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ABSTRACT
Traditional laser photocoagulation of the retina requires 

CW exposures of the order of 0.1 s . An extensive literature 
exists on thermal damage mechanisms and biological sequellae 
of coagulation. By contrast, the biophysical mechanisms of 
pulsed laser interactions are poorly uiiderstood.

The use of photodisruption and photoablation by sub
microsecond laser pulses to cut tissue has recently gained 
considerable clinical attention. In addition, selective 
photocoagulation of localized target tissue would also 
require short-duration pulses. The biophysical mechanisms 
of short-pulse laser interaction with tissue will influence 
the surgical outcome. Without a full understanding of these 
mechanisms, the new and the potential ophthalmic 
applications of pulsed lasers cannot be optimised, nor can 
one accurately predict potential delayed effects.

The aim of the research reported in this thesis has been 
first to study the biophysical mechanisms in a series of 
experiments and then to consider how to optimise laser 
exposure parameters in relation to the desired surgical 
effect while minimizing undesirable collateral effects.

Focal laser interaction with target tissue may produce 
adverse effects to non-target tissues from photochemical, 
thermal and acoustical phenomena. Acoustical, mechanical 
impulse, and other phenomena which differ between 
mode-locked and Q-switched exposures were investigated. 
Optical breakdown, thermo-acoustic effects, photochemical 
ablation, thermal vaporization and selective photothermal 
coagulation are all considered.
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ABBREVIATIONS

cm centimetre
CO-2 carbon-dioxide
DF deuterium-fluoride
Er erbium
FDA Food and Drug Administration (US)
FWHM full-width at half maximum (of a pulse)
Ho holmium
J Joule (also uJ and mJ for micro- & millijoule)
Hz Hertz (cylces per second)
HF hydrogen-flouride
mm millimetre
NIH National Institutes of Health (US)
nm nanometre
ns nanosecond
Nd neodymium
ps picosecond
pW picowatt
PRF pulse repetition frequency (in Hz)
RPE retinal pigment epithelium
s second (also ps, ns, jis, and ms subunits)
Th thulium
W Watt (also nW and mW for micro- and milliwatt)
YAG yttrium-aluminium-garnet
YLF yttrium-lithium-flour ide
jim micrometre
j i s  microsecond
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Chapter 1

INTRODUCTION AND AIMS
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1.1 Background
1.1.1 Introduction

The fundamental interaction mechanisms of optical 
radiation with tissue have been studied during the past 25 
years of biomedical research using lasers as well as 
conventional light sources. By far the greatest literature 
applies to continuous-wave (CW) exposure of biological 
tissues. Indeed, most surgical applications of the laser 
employ CW exposures limited from a few-tenths of a second to 
several seconds. In these applications the conversion of 
optical energy into thermal energy in the absorbing tissue 
layers results in photocoagulation, the thermal denaturation 
of proteins. By appropriate choices of wavelength, one can 
obtain a desired penetration depth in the tissue of 
interest; then by choosing the appropriate irradiance 
(W/cm2) and exposure duration, one can control the time rate 
of temperature rise to achieve the desired volume of 
coagulated tissue (Hillenkamp, 1981; Sliney, 1985).

It is essential to recognize that different laser-tissue 
interaction mechanisms dominate in different spectral 
regions and within different exposure time domains. Current 
and future laser applications cannot be fully exploited or 
optimized in the absence of an understanding of the damage 
mechanism. Indeed, without this understanding, one cannot 
reliably predict the effects of changing wavelength or 
temporal exposure domains or the potential for delayed 
effects or the additive nature of multiple exposures.

A greater knowledge of the mechanisms of interaction and 
damage is also needed to expand our limited ability to
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predict the delayed onset of adverse biological effects.
The delayed appearance of lenticular cataract only years 
after ocular exposure to a radiation insult is but one 
example of such delayed effects (Weale, 1982; Taylor, et 
al., 1988). Through knowledge of the mechanisms of inter
action of laser radiation with biological tissue and from 
the extensive studies of thermal denaturation of proteins 
and thermal injury of tissue from conventional optical 
radiation exposure on man, it is possible to provide the 
best judgement of what levels would create adverse effects. 
The presently accepted ocular safety exposure limits (EL's) 
attempt to take these studies into full account and also 
provide a lower limit for potential adverse side effects for 
clinical applications (Sliney and Wolbarsht, 1980; Sliney, 
1980; IEC, 1984; INIRC, 1985; ACGIH, 1986; ANSI, 1986; BSI, 
1986) .

