
muscle on the 3 specimens where it could be identified, always
revealed spectra consistent with myoglobin with peaks at 410 nm and
530-600 nm. Spectra of plaque were more variable. In both control
patients studied microscopically, the plaque spectra consisted of a
broad peak at 410 nm with a shoulder at 430 to 530 nm consistent

with absorption by endogenous carotenoids. The magnitude of this
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shoulder varied from one location to another but was always
greatest in fat droplets and least in regions of plaque in between
fat droplets. Spectra from the yellow fat drops in post beta
carotene treatment specimens were dominated by beta carotene

absorption with a peak at 450 nm.

Determination of beta carotene levels by HPLC was performed on
all specimens of plaque and serum. A representative HPLC
chromatogram is shown in Figure IV.19. For all specimens, the HPLC
separated the carotenoids into multiple components each having the
characteristic three peaked absorption spectra of carotenoids.
These major carotenoid components varied in peak area from one
individual to the next but always eluted at the same times. These
differences in peak areas presumably reflect variations in diet
among the subjects. Beta carotene eluted at 12-13 minutes as a
single distinct peak. The average of the beta carotene levels in
plaque and serum, calculated from the areas of the beta carotene
peaks, are shown in Table IV.9, For plaque, the average beta
carotene levels in control and post beta carotene treatment
specimens were .066 + .07 pg/g of plaque and 3.3 + .07 ug/g of
plaque respectively. This 50-fold increase in beta carotene
content was highly significant with a p value of less than 0.001,
If just the group of 3 patients studied before and after beta
carotene treatment is considered, there was an average increase in
the plaque beta carotene content by a factor of 31 (p = 0.011).

Extraction yield was 35%.
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CHAPTER V. ANALYSIS

The main objective of this research is to identify the
characteristics of a pulse of radiation that will ablate
atherosclerotic plaque but not normal artery. In chapter II, a
simple first order theory suggested that selective ablation of
plaque would be possible if a waveband of preferential absorption
to the plaque could be identified. Chapters III & IV describe
studies that

1) identify the waveband of preferential absorption,

2) demonstrate that selective ablation is indeed possible with

short pulses in the waveband of preferential absorption

3) identify the chromophore responsible for preferential

absorption and demonstrate that oral administration of

carotenoids can enhance this preferential absorption.
This demonstration of selective ablation due to differential
absorption is consistent with the simple theory of Chapter II which
assumed ablation was simply evaporation of the water contained in
the tissue. A careful review of the data gathered in this study,
however, suggests that the mode]l of chapter II is far too
simplistic and that a number of additional (perhaps second order)
effects are present., These effects will be described in the
following analysis of the data in order to lay the foundation for a

proposed model of ablation.
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V.1l Absorption

This study employed two different measurement techniques to
demonstrate a significant two-fold preferential absorption in
plaque relative to normal artery in the 430 to 520 nm waveband (see
Figure IV.2). This absorption accounts for the yellow color of
plaque compared to the reddish-pink color of normal artery. The
ability of nonpolar solvents to extract the yellow color from
plaque but not from normal artery indicates that the preferential
absorption is due to lipohpylic yellow pigments found only in the
plaque. The nature of these pigments will be discussed in greater

detail in V.4,

Aside from the preferential absorption from 420 to 530 nm,
atherosclerotic and normal artery had similar absorption spectra
with several absorption peaks corresponding to known tissue
chromophores including DNA and aromatic amino acids (250-290 nm),
and hemoglobin (Soret band 390-420 nm, alpha band 530-550 nm and
beta band 550-570 nm). There was also light scattering occurring
which was small compared the magnitude of the larger absorbance

peaks but significant in spectral regions where absorption was low

(500-1300 nm).

It is the scattering which has made characterization of the
optical properties of vascular tissue difficult in the past. Light
scattering complicates the measurement of tissue absorption by
requiring a spectrophotometer that can collect the scattered light

and an optical model that takes scattering into account. One
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popular model is the Kubelka-Munk (KM) formulation (described in
detail in Chapter III.l.4) which ignores reflection and refraction
of light at sample boundaries and assumes that inhomogeneities
within the sample are small compared with thickness, that
illumination is diffuse and the scattering is isotropic. Although
these assumptions are not entirely met by tissue, the KM model has
been useful for studying skin (Anderson, 1981), arteries (van
Gemert, 1985), plants (Kazarinova, 1985) and other biological

materials,

An attempt was made to meet some of the assumptions of the KM
model in this study. To minimize surface effects, the measurement
device was index matched to the tissue. To minimize the effect of
inhomogeneities, relatively thick specimens were used. Diffuse
illumination, however, was impractical since it would have reduced
precision to an unacceptable level. The error from using
collimated illumination is at most a .'actor of two and should be of
the same order for both atheroma and normal tissue (Kortum, 1969).
Although scattering may not have been isotropic, this possibility
primarily affects the interpretation of the scattering coefficient.
Any errors from inadequate modeling of scattering are likely to be
small in the region of preferential absorption becausé absorption
is greater than scattering for both atheroma and normal aorta in
that waveband. There is also close agreement between the KM
absorption coefficient Ly at 470 nm (equations III.1 - III.5) and
the Beer’s law absorption coefficient ap, at 470 nm (equation II1.6)

which ignores scattering (see Table IV.1) and these results are
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similar to those of Kaminow (1984), Anderson (1981), Wan (1981),
and van Gemert (1985). A more detailed description of how these KM
coefficients relate to actual radiation transport is provided by

Star et al (1988).

Although only fibrofatty lesions were studied, preferential
absorption would be expected in any yellow plaque. Some arterial
obstructions, however, are not yellow and therefore cannot be
expected to preferentially absorb blue laser radiation. It is not
known if these lesions will accumulate exogenous yellow pigment.
Thrombotic lesions might preferentially absorb visible laser
radiation in this waveband because of their high hemoglobin
concentration compared to the myoglobin concentration in smooth

muscle and the overlap of heme and carotenoid spectra,.

Optical properties of calcified lesions could not be studied
because their rigid curved shape would not readily flex to
accommodate the measurement apparatus. However, as discussed in
Chapter VI, linear absorption may not be as important in analyzing
ablation of calcified plaque because it is ablated by a non-
thermal, plasma-mediated mechanism in which absorption is

nonlinear.

V.2 Ablation Threshold

If ablation was by simple evaporation, the two-fold difference
in absorption should have resulted in a two-fold difference in

ablation thresholds as predicted by,
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Table IV.4 shows that for soft plaque, in the waveband of
preferential absorption, there is approximately a two-fold
difference in ablation threshold and that at wavelengths outside
the waveband of preferential absorption there is no difference in
ablation thresholds. Although this may seem to validate the theory
used to derive equation II.5, the fact that the ratio of ablation
thresholds is 2.6 (slightly greater than two-fold) suggests that
there may be other factors such as inhomogeneities or differential
mechanical properties which confer additional selectivity beyond

that expected on the basis of optical absorption.

Table IV.4 also shows that calcified plaque can be selectively
ablated both in the waveband of preferential absorption and at a
longer visible wavelength outside the waveband of preferential
absorption. We shall see in chapter VI that this may be because
the mechanism for ablating calcified plaque is fundamentally
different from the mechanism of ablating soft tissue and thus

equation II.6 could not be expected to apply to calcified plaque.

V.2.1 Surface tcmperature. Assuming that the ablation threshold
represents the pnint at which the tissue surface is just beginning

to be ablated, it is possible to determine the temperatures at
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which ablation occurs from equation II1.4. The surface temperatures
achieved by plaque, normal artery and thrombus at their respective
fluences are shown in Table V.1. For all three types of tissues,
the surface temperatures at the ablation threshold are just greater
than 120-140°C which is consistent with both a thermal ablative
mechanism and that water evaporation accompanies the ablative

process.

V.2.2 Fiber diameter effect. For small (< lmm) fiber diameters,
the threshold fluence, calculated based on a spotsize equal to the
fiber core diameter, was increased as shown in Figure IV.8, A
number of phenomena may account for this discrepancy. First, the
effective spot size in the tissue is larger than the fiber core
diameter. This is because light emanating from the fiber is
divergent by an amount that depends upon the index of the fiber and
tissue as well as the extent of mode mixing in the fiber. Tissue
scattering also expands the beam. These effects cause a larger
percentage increase in the spot size of radiation from a small
fiber than from a large fiber. Secondly, atlation thresholds vary
significantly from one area to another so a small diameter fiber
irradiating a small sample of the tissue will have a lower
probability of irradiating an area of low threshold as compared to
a larger diameter. This may cause a statistical bias toward
recording higher thresholds when irradiating tissue with small
diameter fibers. In order to correct the 320 micron core diameter
fiber threshold data to agree with the 1 mm diameter fiber data it

was necessary to assume an effective spot size of approximately 600




-61-

microns. Another way to view this effect is that fibers smaller
than = 300-400 um in diameter are the equivalent of a point source
because for these small diameter fibers, tissue scattering, beam
divergence and the other effects are the primary determinate of the

effective spot size, not the fiber diameter.

V.2.3 Pulse duration effect. The effect of laser pulse duration
on selective ablation was difficult to study because in the usec
domain i% required development of a new laser for each pulse
duration of interest. With the current laser technology it was
also impossible to generate 480 nm radiation at ablative
intensities at pulse durations in the region from 50 usec to 100
msec. Ablation of plaque by Argon ion laser radiation (primarily
at 488 and 514 nm) at pulse durations of 100 msec and longer has
already been extensively studied by Cothren (1987) and others and
no selectivity at those pulse durations has been reported. (This
is not surprising since 100 msec is longer than the time required
for thermal diffusion in tissue (see Table V.2) and thus, these
long pulses would allow thermal diffusion to negate the selective
effect of preferential absorption.) At pulse durations shorter
than 1 usec one may get nonlinear absorption and have.difficulties
transmitting sufficient energy down an optical fiber to ablate
tissue. Consequently, in this thesis, ablation thresholds for 480

nm radiation were measured only at 1, 8 ana 50 usec.

Since 1, 8 and 50 usec are all more than an order of magnitude

shorter than the thermal relaxation time for plaque (cialculated
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based upon a characteristic dimension equal to the depth of
penetration of light, 1/a), the model for ablation by pulsed
radiation predicts that the threshold should be related only to the
total energy delivered and not vary with pulse duration. The data
(Figure IV.8), however, shows about a two-fold increase in the
ablation threshold fluence associated with the 50-fold increase in
pulse duration. The fact that this threshold does vary with pulse
duration suggests that there are phenomena occurring which affect
the ablation threshold, in addition to thermal diffusion over the

scale of 1l/a.

One possible explanation for the wvariation in threshold with
pulse duration on the psec time scale is that the appropriate
thermal diffusion distances are on the scale of tissue
inhomogeneities (= 1 pm) rather than the depth of penetration of
light into the tissue. Another possibility is that the laser beam
may be attenuated by surface deformities and/or debris that is
created by the initial part of the laser pulse. If these processes
require at least several usec to begin occurring as is suggested by
the high speed photography, then a 1 usec pulse would be totally
absorbed but 8 and 50 usec pulses would be increasingly interfered
with by surface changes and debris. Another effect méy be related
to a mechanical/shearing ablative process. The pressure waves and
shear forces associated with delivering energy over 1 usec might be
considerably greater than if the energy was delivered over longer
pulse durations. One might then expect to generate an ablative

response with less total energy at the shorter pulse durations.
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All of these effects are discussed in greater detail in Chapter VI.

V.3 Selective Ablation

The idea behind selective ablation is to operate above the
ablation threshold for plaque but just at or below the ablation
threshold for normal artery. The primary parameters to be
optimized to .nake this possible are wavelength, fluence and pulse

duration.

V.3.1 Wavelength. For non-calcified plaque, the importance of
preferential absorption for selective ablation is apparent from the
absence of selective ablation at wavelengths outside the waveband
of preferential absorption as shown in Figure IV.7. For calcified
plaque, however, the low ablation threshold at both 482 and 658 nm,
indicates that selective ablation of calcified plaque is not due to
preferential absorption but is probably a plasma mediated process.
As a result, ablation of calcified tissue does not follow the
thermal model of chapter IT and is governed by a different

mechanism (discussed in chapter VI),.

V.3.2 Fluence. The optimal fluence is one that is above threshold
for ablating plaque but just at or below the threshold for ablating
normal artery. This would maximize the rate of plaque ablation

while minimizing the chance of ablating normal artery.

V.3.3 Pulse duration. Determining the optimal pulse duration for
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selective ablation was difficult for several reasons. As discussed
in V.2, a thorough study of pulse duration in the submillisecond
domain would require development of new lasers. However, a cursory
study of the effect of pulse duration has been made in this thesis
by comparing the ablation efficiencies for removal of calcified
plaque, fibrofatty plaque and normal artery at three different
pulse durations, 1, 8 and 50 usec with three different lasers. In
making this comparison, each laser was operated at the threshold

fluence for ablating normal artery for that laser.

The ablation efficiency for fibrous plaque and normal artery
changed only marginally over this range of pulse durations which
was expected since these pulse durations are all significantly
shorter than the thermal relaxation time, TR, for these tissues.
The significant drop in ablation efficiency for calcified plaque at
50 psec is consistent with its intensity dependent plasma-mediated
ablative mechanism (which will be discussed in Chapter VI). Thus,
the optimal pulse duration for maximizing selective ablation of

both soft and calcified plaque is less than 50 usec.

Pulse duration may also affect other important factors such as
the size of debris, vasoreactivity, shockwave damage, . .fiber damage
etc. that would be important for clinical implementation. These

factors deserve further investigation.

V.3.4 Summary. These data indicate that the optimal parameters for

selective ablation are as follows:



-65-

wavelength: 450 - 500 nm
pulse duration: < 50 usec
fluence: between the plaque and normal artery

ablation thresholds

In theory, a difference in ablation thresholds should provide
infinite selectivity in ablation. In practice, however, the tissue
variability allows some ablation of normal artery at fluences that
are required to ablate all plaque. Thus, enhancing the magnitude

of preferential absorption in plaque is worth investigating.

V.4 Carotenoid Chromophores

To explore how to enhance the magnitude of preferential
absorption in plaque, several studies were undertaken to understand
the nature of the existing two-fold preferential absorption of
plaque. In the first study, nonpolar solvents were used to extract
yellow pigment from the plaque. The same solvents failed to
extract detectable amounts of yellow pigment from normal artery.
This yellow pigment had absorption peaks from 400 to 550 nm (see
Figure IV.17) and was identified by two chromatographic techniques

to consist of a mixture of carotenoids as shown in Figure IV.19.

The identification of the yellow atheroma chromophores as
carotenoids in this thesis is in agreement with the work of
Blankenhorn (1957,1960), who demonstrated carotenoids within

atheromas more than 20 years ago and showed that the amount of
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carotenoid in atheromas increases with the severity of the lesion.

Carotenoids are ubiquitous in nature giving the red and yellow
coloring of many vegetables (tomatoes, carrots, squash) animal
products (egg yolk, butter, chicken fat) and exotic animals
(ﬁarrots, canaries) (Baurenfeind, 1981). Their structures, shown
in Figure V.1, are characterized by a long sequence of conjugated
carbon-carbon bonds. This creates a single electron cloud running
the length of the molecule which binds the carbon atoms together
with shared pi orbitals. This large electron cloud is responsible
for the the absorption of 400 to 550 nm radiation. Although
absorption is by electronic excitation (exciting electrons to more
energetic orbitals), this long electron cloud allows the energy to
be rapidly redistributed throughout the molecule and thermalized by
exciting vibrational and rotational modes in the carotenoid
molecule. Thus, carotenoids do not readily exhibit phenomena
associated with electronic excitation that compete with
thermalization, i.e. fluorescence, phosphorescence, photochemistry,
photodecomposition, etc. Also for this reason, carotenoids are
excellent quenchers, very photo-stabile and unlikely to have

saturable absorption within the range of intensities used in this

study.

In nature, carctenoids are synthesized by plants to protect
cells from the highly reactive species generated during
photosynthegis (Krinsky, 1971). Epidemological data indicates that
cultures with diets rich in carotenoids (i.e. high in vegetables)

have a low incidence of some cancers. It is thus speculated that
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carotenoids may also protect humans from the mutagenic effects of

reactive species.

Blankenhorn found, in one patient, that the carotenoid
content in xanthomas can be increased about 30% by administration
of low dose beta-carotene orally (17 mg/day for 5 weeks). Patients
with erythropoietic protoporphyria treated with oral doses of beta-
carotene (30-300 mg/day) often develop yellow coloration on the
palms and soles from cutaneous accumulation of carotenoids within a
few weeks. It was thus, postulated that oral beta carotene might

also increase the carotenoid content of atheromas.

To evaluate the possibility of enhancing the carotenoid
content of plaque, ten carotid endarterectomy patients were treated
with oral beta carotene (180 mg/day in three divided doses for 8 to
41 days). HPLC analysis of the specimens demonstrated a 50-fold
increase in the plaque beta carotene content as shown in Table IV.9
and Figure IV.19. Microscopic examination of the plaque revealed
that the additional beta carotene was confined to the plaque and
not present in the underlying more normal media. This level of
increased carotenoid in the plaque should significantly enhance the

selective ablative effect of 450 - 500 nm laser radiation.

Since beta carotene is not the only carotenoid present in
plaque and carotenoids are not the only absorbers of 450 to 500 nm
radiation in plaque, increasing beta carotene by a factor of fifty
does not generate a factor of 50 increase in plaque absorption. If

beta carotene is estimated to account for about 6% of plaque
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carotenoid absorption at 480 nm, its 50-fold increase translates
into about a two-fold increase in plaque absorption to give about 4

to 1 preferential absorption to plaque.

The 50-fold increase in plaque beta carotene, achieved here
with low dose oral beta carotene for a limited period of time,
underestimates the degree of carotenoid loading that could be
achieved if the treatment were optimized. The beta carotene
content of lipid-rich stratum corneum in erythropoietic
protoporphyria patients being treated with similar or higher doses
of beta carotene reaches a peak only after a minimum of six weeks
of treatment. The 180 mg/day used here is very safe and could be
increased considerably. Intravenous administration may enhance
both the speed and magnitude of beta carotene partitioning into
plaque particularly if the main limitation is intestinal or serum
transport. There may also be other carotenoids (although beta
carotene is the only one with US Food and Drug Administration
approval) that can accumulate in plaque more quickly, in larger
amounts, or with greater extinction coefficients. Furthermore,
using other carotenoids (see Table V.2) that absorb at different
wavelengths may permit manipulation of the peak absorption

wavelength in plaque so as to match a laser emission line.

The beta carotene appears to accumulate in the plaque over the
course of days to weeks. Determining the optimal dose and time for
maximizing plaque beta carotene content will require a much larger
patient population. The 57-fold increase in serum beta carotene

compared to the somewhat smaller 50-fold increase in plaque beta
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carotene suggests that not all patients had time for the plaque
beta carotene to equilibrate with the serum. The rapid
accumulation of beta carotene compared to the time course of plaque
formation, however, suggests that atheromas do evolve. The
mechanism of beta carotene accumulation in plaque may be simple
partitioning into lipids. This process is probably governed by the
rate of transport of carotenoids in blood within micelles and

diffusion constants once the lipids contact the plaque.

Tncreasing the absorption coefficient of plaque also decreases
the penetration depth of laser radiation into the plaque. This
enables the laser pulse to remove plaque in smaller increments and
may result in a smoother surface for the remaining unablated
tissue. Since the laser energy is distributed over a smaller
volume, less intensity would be required, reducing the potential
for damage to normal artery and delivery system optics. It may

also reduce the maximum size of debris.
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CHAPTER VI. ABLATION MECHANISMS

Analysis of the ablation process observed in this research is
difficult because ablation involves a complex interplay between
optical, thermal and mechanical effects, which is not well
understood. Some investigators have speculated about possible
mechanisms for tissue ablation by other types of lasers and this
has been the subject of many recent reviews (Regan and Parrish
1982, Ready 1971, Welch 1984, Boulois 1987, Wolbarsht 1984,
Hillenkamp 1980, Weber and Zweig 1987, Furzikov 1987, Partovi et
al. 1987 and Walsh 1988), but today there is no single compelling
explanation for this process. This chapter will explore how the
hypothesized mechanisms fit with the data of Chapter IV on pulsed

dye laser ablation of plaque.

V1.1l Overview of Tissue Ablation

VI.1.1 Definition of Tissue Ablation Although tissue is mostly
water (about 70%), it is mechanically much different from water
because the water is confined within a matrix of organic molecules,
This matrix includes elements that are strong in tension such as
collagen, elements that are highly elastic, such as elastin, and
may include elements that are strong primarily in compression, such
as calcium salts. This complex composite structure resists

mechanical forces like a viscoelastic solid despite being mostly
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water. If laser radiation removes only the water, the tissue is
dessicated but not ablated. Tissue removal occurs only when the
solid elements are removed. In surgery, a scalpel is used to cut
the tensile elements so that unwanted tissue can be removed in
large chunks. The goal of laser surgery is to convert unwanted
tissue into harmless vapors or small fragments that can be
convected away. Preferably, debris should be of cellular
dimensions (10 um) or smaller to minimize the chance of occluding

distal vessels.