Most of the scientific investigations of threshold laser 
injury to ocular structures have been conducted in the past 
for the purpose of setting occupational EL's for the human 
eye (Marshall, et al., 1975; Borland, et al., 1978; Sliney 
and Wolbarsht, 1980; WHO, 1982; Ham, et al., 1982, 1984, 
1988; Allen, et al., 1985; Lund and Beatrice, 1988). Such 
studies have also played an important role in the 
development of laser applications in medicine and surgery 
(Wolbarsht, 1968, 1972, 1974; Hillenkamp, et al., 1979; 
Mainster, 1986).

A review of this extensive body of experimental data 
suggests that there are at least three dominant mechanisms 
of tissue interaction which are well accepted (Ham, et al.,

25



1980). However, other mechanisms cannot be ruled out. The 
studies of laser-tissue interaction also clearly show that 
in addition to the initial physical interaction of light 
with tissue, the time-course of injury and repair must be

■------------ —----------- ------------------------- 7
considered as these latter factors strongly affect healing. 
Indeed, greatly delayed effects have always been of concern 
in setting EL's, and the potential for delayed effects 
clearly affect clinical applications as well.

Today's principle applications of lasers in ophthalmic 
practice, such as photocoagulation of the retina or 
trabecular meshwork, or photodisruption of the lens capsule, 
could be considered on the cellular level to depend on 
"brutal" thermal and optical breakdown interaction 
mechanisms which create immediate and pronounced effects 
with permanent tissue destruction. Although 
photocoagulation was originally conceived as a means of 
producing the immediate effect of coagulating blood vessels, 
it is now recognized that delayed effects lead to the 
desired clinical result (Marshall, Clover, Rothery, 1984;
L'Espearance, 1988). Indeed, future applications may evolve 
from the understanding of effects which are neither 
immediate, nor suprathreshold.

Current surgical procedures could also be classified on 
the basis of a clinical endpoint. Some procedures achieve 
an acute or immediate surgical endpoint, such as capsule 
rupture. Other procedures, such as laser chorioretinal 
welds, achieve a chronic or delayed endpoint almost 
certainly mediated by complex biochemical pathways. A 
chorioretinal weld produces a coagulum, but the end result
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is a wound healing response of the retinal pigment 
epithelium as evidenced by the appearance of macrophages and 
their migration toward the site of injury (Marshall and 
Mellerio, 1967; Marshall, 1981). Still other laser 
therapies lead to chronic, poorly understood secondary 
endpoints such as the retardation of neovascularization or 
new vessel breakdown in response to pan-retinal ablation, 
where the biological response is both remote and delayed.

Such poorly understood mechanisms present a significant 
problem in the development of reasonable approaches to the 
dosimetry needed to characterize and ultimately optimize the 
desired clinical laser exposure. If the desired clinical 
endpoint is a complex, indirect or secondary function of the 
initial laser biological effect, the choice of physical 
variables such as wavelength, spotsize and power or 
irradiance will depend less on the physical derivation of a 
set of parameters from a physical mathematical model of 
laser-tissue interaction. One need only examine recent 
efforts to choose an optimum wavelength for laser retinal 
photocoagulation to treat age related macular degeneration 
(AMD) depending upon penetration depth of the optical 
radiation into different layers of the retina (Mainster, 
1986, 1988). As a corollary, the clinician does work toward 
an immediate, visible endpoint in current procedures, e.g., 
the production of a visible retinal lesion as it appears 
within a minute after exposure (Marshall and Mellerio, 1967; 
Apple, et al., 197 3; Lorenz, 19 88). Although even here 
there is much discussion across the Atlantic Ocean with 
ophthalmologists in the United States routinely demanding



more intense burns in clinical trials, than in comparable 
studies in the U.K.