VI.1.2 Types of Ablative Mechanisms. Processes by which laser
energy can convert the tissue matrix into small particles involve
photochemical, thermal and mechanical mechanisms. The
photochemical processes include photodecomposition and ionization.
Thermal refers to vaporization and pyrolysis. Mecharical
mechanisms involve breaking the solid, structural elements of the
tissue by rapid/explosive expansion of the subsurface tissue fluid.
For a given tissue, wavelength and spot size, the ablation
mechanisms occur in different domains on an intensity versus pulse
duration plot as shown in Figure VI.1. There are also
characteristic length, time and wavelength scales to these ablative
processes which determine when each mechanism is important (see
Tables VI.1, VI.2 and VI.3). Figure VI.1 and Tables VI.1-VI,3 will
be useful to refer to as these mechanisms are described in detail

below.
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V1.2 Photochemical Ablation Mechanisms

VI.2.1 Photodecomposition. Photodecomposition refers to the direct
breaking of moleculrr bonds by the absorbed photons. This can
occur when the energy per photon, hv, where h is Plank’s constant
and v = ¢/()), exceeds the bond energies in organic molecules.
These bond energies are typically 3-4 eV or larger which
corresponds to the amount of energy carried by ultraviolet and
shorter wavelength photons. Srinivasan (1987) has elegantly
demonstrated that during excimer laser (an ultraviolet laser)
ablation of polymers, high energy photons ma be absorbed by the
shared electrons in pi orbitals, causing the molecule to split
apart, forming smaller molecules. How this process ultimately
results in ablation of polymers is unknown. The molecular products
created may be gaseous; cleaving bonds may change the mechanical
propecties of the material making ablation by a thermal mechanism
occur more efficiently; cleaving bonds may allow increased
conjugation of the molecular products (i.e. the process could be
exothermic) giving the products enough energy to vaporize; or other

phenomena may occur which influence ablation.

Srinivasan and others have also shown that excimér laser
ablation of tissue has some features to suggest that
photodecomposition of tissue can also occur. These features
ir. lude:

1) ablation products consisting of small molecular fragments

(different from those associated with pyrolysis) indicating
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molecular bonds may have been broken photochemically,
2) highly efficient ablation greater than the efficiency one
would expect if the tissue-water were vaporized, and
3) negligible histologic evidence of thermal damage to the
residual, unablated tissue (suggesting a non-thermal
ablation mechanism).
A theoretical explanation for these findings is that the high
energy photons break enough bonds in the structural matrix of the
tissue to convert the tissue into a slurry of water and small
organic molecular fragments that readily washes away. Since the
optical energy is converted into potential energy, in the form of a
new chemical structure, there may be negligible heating of the
tissue. In this way, thermal damage to the remaining unablated
tissue is minimized. Since water vaporization is not necessary for
this process to occur, the efficiency for tissue removal can be

much higher than if vaporization of the tissue-water was required.

These three features are also characteristic of the atheroma
ablation achieved here with i he pulsed dye laser at 465 to 490 nm.
But the photon energy at 490 nm is only 2.5 eV, not enough to
overcome most organic bond energies. Bond dissociation could still
occur if a molecule absorbed 2 photons (multiphoton aBsorption) in
a sufficiently short period cf time that they acted as a single
photon of twice the energy. Since optical absorption takes
approximately 10-15 seconds, multiphoton absorption can occur only

at very high intensities (empirically found to be about 108 W/cm2

or greater in most materials). If this were occurring, the
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efficiency should vary with the square of the intensity. But in
these experiments at 465 to 490 nm, the intensities were usually
less than 108 W/cm2 and the ablation threshold decreased only
slightly and linearly with increasing intensity. 1In addition, the
primary absorbers are known to be carotenoid molecules which are
noted for their photostability (or resistance to
photodecomposition) and rapid conversion of absorbed optical energy
to thermal energy. Since carotenoid pigments are not the
structural elements of the tissue, even if photodecomposition of
carotenoids did occur, it would not necessarily result in tissue
ablation. Thus, photodecomposition is unlikely to play a
significant role in the selective plaque ablation process seen

here.

The advantages of direct photodecomposition of tissue,
however, when it occurs, are significant. It might be appropriate
to combine ultraviolet radiation with the preferentially absorbed
450 to 500 nm radiation in order to enhance the ablation

efficiency, reduce particle size and further reduce thermal damage.

VI.2.2. Plasma Ablation. Plasmas are collections of charged
particles with approximately equal numbers of electrons and
positive ions and mechanical behavior that is similar to vapor.
The ionized particles are highly energetic with temperatures
typically of the order of 1000's of degrees centigrade or higher.
This high-temperature cloud of ions usually has a blackbody

emission peak in the visible or ultraviolet spectrum and thus, is
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seen as a bright white or blue light. The plasma can also have an

enormous pressure, typically of the order of kilobars.

Initiation of plasmas by laser radiation was discovered
shortly after the invention of the laser (Ready, 1971) and found to
occur by several mechanisms including:

1) direct ionization of molecules by ionizing single-photon

absorption,

2) ionization by multiphoton absorption,

3) avalanche breakdown when the existing free electrons within
a material are sufficiently excited by the electric field
of incident radiation that their collisions with molecules
liberate/ionize more electrons. (This is thought to occur
when the electric field strength of the laser radiation is
comparable to or greater than the strength of the coulomb
interaction between electrons and their nuclei.)

4) thermionic initiation in which the number of free electrons
available for the avalanche process is increased by heating
the material.

For all of these mechanisms, the actual initiation occurs when the
rate of ion formation greatly exceeds the rate at which the ions
recombine into neutral species. Once initiated, the éloud of ions
constituting the plasma Iinteracts with light so strongly that all
subsequent photons are absorbed by the plasma. This continued
accumulation of energy by the strongly absorbing plasma (lnverse
Bremsstrahlung) promotes a rapid expansion of the plasma. The

plasma continues to accumulate energy until either the laser
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radiation stops or the density of free electrons becomes so large
that the plasma frequency approaches the frequency of the incident
radiation. When the plasma frequency approaches the radiation
frequency, the interaction of light with the plasma changes from

absorption to scattering preventing further accumulation of energy.

Plasmas can cause ablation of materials by several mechanisms.
Those molecules constituting the plasma are ablated by definition.
Adjacent material may be vaporized or pyrolyzed (di:cussed in
detail below under thermal ablation mechanisms) by the high
temperature. The rapid expansion and collapse of a plasma may

mechanically disrupt the material (also discussed in detail below).

Since mechanical ablation or shattering of calcified material
by plasmas does not require evaporation of the tissue fluid, the
plasma ablation process can be much more efficient than a mechanism
that does require water vaporization. Plasmas may also interfere
with efficient laser ablation of materials by forming at the
surface of the material and not allowing the laser radiation to
penetrate into the material. This is referred to as plasma

shielding.

Laser-induced plasmas are used in ophthalmology to cut
membranes inside the eye without having to cut the eye open. This
is based on the concept that a convergent laser beam will be
harmless where it enters the eye at low intensity but at the focal
point where the intensity is high, plasma initiation will occur

even if the focal point is at a transparent part of the eye. This
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process has been studied extensively by Steinert and Puliafito
(1985). The plasma is formed by avalanche breakdown under the
intense electric field at the focus of a Q-switched Nd:YAG laser
pulse. As the plasma expands it disrupts undesirable membranes or
other tissues and shields (by inverse Bremsstrahlung) the rectina

from excessive exposure to laser radiation.

The use of laser-induced plasmas to ablate ureteral calculi
and biliary stones has been extensively analyzed by Teng et al
(1987). The proposed mechanism involves first heating and
evaporation or desorption of surface material. This material is
then ionized (thermionically) to initiate the plasma. In the case
of flashlamp=excited dye laser fragmentation of stones (1 pusec
pulses of 504 nm radiation), the plasma expands at = 30 m/sec to a
diameter of = 0.5-1 cm with peak electron densities of the order of
10 18/cm3. When the laser energy stops, the plasma collapses at a
rate of = 12 m/sec. The expansion and collapse of the plasma is
thought to create stress waves in the material with calculated
pressures of the order of .2 to 35 kbar. These stress waves are
believed to be responsible for mechanical fracture of the stone.
The magnitude of the stress waves was measured qualitatively and
found to be 10-fold higher under saline than in air (ieng et al,
1987). The ablation process has also been found to be
significantly more efficient under saline as well indicating that
stress waves are a primary part of the plasma ablation process.

More detailed studies of this process are on going (Rosen et al,

1988)
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Ablation of soft plaque, in this thesis, by microsecond pulses
of visible radiation was not associated with emission of white
light and therefore, there was probably no plasma. Ablation of
soft tissue by ultraviolet radiation at 290 nm was associated with

a faint blue emission that was attributed to fluorescence.

Hard, calcified plaque ablation by visible radiation, however,
produced an obvious bright white light at the site of ablation,
that was not excluded by goggles that excluded the laser radiation.
Spectral characterization of this emission demonstrated a broad
continuum peaked at 400 nm with superimposed emission lines due to
ionized and neutral calcium. These features indicate the presence
of a plasma. The obligatory presence of the plasma for ablation to
occur indicates that the plasma is probably involved in the

ablation proczss for calcified plaque.

Ablation of calcified plaque was also associated with a sharp
report, particulate debris and a very high ablation efficiency, up
to 9.5 mg/J. This is 25 times more efficient than water
vaporizaticr. These features suggest that the plasma ablation
mechanism is independent of warer vaporization. The size of the
plume estimated photographically (see Figure IV.15A) was .5 to 1 cm
which is comparable to the plume produced by similar laser pulses
incident on kidney and gall stones. Consequently, the calcified
plaque plasmas are probably similar to the plasmas formed on stones
(Teng et al, 1987) which have peak pressures of the order of .2 to
35 Kbar. These pressures explain the acoustic report. Pressure

waves could also drive a mechanical process that shatters plaque,
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thus accounting for the particulate debris and high ablation

efficiency.

The mechanism of plasma initiation on stones is thought to be
thermionic because there is an energy threshold (all other plasma
initiation mechanisms are intensity dependent). Similarly, plasma
initiation on calcified plaque was found to have an energy
threshold that varied only weakly with intensity. This threshold
increased by only a factor of 2 as the pulse duration was increased
by a factor of 50 (see Figure IV.8). Interestingly, however, at
the longest pulse duration studied, 50 usec, (where the intensity
is the least) the ablation efficiency was significantly less than
for shorter pulse durations (where the intensity is higher) (see
Figure IV.13). One possible explanation for this is that the
intensity determines the rate and maximum extent of plasma
expansion, which in turn may determine the magnitude of stress
exerted by the plasma on the calcific material. Greater stress

waves may produce more ablation.