It is surprising that in many biophysical studies, only 
the initial physical interaction of the laser radiation with 
tissue and the means of dissipation of the absorbed energy 
have been considered— without regard to the fact that a 
biological system is dynamic, and that immediately following 
an insult to tissue, some biological reactions can be 
expected. Several repair processes can begin almost 
immediately following a laser insult. The extent of the 
biological response often depends upon whether or not the 
tissue is heavily vascularized (Lorenz, 1988).

1.1.2 Principal Interaction Mechanisms
As previously noted, there are at least three dominant 

interaction mechanisms involved in the interaction of laser 
radiation and tissues of the eye. The three dominant 
interaction mechanisms are initiated bys either a 
photochemical event, a thermal event, or an interaction 
dependent upon the electric field strength of the incident 
optical wave. The latter mechanism (or mechanisms) apply to 
ultra-fast, sub-microsecond exposures (Mainster, et al., 
1983). Thermal coagulation effects are clearly dominant in 
the infrared and for almost all pulsed exposures between 0.1 
ms and 1-5 seconds. A thermomechanical mechanism clearly 
plays a role in the 1 ns to 0.1 ms regime. The microsecond 
pulse regime of flashlamp-pumped dye lasers has been shown 
on physical grounds to be highly effective in iridectomy 
with a minimal thermal and acoustic energy transfer adjacent
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tissue (Wheeler, 1977). It has generally been assumed that 
the photochemical events are limited to wavelengths less 
than 550-6 50 nm, and at wavelengths greater than 400 nm they 
are clearly evident only for lengthy exposures of 10 s to 
several hours. At threshold, photochemical effects roughly 
relate to the exposure duration of the incident pulse.

Recent research has raised questions that suggest that 
photo-induced effects, such as photochemistry may be 
important in the red and near-infrared (IR-A) spectral 
regions as well as at short wavelengths where photochemical 
mechanisms are well accepted. Biological effects with 
rapidly varying action spectra (i.e., typical of 
photochemical action spectra) that cannot be readily 
explained by thermal models have been recently reported.
One report concerned the apparent stimulation or inhibition
of cellular activity by red light and IR-A radiation at 
low-irradiances (Karu, 19 88); and another report indicated 
rapidly varying thresholds of laser-induced retinal injury 
from slight changes in the wavelength of the incident 
short-duration pulse of 5 - 20 ns (Lund, et al., 1988). 
These reports deserve attention for indicating avenues of 
future research.

Tissue removal by thermal vapourisation or thermal 
ablation generally relies heavily upon thermomechanical 
mechanisms, since steam production and pyrolysis dominate 
the picture. These are not threshold effects. Indeed 
virtually no clinical use of lasers employs a threshold 
effect. Figure 1-1 illustrates approximately the dominant 
zones of these different mechanisms.
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Figure 1-1. Range of Laser Biological Effects. In surgical 
applications of the laser, suprathreshold laser effects are 
employed— depending upon the desired result.
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1.1.3 Methods of Investigating Laser Injury
Any studies of laser tissue interaction must consider 

the meaning of threshold effects as they relate to both 
beneficial and injurious effects. A "threshold" of injury 
is a variable concept dependent upon the criteria used to 
define a change and the methods of examination. Any 
biological effect may not be considered a change if only a 
temporary variation in the biological equilibrium is 
induced. For example, ambient light levels which stimulate 
vision would not be injurious under normal conditions, 
although extreme light levels which might saturate the 
visual system and produce a lengthy after-image may approach 
retinal irradiances which would produce a permanent retinal 
injury, i.e., solar retinopathy.

In relation to eye tissues, thresholds of biological 
injury may be determined by direct observation (e.g., by 
ophthalmoscope or slit-lamp), by histology or by measuring a 
functional change (Beatrice, 1977). In any case, a probit 
plot is frequently made to provide some statistical insight 
into the relationship between dose and injury, the quality 
of the data and the injury mechanism. The use of probit 
analysis to determine a statistical "threshold" (the ED-50) 
is particularly important when dealing with the structural 
and pigment variation common in biological systems and in 
dealing with stochastie nfwiana like optical breakdown. A
stochastic process is one without a clear threshold that 
results from a highly probabilistic interaction mechanism as 
occurs in many ionizing radiation interactions with 
biological systems. Figure 1-2 provides an example of a
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Figure 1-2. Probit Curve. Retinal injury threshold data 
are generally presented in a probit curve for the visibility 
of a lesion as a function of intraocular energy. Note the 
lack of a symmetrical sigmoid curve (adapted from Bresnick, 
et al., 1970).
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probit curve showing retinal injury threshold data as a 
function of the laser energy of exposure.

An underlying assumption in probit analysis is that a 
normal (Gaussian) distribution of data exist. However, some 
experimental errors may not, lead to a normal distribution

achieve a minimal focal spot on the 
retina, a slight refractive error (or very mild corneal 
scattering) will lead to a larger retinal image (as shown in 
Figure 1-3). A larger image will require more energy to 
photocoagulate the retina and a higher "threshold" (ED-50) 
will result. Since the likelihood will be greater that the 
beam is not perfectly focussed, the normal distribution will 
be skewed (Figure 1-4), and the slope of the probit curve 
will be less steep. The slope of the probit curve and the 
exact ED-50 value may be more influenced by experimental 
errors than is generally recognized.

The steepness of the probit curve therefore provides a 
clue to both the interaction mechanism and the quality of 
the experimental procedure. The true-statistical variation 
in injury threshold from different exposure sites or 
different individual animals may be distorted by poor 
focusing at the retina or by other experimental errors.
While some errors could shift the probit line to the right, 
other more likely errors (such as poor focusing) will reduce 
the slope of the line as shown in Figure 1-5.

To study laser interaction mechanisms fully, extreme 
parameters of exposure are sometimes needed; e.g., very 
large retinal images or very long exposure durations. While

function of energy level. For example,



RETINAL FOCUS SUBRETINAL FOCUS PRERETINAL FOCUS

MINIMUM IMAGE SIZE ENLARGED IMAGE SIZE ENLARGED IMAGE SIZE

Figure 1-3. Errors in Beam Focussing. Refractive or 
experimental errors which result in the collimated laser 
beam focussed in front or behind the retina will result in a 
larger retinal image diameter.
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RETINAL INJURY TRESHOLD STATISTICS

Figure 1-4. Skewed Normal Distribution of Data. If an 
experimental error will result in a larger retinal image 
regardless of the direction of the error, one would expect a 
skewed Gaussian distribution for the probability of a given 
intraocular energy causing a retinal lesion. Indeed a 
skewed probit plot is shown in Figure 1-5.
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Figure 1-5. Probit Plots. The steepness of the curve gives 
a clue to both the interaction mechanism and the care of the 
experimental procedure. For example, refractive errors as 
noted in Figure 1-3 would achieve a larger minimal focal 
spot on the retina, resulting in a higher "threshold"
(ED-50) and a less steep slope of the probit curve (Sliney 
and Wolbarsht, 1980). Errors in focussing are less 
important for large images, and the probit curve should 
become steeper.
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useful in the basic laboratory studies, these may be totally 
unrealistic exposures in a clinical setting or an industrial 
laser environment. Varying the laser wavelength into 
spectral regions seldom used in actual practice has led to 
interesting findings. For example, experiments with a laser 
of little industrial or scientific interest— a 
helium-cadmium laser— at a wavelength of 441.6 nm, first 
clearly showed the photochemical retinal injury mechanism 
("blue-light hazard) as distinct from thermal injury 
(Ham, et al., 1976).