Why plasmas are observed for calcified plaque and not for soft
plaque and normal artery is not obvious, With a sufficient
intensity and fluence, radiation can form plasma from.any material;
it is not clear why the calcified plaque has a significantly lower
plasma initiation threshold than soft tissue., The spectroscopic
data of Figure IV.15B show emission lines that are attributable to
ionized and neutral calcium suggesting that calcium is the primary
species involved in this ionization process. This is not

surprising since calcium is a metal with 2 valence electrons that
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that are easily ionized to form a stable electron cloud in the form
of Ca?*. But calcium is present in all tissues. Thus, it is not
clear whether the difference in plasma susceptibility between
calcified and soft tissue is due to a calcium concentration effect
or the solid form that precipitated calcium salts have in the hard

tissues but which is not present in soft tissues.

VI.3 Thermal Ablation Mechanisms

The historically most popular description of how tissue is
ablated by laser radiation is that it is vaporized or burned. This
mechanism is particularly compelling when one casually observes
tissue ablation by the conventiornal COp, Nd:YAG or argon ion lasers
(which are continuous wave and typically operate at relatively low
intensities for durations of the order of seconds to minutes).

When continuous wave laser energy is directed at tissue, for a
moment nothing happens, then the spot being irradiated erupts into
a plume of smoke and vapor that continues for as long as the laser
is turned on. The irradiated surface turns black as it slowly
recedes into the tissue (forming an ablation crater) and a foul

aroma of burning tissue permeates the room.

This thermal process has two parts, first tissue desiccation
by evaporation of the water and second, decomposition of the

desiccated solid elements by pyrolysis.

Tissue desiccation by continuous wave laser radiation has been

extensively characterized and modeled (with the heat equation) and
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is the subject of many recent reviews by Ready (1971), Welch
(1984), Boulois (1987), Wolbarsht (1984), Hillenkamp (1980), Weber
and Zweig (1987), Furzikov (1987), Partovi et al. (1987).
Evaporation is a surface phenomenon and the models generally
address this process as occurring in an infinitely thin plane that
separates the solid tissue from air. Since the water must be
vaporized, the best possible efficiency that may be achieved is
1/(heat of vaporization of water) or = 0.4 mg/J. In general, the
efficiency will be considerably less than that because of thermal

diffusion losses and energy required for pyrolysis.

Pyrolysis, the lysis of organic bonds by heat, has not been
studied as extensively in relation to laser ablation of tissue. It
is known to require temperatures in excess of 100°C and begins to
occur rapidly at temperatures in excess of 400°C. Temperatures of
this magnitude have been measured by Welch (1984) during argon ion

laser ablation of tissue.

The black residue this process forms, which is primarily
carbon, undoubtedly changes the tissue optical properties
significantly. Indeed, if the laser radiation is primarily absorbed
by water, such as with the Holmium laser at 2.1 um (Alves 1988), as
the water evaporates, tissue absorption decreases and laser
radiation ceases to have any effect on the tissue. If the absorber
is a solid element (as is the case for visible radiation), then as
water is evaporated the tissue absorption is increased and the
ablative effect of the laser radiation is enhanced. The black

color of char indicates its strong absorption of visible raaiation.
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Accordingly, tissue ablation by visible radiation may accelerate

due to formation of char.

Plaque ablation by 488 and 514 nm radiation from the
continuous wave argon ion lasers (pulse duration of > .1 sec)
always leaves some char. But the plaque ablation by 465 to 490 nm
radiation observed in this thesis (pulse duration < 50usec) was
never associated with char. The radiation here was different in
that the intensities were of the order of 10° W/cm2 or greater

2 and that the

compared to argon ion laser intensities of 104 W/cm
pulse duration was of the order of microseconds as compared to
seconds for the argon ion laser. The ablation process was also
different in that the ablation efficiency was frequently higher
than 1/(heat of vaporization of water). Thermal ablation is also
inconsistent with the particulate debris and the negligible
evidence of thermal damage observed with the pulsed dye laser.

Thus, simple water evaporation cannot, by itself, explain the

ablation process observed in this thesis.
VI.4 Mechanical Ablation Mechanisms

If tissue is being heated by laser radiation rapidly or
inhomogeneously, vaporization may occur not only at the surface but
also below the surface. Expanding subsurface vapor bubbles may
mechanically tear apart the tissue and carry away tissue fragments.
To heat the tissue sufficiently rapidly for this to occur requires

high intensity radiation.
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VI.4.1 Lane model. One simple approach to modeling this process
was proposed by Lane et al (1987). The model assumes instantaneous
heating (i.e. infinite intensity) with a delta function. The
energy of the delta function is considered to be distributed
uniformly throughout the tissue to a depth of 1/a. This heated
volume is then assumed to undergo an adiabatic, isentropic
expansion which disrupts the solid tissue elements, ejects the
ablation products and rapidly cools the irradiated tissue to
minimize thermal damage. Unfortunately, this model only provides a
qualitative picture of a possible process without allowing
cainulation of ablation thresholds or efficiencies. Thus it does

not permit detailed analysis of the data in this thesis,

VI.4.2 Dabby, Gagliano and Paek model. Dabby and Paek (1972) and
later Gagliano and Paek (1974) address the issue of the intensity
at which the ablation mechanism converts from thermal evaporation
to explosive subsurface vaporization. The premise of this iodel is
that as the surface temperature exceeds the vaporization
temperature for the material, soﬁe molecules have encugh energy to
leave the surface as vapor. This surface evaporation-cools the
material’s surface. As more energy is absorbed deep in the
material, deeper regions may reach temperatures slightly in excess
of the vaporization temperature. This establishes a temperature
gradient which conducts the internally absorbed energy to the

surface, promoting further surface vaporization.
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Dabby and Paek have modeled this proczss by assuming that the
surface temperature is locked at the vaporization temperature, the
material is homogeneous with temperature independent optical and
thermal properties, there is no optical absorption by vaporized
material, and negligible radial heat conduction, scattering,
blackbody radiation or convective losses. They further assume a
one-dimensional coordinate system where x is depth in tissue with
respect tc the original surface and Z is the depth of the crater
formed by ablation with a bottom surface receding into the tissue

at a rate Z.

At the surface, the rate at which energy leaves in the form of
vaporized material is equal to the rate at which energy is
conducted to the surface by thermal diffusion. This energy balance

shows that

. aT
PH,Z = K — VI.1
ax (x=2)

where Z = the phase front velocity

H,, = the heat of vaporization of tissue fluid.

Within the tissue, diffusion of thermal energy is described by the
one-dimensional heat equation with an exponential source term for

the laser radiation as

3T 34T
pC — = ane-a(x-Z) + K — VI.2,
at 6x2
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Dabby and Paek introduced the non-dimensional paramecers:

(T - To)
f = —————— temperature
(TV - To)
IC
§ = — (x - 2) depth into tissue
KH,
PHy
U= — Z velocity of ablation front
I
C(T, - Ty)
A= — heating parameter
H,,
KaH,,
B = —— absorption parameter
IC
1%c
T = 5 time
PKH,,

and solved these equations for the csse of gradual heating and
ablation of metals. The temperature distribution prior to ablation
is obtained from equation VI.2 (equation VI.l is irrelevant since
Z=0 prior to ablation) Once ablation starts. however, it is

necessary to simultaneously solve both equations VI.1 and VI.2



-86-

since Z would be nonzero at that point. To simplify solving these
two equations, Dabby and Paek assume that the temperature

distribution at the moment ablation begins has the form

T = T,(1 + qx)e™ 9% + T, VI.3

where q is a fitted parameter.

They then select a value for q which best approximates the exact
solution of equation VI.2 at the moment the surface reaches the
vaporization temperature. With an additional initial condition:
Z=-0att=0
the appropriate boundary conditions:
T = Tvap at x = Z

T = To at X = o

and equations VI.1 and VI.2 in the normalized form:

a6 80 829 B
— - u— - — = - ¢Bs VI.4
ar ds 332 A
ad
U= - gm0 VI.5
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it is possible to calculate temperature distributions during

ablation of metals,

As expected, the model demonstrates a subsurface temperature
peak exceeding the material vaporization temperature. The
magnitude of this peak is inversely related to the normalized
absorption parameter, B. Using high speed photography and
examining ablation craters, Gagliano and Paek were able to
experimentally identify when the ablation was explosive or simple
surface evaporation. Explosive ablation correlated well with small
values of B (< 1) although the precise transition level depended
upon the specific material. This material variation may reflect
mechanical properties of the material that are not accounted for in
the model but which may influence the magnitude of a subsurface

temperature peak required for explosion.

For tissue, the vaporization temperature is small and the heat
of vaporization is large compared to metals. Thus, radiation
capable of ablating tissue will rapidly heat the tissue surface to
the vaporization temperature before there is time for much thermal
diffusion. This is especially true for the high intensity
radiation pulses used to achieve selective ablation in this thesis.
Accordingly, the temperature at the moment the surface reached the
vaporization temperature is best approximated by an exponential of

the form

T = (T, - Ty) e &% VI.6
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There is no appropriate value of the fitted parameter, q, for this
temperature distribution. Thus, to apply the Dabby and Paek model
to the flashlamp-excited dye laser ablation described in Chapter
III, it is necessary to solve equations VI.4 and VI.5 with the

initial condition of equation VI.6.

Solution strategy:

The steady state temperature distribution, 6,4 is found in terms of
the steady state ablation front velocity, v, by setting 48/dr = O

in equation VI.5 to give

1
§.. = e VS 4 —— [eBS

ss - e V8 VI.7.
A(v - B)

where v = U (¢t ——>)

Equations VI.6 and VI.7 can be combined and solved for

1

V = — VI.8.
(1 + X)

By substituting the steady state ablation front velocity, v, for u

it is possible to solve equation VI.4 for large values of r to give
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(B/X) 1 s - VT s + vr
§ = [ 1 - —— ] - ( e V8 erfc| ] + erfc| 1)
vB - B2 2 2)r 2J7
(B/ ) eB(B-V)7 s + |v-2B|r
-[1 - ] { es(B'V) erfe [ —m—— ]
vB - BZ 2 2/r
s - |v-2B|r
+ e 5B erfc [ ———— ]
2)r
B
+ e-Bs [ 1 - — ] eB(B'V)T
A(vB-B2)
B
+ e"BS —————— VI.g.
A(vB-B2)

Knowing 6, one can calculate a better approximation for u
from equations VI.5 and VI.9 for the time of interest. With
this new u the temperature distribution can be recalculated
to obtain greater accuracy. By iterating many times ény

degree of solution accuracy can be obtained.