Wavelength, as well as exposure duration, plays a 
critical role. In the infrared spectral regions, thermal or 
thermomechanical mechanisms tend to dominate the picture. 
Injury is normally immediately apparent and most significant 
biological injury occurs within exposure durations of less 
than a few seconds* Exposures of greater than 10 seconds 
seldom creates more adverse effect. By contrast, the 
effects of exposure are additive over periods of hours (and 
possibly years) for ultraviolet exposures, where 
photochemical damage mechanisms dominate. Clearly, clinical 
laser users must be aware of those exposure conditions where 
the adverse biological effects can occur for low dose rates 
extended over a period of hours or where repeated exposures 
are additive. This is particularly so if multiple exposures 
are linearly additive as they generally are when 
photochemical damage mechanisms are involved).

The time-course of injury and biological repair as well 
as the physical aspects of the interaction of biological 
tissue with optical radiation must be examined. Unlike
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laser induced damage to inanimate materials, irradiated 
biological tissue has the capabilities of reacting to 
initial damage. For "sub-threshold" exposures, this may be 
in the form of simple cellular repair at the microscopic 
level. For clinical exposures well above a damage 
threshold, widely spread tissue repair may be evident.
These biological aspects can effectively amplify the effect 
(Hayes and Wolbarsht, 1968? Lorenz, 1988). Any serious 
biophysical study of laser interaction with tissues must 
therefore consider both the growth and recovery phase 
associated with any physical interaction.

Probably no single tissue has been more carefully 
studied in terms of laser induced injury than the retina. 
This emphasis occurred because retinal injury was of 
paramount concern in generating laser safety limits and 
because the first ophthalmic applications were applied to 
the retina. Sites of injury resulting from minimal-spot 
size (i.e., nearly diffraction-limited 10-20 1m) images as 
well as larger image spots have been studied. Experimental 
techniques for evaluating laser interaction with retinal 
tissue and subsequent injury therefore have been developed 
more highly than techniques used to examine these processes 
in other ocular tissues. Hence, to obtain a more general 
perspective of laser injury to other tissues, one has to 
rely heavily on the more specific retinal injury studies.

1.1.4 Unresolved Issues
In reviewing past studies of laser interactions with 

ocular tissues, it becomes apparent that there are at least
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five exposure situations where the reported biological 
interactions are not predictable by most current theories of 
thermal or photochemical injury, and the interaction 
mechanisms in relationship to wavelength and time are 
therefore open to question. Briefly, these are:

1) In relation to wavelength, ultra-short, 
sub-nanosecond pulsed exposure retinal injury thresholds do 
not follow the absorption spectrum of melanin, and there 
exist discrepancies in reported thresholds from different 
research groups for similar exposure durations and 
wavelength (Goldman, et al., 1977; Birngruber, et al.,
1987).

2) The spot-size dependence of retinal injury thresholds 
for q-switched exposure durations vary inversely as the 
retinal spot diameter in the same way that thresholds for 
exposures lasting milliseconds or seconds where heat flow 
would take place during the exposure (Beatrice and Frisch, 
1973; Courant, et al., 1988).

3) Retinal injury thresholds appear to vary 
significantly with wavelength in the 600-1000-nm spectral 
range, fluctuating by more than one order of magnitude.
This dependence is difficult to explain from the smoothly 
varying absorption spectrum of melanin, the principal light 
absorber in the retina (Lund, et al., 1988).

4) The thresholds for retinal thermal injury from 
multiple-pulse exposures show a slight reduction as a 
function of the number of pulses in a train (group of 
pulses) (Ham, et al., 1988). Surprisingly this reduction 
factor seems to be independent of the pulse duration, the



intra-pulse interval and duty cycle over a wide range of 
pulse repetition frequencies (PRF's). This is despite the 
fact that different degrees of cooling would take place 
between pulses of widely different pulse intervals.

5) Despite a similar corneal penetration depth, there is 
lack of equivalence between short-ultraviolet 193-nm laser 
corneal ablation and 2.94-jim infrared laser ablation.

Each of these questions requires examination. Each of 
these problem areas will be examined.

A large number of reports of studies of laser biological 
effects have been reviewed in the course of this work 
(Sliney, 1987). Several representative references are 
provided on each major point; however, specific reports have 
been cited only when relevant to the thesis.