The calculated temperature distribution in tissue using
this model is plotted in Figure VI.2 for radiation which is
characteristic of the argon ion class of lasers. These

lasers ablate tissue by a thermal process (Welch, 1984).
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The thermally long pulse durations typical of argon
irradiation of tissue allow significant thermal diffusion
during the period of the laser pulse and thus, the
subsurface temperature peak is insufficient to cause
explosive ablation. For radiation typical of pulsed dye
laser ablation of plaque the calculated temperature
distribution shows an enormous subsurface temperature peak
as seen in Figure VI.3. These high subsurface temperatures
suggest the possibility of an explosive, mechanical ablation
process due to subsurface vaporization of a fraction of the

tissue fluid,

The intensity at which the ablative mechanism shifts
from being evaporative to explosive can be calcular.d from
the definition of B assuming (as Gagliano and Paek
empirically demonstrated) that explosive ablation occurs

when B << 1. Explosive ab.ation occurs when

KaHV
I >> — VI.10

For 482 nm radiation this intensity would be =200 W/cmz.

VI.4.3 Inhomogeneous absorption. Microscopic examination of
plaque shows yellow fat droplets (which are absorbing foci)
distributed throughout a weakly absorbing tissue matrix.

This suggests that blue lascr radiation is absorbed
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inhomogeneously. The result would be heating of fat
droplets, which in turn, would heat surrounding water to its
vaporization temperature. If the intensity is low, there
will be time for thermal diffusion to evenly redistribute
the energy before abla ion occurs. In that case no
explosive or mechanical effects based upon inhomogeneous
absorption would occur. But if the intensity is
sufficiently high, enough energy to cause ablation would
accumulste at the absorbing centers before it could diffuse

away and mechanical/explosive ablation could occur.

To determine the intensity necessary to achieve a
mechanical effect from inliomogeneous absorption, consider a
medium with absorbers of diameter, d and absorption
coefficient, a, separated by a distance, D, within an
otherwise transparent medium. Thermal, thermodynamic and
mechanical properties of the absorbing and transparent media
will be assumed to be identical or irrelevant. If D << d,
then there is not really inh.mogeneous absorption but rather
a uniform absorber with a few bits of transparent material
here and there. If D >> d, then the absorbing centers can
be treated (for an order of magnitude calculation) to act as
isolated drops in an infinite medium with a thermal

relaxation time,

rp = d%/4x VI.11.
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For absorbers near the surface, energy will be absorbed as a

function of time by an amount,
AH = I at/p VI.12

where I, is the incident laser intensity. For explosive
ablation to occur, the time required to deposit energy in
the droplets must be less than the thermal relaxation time,
or,

AHp/1 o < d2/4x VI.13.
Solving equation VI.13 for intensity yields,
I, > 4KkpAH/ad? VI.14,

For the case of pulsed dye laser ablation of plaque
with 465-490 nm radiation the absorbers are known to be
carotenoid molecules concentrated in the lipid parts of the
tissue. The histologic sections show yellow fat drops
ranging from .1 to 10 pm in diameter and separated by.about
distance slightly larger than the droplet diameters.
Although this appeararce (on oil red o stains of frozen
sections) may have some preparation artifact and reflect an
irreversible phase transition from the cooling below body
temperature, one might let d = 1 micron for purposes of

order of magnitude calculation. If the volume fraction of
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fat is estimated to be 20% then the fat absorption
coefficient is about 100 to 300 em”! depending upon the
extent of carotenoid loading. Fat does not vaporize, but
surrounding water will vaporize with a heat of vaporization
= 2000 to 3000 J/gm. Using these number and a density of 1
gm/cm3 and thermal diffusivity, « = 0.0013, the threshold
intensity required for explosive ablation can be calculated
from equation VI.1l4 as 6 MW/cmz. This is in the range of

intensities used in this thesis.

This intensity (6 MW/cmz) is substantially lower than
the observed thresholds for lusec pulses, comparable to the
observed thresholds for 8 usec pulses and higher than the
observed thresholds for 50 usec pulses. The effect of
inhomogeneous absorption would be to increase the ablation
efficiency and lower the ablation threshold fluence.

Indeed, from Figures IV.8 and IV.13 it is apparent that at
the shorter pulse durations, the ablation efficiency
increases and the ablation threshold decreases. This
suggests that inhomogeneous absorption probably is important

for the plaque ablation observed in this thesis.
VI.5 Pulse Repetition Rate Effects
Thus far, this analysis of ablation mechanisms has

considered only the effect of a single, isolated laser pulse

which can remove only a small amount of tissue corresponding
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approximately to the penetration depth of that light into
the tissue, l/a. But in the clinical setting, one would
like to deliver a sequence of pulses as rapidly as possible
in order to remove a large amount of plaque with the least
"surgical” or "anesthesia" time. ir the pulses of radiation
are delivered sufficiently rapidly there may be cumulative
heating of the tissue and perhaps a different ablative
mechanism more like that of continuous wave lasers. The
magnitude of cumulative heating can be estimated from the
average intensity which is equal to the intensity during

irradiation, I times the duration of each laser pulse,

o’ p
times the pulse repetition rate, f. For ablative pulses,
some of the energy will be carried away with the debris and
some will be left behind, heating the residual tissue. If
the residual heated tissue is ablated with the next pulse,
then there will be no cumulative heating. However, if one
is operacing just at threshold, then the residual tissue
will receive the maximum irradiance and still be pres:nt for
irradiation by successive pulses. Thus, the maximum
cumulative heating will occur when operating near the

ablation threshold where I, 7, = the threshold fluence, Fyy,

P
and the

Maximum Average Intensity = I, = Ff.

The steady state temperature rise in the tissue associated

with a given I, has been shown by Furzikov (1987) to depend
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upon the relative magnitudes of the light penetration depth,
1/a, and laser beam diameter, d. For the data in this
thesis, the penetration depth is short, about 200 um, and
the beam diameter is large, 2-3 mm, which creates a flat
disk of irradiated tissue. The steady state temperature in
the disk can be calculated by an energy balance analysis for

the flat disk where:

incoming energy = Fthfndz/h VI.15,

AT
thermal diffusion = k x Area x -- VI.16

Ax

where K = thermal conductivity = .005 J/cmsec®C
Area = 4nd4/4

Ax = laser beam radius = d/2, and

radiative loss = Areaco(Teigsue” - Thackgrounds) VI.17

where Area = 4wd2/4
€ = emissivity =1

o = Stephan Boltzman constant = 6x10°8 W/m2°K4.

For a steady state temperature rise as high as 400°K, the
radiative heat loss is only .1 W/cm2 and can be neglected.

Convective loss will be considered below. Equating the rate
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of incoming energy with the rate of thermal diffusion loss
and solving for AT gives

d

AT = Fepf — VI.18

8K
For the mass-balance experiments of section IV.2.3, a laser
beam diameter of 2 mm and a repetition rate of 1 Hz, plaque
ablation would produce a maximum steady state temperature
rise of 34°C. This is bordering on being significant,
although it is still less than the temperature rise needed
to achieve continuous water vaporization. The measured
ablation rate under these conditions did not accelerate with
time. 1Indeed, the only consistently observed change in
ablation rate was a decrease in ablation rate which occuxrred
as the ablation front reached the level of normal tissue.
Nevertheless, it is unlikely that one could increase the
pulse repetition rate, f, much beyond 1 Hz under these
conditions without encountering some deleterious effect of

cumulative heating.

One way to minimize cumulative heating would be to
introduce convection by vigorous perfusion of the irradiated
tissue with saline. This would reduce the distance (Ax in
equation VI.16) over which heat diffuses and thus increase

the temperature gradient driving this cooling process. If
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this distance is reduced to cellular dimensions or = 10 um
(.001 cm) then equation VI.18 can be rewritten as

AT =

VI.19
1000K

which is no longer spot size dependent. For the Fip in this
this thesis, a repetition rate of 1 Hz produces cumulative
heating of only 1.4 °C. If one can tolerate a 30°C
temperature rise, than the calculated allowable repetition
rate would be 20 Hz. If tissue is removed to a depth, l/a,
with each pulse, then rate of ablation achieved at a 20 Hz
repetition rate could be as high as 1-4 mm/sec depending
upon the extent of carotenoid loading. In addition, the
saline could be pre-cooled to 5-10°C, which would allow even

higher repetition rates.
VI.6 A Proposed Ablation Mechanism for Soft Plaque

The discussion of the previous sections suggest an
ablation scenario that is much more complex than the simple
vaporization of tissue fluid. 1In what follows, one possible
sequence of events that may explain the data is proposed.

This scenario is schematically illustrated in Figure VI.4
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VI.6.1 instantaneous heating of fat droplets. Since the
laser energy is delivered over a microsecond but the
ablation occurs over milliseconds, one can initially
consider the energy to be deposited instantaneously and
later consider the effect of less than instantaneous
heating. The initial distribution of absorbed energy will
reflect the distribution of the carotenoid chromophores
which are located in small (.1-10um diameter) fat droplets
dispersed throughout the tissue. These fat droplets will be
heated to very high temperatures. If plaque is 20% fat with
the same heat capacity as water then the temperature of the
fat would be expected to be raised 5 times the amount
predicted by equation II.4. Thus, at threshold, the fat
droplet would be heated by = 500°C and even higher at

suprathreshold fluences.

VI.6.2 Superheating surrounding water. These hot oil drops
would immediately begin heating adjacent tissue fluid. At
the tissue surface, water would be expected to vaporize and
leave the tissue at an appropriate Boltzman velocity. Below
the surface, however, the hot water would be constrained by
fnertial confinement and the tensile strength of surrounding
tissue. Thus, below the surface, water would be superheated

and generate large pressures (Steam tables show that
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isovolumic heating of water from 37 to 150°C increases the
pressure in excess of 1000 atmospheres). Since the thermal
relaxation time of 1 um fat droplets is of the order of 1
psec, the pressure increase would occur rapidly, on the same

time scale as the tissue heating.

VI.6.3 Propagation of acoustic or shock waves. The rapidly
created, superheated water with an initially complex, highly
variable pressure distribution would initiate propagation of
stress wa;es throughout the tissue. The propagation of
these waves would be further complicated by the multiple
surfaces of impedance-mismatching present in the
inhomogeneous tissue. The presence of these complex stress
waves has been observed by Dyer and Srinivasan (1986) as a
ringing response of pressure transducers connected to tissue
during ablation by 14 nsec pulses of the excimer laser. If
traveling at the speed of sound they could propagate the 200
um characteristic depth of irradiation in about 7%x10°7
seconds. These stress waves might contribute to shearing
and liquefaction of the irradiated tissue. If strong
enough, they could damage tissue beyond the zone which is

irradiated.

VI.6.4 expansion of pressurized tissue fluid. The expansion
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of the pressurized tissue will be toward the air which
offers the least impedance and inertial confinement. The
edges of the zone of irradiation may act like a nozzle
causing the expansion of debris to resemble initially the
expansion of pressurized gas through a nozzle as suggested
by the high speed photography in Figure IV.14. The
surrounding unirradiated tissue may be transiently stressed
elastically when the irradiated volume expands. When the
surrounding tissue later collapses as the pressure
diminishes it may create the jet-like train of fluid seen at
around 500 psec in Figure VI.1l4C. This stress on
surrounding tissue may also explain the fissures seen

histologically.

VI.6.6 disruption and ejection of solid tissue elements by
the expanding vapor. Expansion of the superheated fluid and
vapor would create additional shear forces that further
disrupt the tissue. The expanding vapor would carry the

disrupted solid elements of the tissue along with it..

VI.6.7 post ablation events.

- convection effects. In the in vivo setting of flowing

blood or saline, the ejected debris would be washed

downstream and the residual unablated tissue would be
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rapidly cooled as described in section VI.5.

- thermal damage. Residual heat may remain long enough
to cause some thermal denaturation at the edges of the
ablation crater.

- biological response. Although the immediate and long
term biological responses of this process are not known,
preliminary, informal reports of the initial clinical trials
in the superficial femoral artery indicate that there is
minimal pain, vasospasm or thrombosis occurring immediately
and the healing process is not causing re-occlusion

(Geschwind et al, 1988 and Bonner, personal communication)

VI.6.8 Effect of increasing laser pulse duration. As the
pulse duration is increased, there is more time to deliver
energy and consequently, the threshold intensity is
decreased. However, the effects which drive
explosive/mechanical ablation are intensity dependent so
decreasing the intensity also decreases the explosiveness of
the ablative process. The relationship between pulse-
duration, threshold intensity and ablation mechanism can be
more easily analyzed in terms of the times-scales of various
energy transport phenomena occurring in the tissue. These

time scales are shown in Table VI.2

At pulse durations less than 10712 seconds, there will
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be multiphoton absorption effects with ionization and
photodecomposition. As the pulse duration exceeds the time-
scale for propagation of stress waves, shock and stress wave
effects will become less important. As the pulse duration
exceeds the time-scale for thermal relaxation of the fat
drops, the effect of inhomogeneous absorption will become
less important. As the pulse duration exceeds the time-
scale for thermal relaxation over the depth of penetration
of radiation into the tissue, the mechanism woula be
expected to shift from primarily subsurface vaporization to

primarily thermal ablation.

VI.6.9 effect of pulse repetition rate. At low repetition
rates (< lHz if there is no convective cooling and < 20 Hz
if there is vigorous convective cooling), each pulse will be
an independent ablation event. As the repetition rate
increases, the residual unablated tissue, will! not have time
to cool in between laser pulses and there will be some
cumulative steady state heating of the tissue. When the
steady state heating is sufficient to keep the tissue
continuously near or above the water vaporization

temperature, then thermal ablation will occur.

VI.6.10 Effect of hard plaque. If calcified tissue is
encountered, then it will be ablated by a plasma mediated

process described in VI.2.2.
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VII. SUMMARY

Investigaticns on laser ablation of arterial plaque have
demonstrated the feasibility of opening .tenotic or obstructed
arteries with laser radiation delivered into the body via fine
optical fibers. This research is promising because it may lead to
methods of removing the life-threatening arterial plaques without

requiring surgery or general anaesthesia.

In these studies, a major limitation is the absence of
confinement of the laser effects to the diseased tissue (plaque);
there are many reports of perforations, aneurysms, spasm and other
forms of injury to adjacent and underlying normal tissue. Attempts
to develop a method of selectively ablating only the plaque have
been prevented by the lack of information on optical properties of
these tissues and uncertainty about the mecharisms for laser
ablation of plaque. This thesis critically analyzes these factors
and evaluates the potential for selective ablation of arterial

plaque.

Spectrophotometers, optimized for studying vascular tissue,
were constructed and used to assess. the optical properties of
atheromatous and normal aorta over the ultraviolet, visible and
near-infrared spectrum. Remittanc., transmittance and thickness

were measured and the Kubelka-Munk model for light propagation in
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scattering media was used to determine absorption and scattering
coefficients. Two-fold preferential absorption in plaque was found

from 450 to 500 nm.

Chemical analysis of the plaque led to identification of a
mixture of yellow carotenoid pigments as responsible for the
_preferential absorption and the yellow color of plaque. Patients
scheduled for carotid endarterectomy were given low-dose, oral beta
carotene and achieved a 50-fold increase in the beta carotene
content of their carotid plaques. This should significantly
enhance the level of preferential absorption due to endogenous

carotenoids.

Several techniques were developed to study the physics of
plaque ablation and to determine how to take advantage of
preferential absorption to achieve selective ablation of the
plaque. These techniques included a method of measuring ablation
thresholds, a method of measuring ablation efficiency and high
speed photography of the ablation process. Using these techniques,
a regime of selective ablatioun was identified using thermally short
pulses of laser radiation that was preferentially absorbed by the
plaque. Using 1 usec pulses of 465 nm radiation from.a flashlamp-
excited dye laser delivered via a 1 mm diameter fiber, the
threshold fluence for ablation was 6.8 + 2.0 J/cm2 for atheromas
and 15.9 + 2.2 J/cm2 for normal aorta. Selective ablation was
obtained by setting the laser radiation to be above threshold for

ablating plaque but below threshold for ablating normal artery.
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Ablation efficiencies as high as 6000 ug/J indicated that
ablation was occurring with less energy then would be required to
vaporize all of the ablated material (400 pg/J). High speed
photography of soft plaque ablation showed an explosive process
ejecting incompletely vaporized debris. Histology of the debris
and the ablation crater revealed minimal thermal injury. Ablation
products consisted of cholesterol crystals, shredded collagen
fibers and small bits of calcific material. These findings are
consistent with models for short-pulse laser ablation of materials
which predict subsurface vaporization, mechanical disruption and
ejection of incompletely vaporized material. This process is rapid
and more efficient than pure vaporization, which explains the

minimal evidence of thermal injury.

Ablation of calcified plaque was associated with a snapping
sound and a flash of white light like a spark. Spectral analysis
of this spark showed emission lines of hot ionized calcium
superimposed upon a continuum (Bremsstrahlung emission), consistent
with a plasma. Formation of this plasma with pulses that do not
ablate normal aorta makes selective ablation of calcific plaque
possible even though the energy required to vaporize calcium is

much greater than the latent heat of vaporization of water.

The implications of this work are: (a) laser angioplasty may
become safer and more effective by taking advantage of laser pulses
that selectively ablate only plaque; (b) several techniques for
studying laser tissue interactions have been developed including

specialized spectrophotometers, high speed photography and a method
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of measuring tissue mass ablated; (c) tissue ablation, as with
engineering materials, is not necessarily surface vaporization but
may also involve subsurface vaporization with pressure waves that
disrupt and eject incompletely vaporized tissue; (d) selective
ablation of calcific plaque is associated with ionization of the

calcium and plasma fcrmation.

The optimal conditions for selective ablation of plaque are as

follows:

wavelength: 450 - 520 nm

pulse duration: < 50 usec

fluence: between plaque and normal artery ablation
thresholds

pulse repetition rate: < 20 Hz

beta carotene pretreatment: 60 mg tid for > 1 week
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Table IV.1

Absorption coefficients (a) at 470nm

for atheroma and normal aorta
a a
Measurement method Atheroma Normal Significance| Ratio
Analysis method (cm'l) (em” ™) (p_value)
Integrating Sphere
Kubelka-Munk Analysis | 50%78 24448 5.8x10-4¢ 2.14
Beer’'s Law Analysis 6317 367 1.1x10-3 1.8
(6.6) (3.7
Laser Spectrophotometer
Kubelka-Munk Analysis 6116 27+14 .043 2.2
(4,12) (4,12) (1.5-3.8)°¢
Beer's Law Analysis 4819 254 .042 1.9
(4,12) (4,12) (1.4-3.1)e
Combined Data
Kubelka-Munk Analysis 5412 26%4 2.4%10-5 2.2
(10,18) (7,19)
Beer's Law Analysis 57%11 30+8 4.5%x10-5 1.9
(10,18) (7,19

mean * standard deviation

parameters denote (# of individuals, # of measurement sites).

¢ p value is calculated by first calculating the average absorbance
at all measurement sites for each tissue type in each individual
and then treating each of those averages as a separate observation,

d mean atheroma absorbance/mean normal aorta absorbance.

e range of ratios over the 4 individuals studied.
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Table IV.2

Comparison of ablation thresholds with 482 nm radiation

for all types of vascular tissue

320 mic core diameter fiber, 1 usec pulse duratio
Threshold

Tissue Type (mJ) (J/cm2)
thrombus 1.5 £ 0.01 1.8
pulmonary embolus 5.1 1.2 6.3
calcifi:1 plaque 35 £ 5.8 43.5
fibro-fatty plaque 37 5.1 46.0
fatty streak 35 £ 9.5 43.5
adventitia 68 + 23 85
media 69 * 15 86
intima 80 + 14 99
inferior vena cava 120 * 36 149
pulmonary artery 124 + 30 154
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Table I

V.3

Effect of wavelength on ablation threshold fluence
(1 pusec pulse duration, 320 um diameter fiber)

Ablation Threshold
Wavelength (mJ)
(nm) Normal | Deep [Adventitia|Fibrous | Calcific Thrombus
intima| media plaque | plaque
290 3.2+.65 3.0£.4| 3.6%.56
482 80%14 (| 69115 68+23 3715 3516 5.5
658 2505 |240%16f 240%19 229+24 | 102%15 227+18 17
Table IV.4
Effect of wavelength on the selective ablation
1 usec pulse duration, 320 um diameter fiber
ratio of threshold fluences
Wav?;;?gth (igizzlb/‘ginous (ﬂormaﬁ ‘calcifieﬂ
gue ] ort laque
290
465 (1 mm fiber) 2.6
4,82 2.2 2.3
658 1.1 2.5
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Table IV.5

Effect of pulse duration on ablation thresholds
(482 nm radiation, 320 um core diameter fiber)

Pulse Ablation Threshold
Duration (mJ)
(usec) Normal Media | Adventitia Fil»rousI Calcified
Intima Plaque Plaque
1 8014 69+15 68123 3745.1 35%5.8
8 113120 8610 69+12 4549 .7 50*11
50 160+11 169+8,5 13149 .3 7918.0 9048.7
Table IV.6

Effect of fiber

size on ablation threshold fluence

(465-482 nm radiation, 1 usec pulse duration)

Plaque Normal
Fiber diameter threshold fluence threshold fluence
(microns) (J/cmg) (J/cmE)
1000 (465nm) 6.8 15.9
650 (465nm) 8.7 26.5
320 (482nm) 46 99 .5
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Table IV.7

Ablation efficiency in air
(465 nm radiation, 18 J/cm2, 1 psec pulse duration,

2.5 mm spot size)

Ablation Efficiency under saline
(480 nm radiation at twice plaque threshold, 320 um diameter fiber)

Aorta # | Atheroma Normal Intima | Significance Ratio
(ug/J) (ug/J) (p value)
1 161+37 74111 8x10°6 2.2
2 196137 53t 9 4x10°% 3.7
3 370%126 7317 5x10° 2 5.0
4 288+122 50%20 1x10-5 5.1
| average | 253 62 4.0
Table IV.8

Pulse Energy Ablation Efficiency
Duration | per pulse (pg/J)
(usec) (mJ) Normal Fibrous Calcified
Artery Plaque Plaque
1 80 50450 12001470 410012400
8 100 60+100 850250 6100+3500
50 170 130120 8004160 5004100
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Table IV.9

Tabulation of serum and plaque beta carotene levels

patient |}days pills plaque fc serum fc
# on fc per day | (ug/g plaque) (ug/dl)
beta carotene| treated pacients I
1* 8 5.9 2.08 281
2* 10 6 2.65 611
3 14 6 8.21 561
4 18 5.7 2.10 310
5* 20 5.4 2.52 257
6 20 5.8 5.20 710
7 23 6 0.93 389
8* 28 3.7 1.78 185
9 32 5.9 4,52 607
10 41 5,7 2.92 924
average 21 3.3+2.0 483 + 224
control patients
2*% 0 0 0.18 21.7
59 0 0 0.022 2.92
8*9 0 0 0.023 9.16
11 0 0 0.012 10.4
12 0 0 0.051 6.36
13 0 0 0.023 0.31
14 0 0 0.084 2.05
15 0 0 0.023 5.24
16 0 0 0.015 5.52
17 0 0 0.027 1.77
18 0 0 0.287 10.1
19 0 0 0.018 5.91
20 0 0 0.123 9.05
21 0 0 0.016 6.19
22 0 0 0.114 25.0
23 0 0 0.014 6.41
24 0 0 0.037 9.76
25 0 0 0.054 ---q
26 0 0 0,110 14,2
average 0.07 +0.07 8.4 1+ 6.3

beta carotene

light microscopy and microspectrophotometry performed on these
specimens

these patients had bilacveral carotid endarterectomies; the first
served as an internal control,

serum was hemolyzed
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Table 1IV.10

and

post beta carotene treatment specimens

patients on

significance

(ug/gm plaque)

parameter controls beta carotene (p value)
subjects:
number™ 19 10
age 65 (49-78) 67 (53-80) NS**
sex 14M 5F 6M 4F NS
tobacco use 89% 80% NS
diabetes 21% 30% NS
hypertension 58% 60% NS
serum;
creatinine (mg/dl) 1.42 1.25 NS
cholesterol (mg/dl) 218 207 NS
triglycerides (mg/dl) 180 185 NS
beta carotene (ug/dl); 8. 4 + 6.3 483 + 224 <,001
plaque:
beta carotene .066 + .07 3.3 2.0 <. 001

* 3 patients were studied before and after beta carotene treatment,
patients were studied only after beta carotene treatment, 16
patients were studied without beta carotene treatment.

*% NS = not significant

dl = deciliters

/
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Table V.1

Predicted tissue surface temperature
at the ablation threshold for
465-480 nm radiation

tissue threshold | absorption predicted surface
type energy coefficient temp. at threshold
(J/em2) (cm-1) (°c)
plaque 6.8 54 117
normal aorta] 15.9 26 128
Lthrombus 1.5 300 138 |
Table V.2

Carotenoids known to exist in humans

carotenoid wavelengths of absorption extinction
maxima in light petroleum coefficient
(nm) (E%gm)*
lycopene 446,472,505 3450
beta-carotene 425,451,480 2592
canthaxanthin 466 2200
alpha carotene 422,444,480 2800
zeta carotene 378,400,425 2555
lutein 420,447,477 2550
cryptoxanthin 425,451,483 2386
zeaxanthin 423,451,483 2348
capsanthin 474-475,504 2072
capsorubin 444 474 506 2200

* the optical density of a 1 cm pathlength of a 1% (by mass) solution

of the carotenoid in an organic solvent (Bauernfeind, 1981).
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Table VI.1

Length scales of enerqgy transport during tissue ablation

Subjective Dimension Physical Dimension
typical thickness of plaque 1-2 mm
penetration depth of 480 nm radiation (1l/a) 200 pm
diameter of fat drops 0.1-10 pm

Loptical fiber diameter 320-1000 rm
Table VI.2

Time scales of enerqgy transport during tissue ablatiosn

Event Time Required

absorption of a single photon 1015 ¢

thermal relaxation of an excited molecule 10712 ¢

stress wave to propagate .1-10 pm* 3x10710.3x10°8
stress wave to propagate 200 pm* 7x1077 s

thermal diffusion over .1 um** 1078

thermal diffusion over 10 pm** 1074 s

thermal diffusion over 200 um** 0.04 s

* assume stress waves propagate at the speed of sound in water
(=300 m/s).

** calculated from equation II.2
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Table VI.3

Wavelength scales for tissue ablation

Wavelength Absorption Primary Primary
Depth Chromophore Effects
X-rays
.01-1 nm minimal absorption caleium | minimal effect
Ultraviolet
193 nm 1 pum organic bonds photochemistry
250 nm 5-10 pm DNA & aromatics photochemistry
Visible-NIR
410 nm 5 pm hemoglobin heating/ablation
450-500 nm 200 pm carotenoids heating/ablation
600-1300 nm 2 mm none heating
Infrared
2.9 um 1 um Hy0 heating/ablation
10,6 um 30 um H20 heating/ablation
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BECKMAN 5270 @
UV-V1S HP  9825A

spectrophotometer CALCULATOR

fiberoptic
undle

Reference beam

X collimating
lens

specimen
placed here
for transmittagce

specimen
placed here
for remittancd

photomultiplier
tube (HAMAMUTSU)

}"-diameter inteqrating sphere in a
light-tight box

Figure III.1 Integrating sphere/spectrophotometer apparatus. Light from
a conventional spectrophotometer is conducted to the integrating sphere
via fiberoptic bundles and detected using either a lead sulfide cell
(infrared) or a photomultiplier tube (UV and visible). Tissue
transmittance is measured by placing the tissue in the path of the sample
beam where light enters the integrating sphere on the left, and by
covering the exit hole with a plate coated with barium sulfate,
Remittance is measured by placing the specimen in the path of the sample
beam where light exits the integrating sphere,
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reference
| |photodiode
\\rmirror
Nitrogen Dye F— Monochromater —
Laser Laser| /
Cbeam-splitter
lmm___,y.___
{saline
translating . ’ j/"

Figure I1I1.2

sample holder

specimen

volt-
meter

photodiode
=1V

SﬂF—J

MO ——

lLaser-based spectrophotometer. This spectrophotometer

permits multiple measurements on areas as small as l-mm diameter with

transmittance > 10'3%.

The tissue is immersed in normal saline to

approximate the in vivo optical environment and to eliminate optical

artifact from index mismatching at surfaces,
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I, Iy =incident radiation

ir]—o = remittance
0

A = Absorption Coef.
I S = Scattering Coef.

JD=O

= transmittance

=-Sl-Al +SJ

-SI - AJ + SI

e gl

Figure III.3 The Kubelka-Munk model, Light is assumed to be
propagating diffusely through tissue where I is the incident light, J,
is the remitted light, Ip is the transmitted light, and D is the specimen
thickness. By considering a differential element, dx, it is possible to
describe the change in I and J with the differential equations shown,
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“Lens Optical fiber
1 mm core

7

Fiber placed on N

tissue to measure
ablation threshold

R

4

Fiber placed in meter
to measure energy/pulse
ENERGY

METER

R i R,

2z_ Saline filled
petri dish

Specimen

Figure III1.4 Experimental setup for measuring the threshold fluence for

ablation. Radiation from the flashlamp pumped dye laser is coupled into

an optical fiber with a core diameter of 320, 650 or 1000 um. The output

end of the fiber is abutted against the tissue, which is submerged under

saline to simulate the in vivo optical environment. The threshold energy

is determined by gradually increasing the energy/pulse until there is an

observable ablative effect on the tissue.
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Microscope slide
to collect debris

F Aorta
Lens .Fﬂ Moveable
1 specimen
[ —— mount

J =

Saline filled petri dish
to collect debris

Figure III.5 Experimental setup for studying ablation of large areas of

tissue in air.
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Humidity Chamber

Pulsed Dye Laser specimen
- 465 nm holder
- 1microsecond '
- 1pulse/second

specimen

f - - - - - - - - - -

Computer — Balance

Figure II1.6 Experimental method of measuring the mass of tissue
ablated. Tissue is mounted vertically on a balance such that ablation
products will land off the balance. The tissue and balance are contained
within a chamber which eliminates air currents and maintains a high level
of humidity to avoid mass loss from evaporation. Laser radiation enters
through a hole in the chamber and the tissue mass is recorded
automatically before, during and after ablation at 2 Hz by a

microcomputer,
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Figure IV.1 A and B Integrating sphere measurements for a typical
specimen of normal cadaver aotic intima, 310 microns thick. A)
Remittance and transmittance measured with the integrating sphere and B)
Calculated KM absorption and scattering coefficients. Note the
absorption peaks corresponding to known tissue chromophores (hemoglobin
at 550-570, 530-550 and 390-420 nm, aromatic amino acids and DNA at 250-
290 nm).
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Figure IV.1 C and D Integrating sphere measurements for a typical
1.5-mm thick.
Calculated KM absorption and scattering coefficients,

atheroma, C) Remittance and transmittance data and D)

Note the extra
absorbance for atheroma (relative to normal tissue, Figure IV.1B) at

about 470 nrm,
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Figure IV.2 Comparison of absorption coefficients for atheromatous and
normal aortic specimens. (A) The average KM absorption coefficients for
seven normal specimens (thin line) are compared to the average for six
fibrous aortic atheromas (thick line). Bars indicate + 1 standard
deviation. (B) The KM absorption coefficients from laser
spectrophotometer data for three regions of atheroma (O ,+ ,{ , thick
lines) and three adjacent normal regions (V,x,A, thin lines) from the
same aorta. Note that in the region from 420 to 530 nm the atheroma

absorption coefficient is greater than that of normal specimens.
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Figure IV.3 The ratio of atheroma to normal absorption coefficients.
Note that between 450 and 500 nm the average atheroma absorption is

greater than 1.7 times that of normal artery.
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Figure 1IV.4 Histology of a typical atheroma. The four regions marked in
the figure are A) a fibrous cap overlying B) variable amounts of
irregularly deposited grumous material that appears to consist of
extracellular lipids, cellular debris and scattered dystrophic
calcifications with underlying C) dense hyalinized collagen bundles with
diminished amounts of elastic tissue and smooth muscle cells, and a layer

D) of relatively normal underlying media and adventitia.
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Figure IV.5 Threshold fluences for ablation of atheromatous and normal
regions on 7 human aortas. Note that for each individual, normal aorta
(circles) required 2-3 times more energy per unit area for ablation than
atheromas (triangles). Bars on the solid symbols for the means indicate

+ 1 standard deviation.
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" TH Thrombus
140 I PE  Pulmonary Embolus
[ CP Calcified Plaque
120 r P Fibrofatty Plaque
| AD Adventitia
100 | DM Deep Media
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80 I \vc Inferior Vena Cava
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Figure IV.6 Ablation threshold fluences for 482 nm radiation delivered
to cardiovascular tissues via a 320 micron core diameter quartz fiber.
Note that the normal tissues, adventitia, media, normal intima, inferior
vena cava and pulmonary artery all have significantly higher ablation
thresholds than the diseased tissue, fresh thrombus, pulmonary embolus,
calcified plaque and fibrofatty plaque.
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Threshold Ratio (normal/plaque)

2.5 T '

O fibrofatty plaque

A fatty streak
20l V calcified plaque |
1.5 F §
1.0

v 1.0 = no selectivity
0.5 1 1 1 1
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Figure IV.7 Effect of wavelength on selectivity. The normal artery to
plaque ratio of ablation threshold fluences is plotted as a function of
wavelength for fibrofatty plaque, fatty streaks and calcified plaque for
the data in Tubles IV.4 and IV.5. At 290 nm, in the ultraviolet, there
is no selectivity. At 482 nm, where there is two-fold preferential

ab iorption, thece is a two-fold difference in thresholds making selective
ablation possible. At 658 nm there is still selectivity for calcified
plaque suggesting that selective ablation of calcified plaque is not
based on preferential absorption,
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Figure IV.8 Effect of pulse duration on threshold fluence. Ablation
thresholds were measured under saline at 482 nm with a 320-um-diameter
fiber as shown in Figure III.4 (data shown in Table IV.6). For these
pulses, which are all shorter than the thermal relaxation time of the
tissue (rp = 40 msec), one would not expect the fluence to vary at all
with pulse duration. Nevertheless, there is a slight, two-fold increase
in threshold fluence over the 50-fold range of pulse duration.
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Figure IV.9 Effect of fiber diameter on ablation threshold. Threshold
measurements were made under saline with 1l-usec-pulse durations of 465-
482 nm radiation delivered by fibers with core diameters of 320, 650 and
1000 pym as shown in Figure III.4 (data are shown in Table IV.3). The
measured threshold fluence increases considerably in small diameter
fibers.
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Figure IV.10 A cross-sectional view of selective ablation. Four sites
on human aorta were irradiated with ten pulses of 465 nm laser radiation
at 18 J/cm2 per pulse with a 1 usec puls2 width. The two craters in the
atheroma (left) are 1-1.5 mm deep, while the two irradiated areas of
normal aorta show only roughening of the surface with minimal ablation.
The black material is india ink used to mark the irradiated sites. No

char was present. The scale indicates mm,
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Figure IV.11 Histology of a crater in atheromatous aorta made by
ablation with ten pulses of 465 nm radiation at 18 J/cm2 per pulse and 1
psec pulse width. The crater edges are irregular suggesting a
tearing/shearing ablative process. There is little evidence of thermal
injury at this magnification but at higher power (not shown) one can
appreciate 2-100 um of histologic alteration lining the crater. The
black material is india ink and tlt.e debris in the crater is an artifact
of preparation. (Hematoxylin and eosin stain; bar = 1 mm.)
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Figure IV.12A Measurement of ablation efficiency in air. The mass of a
specimen mounted on an electronic balance is plotted versus time for the
period before, during and after irradiation with 465 nm radiation at a
fluence of 18 J/cm2 (as shown in Figure III.6) in order to measure the
ablation efficiency (mass of tissue ablated per unit of incident energy).
A) Note the slight mass loss due to evaporation before the start of
irradiation, the rapid loss of mass during the period of irradiation and
the significant rate of mass loss post irradiation due to evaporation,
During irradiation, 3.3 mg of plaque were ablated compared to 0.66 mg of
normal, a five-fold difrerence in ablation efficiencies.
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Figure IV.12B Measurement of ablation efficiency in air (continued). B)
A specimen of plaque is irradiated with 45 laser pulses where, after 14
pulses, the underlying normal aorta was reached and the ablation
efficiency diminished by a factor of 4,
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Figure IV.13 Ablation efficiency under saline and the effect of pulse
duration. Measurements were made with 482 nm radiation delivered via 320
micron core fibers to normal artery, fibrofatty plaque and calcified
plaque submerged in a saline bath (see Table IV.8). For each pulse
duration evaluated all tissues were irradiated at a fluence that was
approximately equal to the threshold fluence for ablating normal artery
with a 320 um diameter fiber (since this would be the optimal fluence for
selective ablation). Note that the ablation efficiencies for ablation of
fibrofatty and calcified plaque are significantly greater than that of
normal artery and also greater than 1/(latent heat of vaporization of
water) = 0.4 mg/J.
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Figure IV.14 High speed flash photography. Photos show soft plague

ablation by lusec pulses of 465 nm laser radiation at 25 J/umz. The
camera lens is covered with a filter that excludes the laser radiation
and the image is captured by leaving the shutter open, keeping the room
dark and exposing the film with a 1 usec flash at delays of A) 10 psec,
B) 150 psec, C) 500 usec and D) 2500 psec after irradiation. The bar

indicates 1 cm.
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Figure IV.15A Luw.’nescent plume due to irradiation of calcified plaque.
The photo shows calcified human arterial plaque irradiated with a single
1 pusec, 100 mJ pulse of 450 nm radiation delivered via a 320 um core-
diameter, optical fiber., The tip of the fiber can barely be seen as a
bright spot in the center of the plume. The photograph was taken with a
yellow filter to exclude the laser radiation, with the shutter open for
several seconds and with the room darkened to allow exposure of the filn

only by induced luminescence. The scale indicates mm,.
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Figure IV.15B Spectrum of laser-induced emission from calcified plaque.
This spectra of the calcified plaque ablation plume wrs taken 0.6 usec
after the start of a 690 nm laser pulse of 0.8 usec duration. There is a
broad continuum from 350 to 500 nm with superimposed emission lines.
Emission lines at wavelengths shorter that 400 nm are due to ionized
calzium (Ca II) and those lines at longer wavelengths are due to emission
from neutral calcium (Ca I). The features indicate the presence of a

plasma.



-154-

Figure IV.16 Ablation debris. Debris was collected on a microscope
slide placed 1 cm in front of an atheroma during irradiation with 1 usec
duration pulses of 465 nm radiation. (A) Intact and shattered cholesterol
crystals. (bar = 100 microns) (B) Collagen fragments and small bits of
calcific material., (hematoxylin and eosin stain, bar = 200 microns). Note
that only a few collagen fragments have the deep staining quality of

denatured collagen.
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Figure IV.17 Absorption spectra of lipophilic chromophores extracted
from atheroma and normal aorta compared to spectra for beta carotene.
Chromophores extracted from atheromas absorb in the same waveband where
there is preferential absorption in atheromas. No chromophores extracted
from normal aorta showed significant absorption in that waveband.
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Figure IV.18 Optical density of carotid plaques measured by
microspectrophotometry. These spectra are of specimens from the same
patient taken before and after beta carotene treatment. Before treatment
(dashed line), the plaque spectra consists of a broad peak from 350 to
600 nm which represents a combination of absorption from heme pigments
(with peaks at 410 nm and 540 to 600 nm) and carotenoids (with peaks at
430 to 530 nm). After beta carotene treatment, the plaque spectra (solid
line) is dominated by a beta carotene-like spectra with a peak at 450 nm.
Also after beta carotene treatment normal smooth muscle underlying the
plaque (dotted line) shows peaks at 410 nm and 540 to 600 nm consistent
with myoglobin absorption,
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Figure IV.19 A representative HPLC chromatogram and spectra of the
separated compounds (A-N). The solid line shows the separation of
carotenoids extracted from a single, post beta carotene treatment
specimen. There are multiple carotenoid peaks. Beta carotene, eluting
at 12.5 minutes, is a single distinct peak, The dashed line indicates the
magnitude of the beta carotene peak from a specimen taken from the same
patient before beta carotene treatment., The difference in areas of the
beta carotene peaks represents the increase in the plaque beta carotene
content with oral beta carotene loading. The peaks which have been
identified include: I = lycopene, M = alpha carotene, and N = beta

carotene,
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Figure V.1 Molecular structures of common carotenoids. Note the long
sequence of alternating double bonds which indicates a continuous
covalent bond involving the pi orbitals of carbon atoms along the entire

length of the molecule.
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Figure VI.1 Ablation regimes,




-162-

Temperature (T-T5)/(Ty=To)
o

©
o

PUEN
(0]
—

o
wn
——

100 sec

10 sec

1 sec

.1 sec

.01 sec

\

1 " A A a 1 " n i " i A " " M 1

Figure VI.2 Temperature distribution in tissue for low intensity
irradiation.
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Normalized temperature is plotted as a function of depth

into plaque for various pulse durations at an intensity typical of an

argon ion laser (I,= 300 W/cmz, a=60 cm"l, x = ,013 cmz/sec, p =1

gn/em3, C = 4 J/gm°C).
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Figure VI.3 Temperature distribution in plaque for high intensity

irradiation.

Normalized temperature is plotted as a function of depth

into plaque for various times post initiation of irradiation by radiation
typical of the pulsed dye laser (I, = 20 MW/cmz, a=60 cm'l. k= .013
cmz/sec, p=1 gm/cm3, C = 4 J/gm°C). Note the rapid rise in the
subsurface temperature reaching nearly 5 times (T,,-T,) at just 1 usec.
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Figure VI.4 Proposed mechanism for plaque ablation at 480 nm with a 1-
psec-pulse duration. The high intensity laser pulse causes A)
exponential, adiabatic heating of the tissue during the period of laser
irradiation (lusec) and over a characteristic depth of = 1/a. The sudden
increase in enthalpy of the tissue causes B) superheating of tissue fluid
and a large increase in pressure in the volume irradiated. As the
presurized tissue expands C), vapor may form at niduses of locally higher
absorption within the tissue. The continued expansion D), over the
course of hundreds of microseconds to milliseconds causes shearing and
liquefaction of the irradiated tissue. The expansion occurs primarily
toward the path of least resistance, away from the residual tissue. The
residual tissue E), is held together by tensile elements and remains
intact. Ablation debris is carried away by convection. The biologic
response F), is unknown.
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