1.2 Thermal Interactions with Ocular Tissue
1.2.1 Background

Thermal injury of biological tissue has been studied for 
many decades (Henriques, 1947). Thermal coagulation of 
tissue proteins is the basis of all surgical procedures with 
the argon and krypton laser in both the anterior and 
posterior segment of the eye. Retinal thermal injury has 
been most extensively studied (Vos, 1962; Marshall and 
Mellerio, 1967, 1968; Hayes and Wolbarsht, 1968; Tengroth, 
1969; Ham, et al., 1970; Hu and Barnes, 1970; Mainster,
1970; Vassiliadis,1971; Birngruber, et al., 1973; Welch and 
Cain, 1974; Marshall, 1975; Lund and Beatrice, 1979; Allen, 
1980) and many mathematical models of heat flow and 
temperature rise in the retina have been developed (Vos,
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1962; Hayes and Wolbarsht, 1968; Clarke, 1969; Mainster, 
1970; Vassiliadis, 1971; Welch and Cain, 1974; Wheeler,
1976; Allen, 1980; Birngruber, et al., 1985). These studies 
show that laser induced thermal effects on the retina result 
from optical energy absorbed principally by pigment granules 
in the retinal pigment epithelium (RPE) and melanocytes in 
the choroid causing significant temperature rises in these 
absorbing layers. By thermal conduction, elevated 
temperature profiles will reach the photoreceptor layers of 
the retina and these may also be affected. Inner retinal 
layers may be thermally affected at very high doses, and may 
also be affected by secondary biological responses (e.g., 
oedema) to the coagulum (Marshall, et al., 1975). In the 
special case of irradiation of the macula with Argon Blue 
(488 nm) laser light, chorioretinal damage may occur in the 
inner retinal layers due to absorption by the macular 
pigment (Marshall, et al., 1975).

1.2.2 Retinal Photocoaqulation
For the 0.1 to 1.0 second exposures used clinically, 

heat flow from the chromophores (principally melanin, and to 
a lesser extent, haemoglobin) plays a very major role (Hayes 
and Wolbarsht, 1968; Hu and Barnes, 1970; Mainster, et al, 
1970; Vassiliadis, 1971; Welch and Cain, 1974; Wheeler,
1976; Allen, et al, 1985; Birngruber,et al., 1985; Mainster, 
1986). The heat flow during such exposure times completely 
blurs the effects of highly localized absorption sites such 
as melanin granules and involves areas at least 50 pm away 
from the absorption site (Hayes and Wolbarsht, 1968; Hu and
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Barnes, 1970; Mainster, et al, 1970; Vassiliadis, 1971;
Welch and Cain, 1974; Allen, et al, 1985; Birngruber, et 
al., 1985). Hence, to achieve highly selective, localized 
tissue coagulation by targeting chromophores in one layer 
may be fruitless with 0.1-s exposures if one wishes to 
differentiate between nearby layers. This is particularly 
true at suprathreshold clinical exposures. For this reason, 
the highly wavelength dependent thermal retinal injury 
thresholds found by Lund and Beatrice (1988) with IR-A using 
exposures of 10-20 ns are unlikely to show up with CW laser 
exposures. Whether such findings could have clinical 
applications is unclear, since the difference between 
localized retinal lesions and haemorrhage is very slight for 
such short exposure durations (Mainster, et al., 1970; 
Birngruber, et al., 1977; Mainster, et al., 1983). Indeed, 
clinical exposures at pulse durations less than 10 ms may 
present a significant hemorrhagic problem as shown in Figure 
1-6. Nevertheless, study in this area could prove 
fruitful. It is more likely that photochemical interaction 
mechanisms used in conjunction with target molecules 
delivered to a selected tissue by monoclonal antibodies 
would prove more useful for selective targeting.

If the average temperature rise in the RPE is 
calculated, it is shown that the temperature rise required 
for an experimentally determined retinal lesion increases 
for shorter and shorter exposure times from 10 s (approx.
10° C rise) down to about 1 ms (approx. 20° C 
elevation)(Welch and Cain, 1974). But then, unexpectedly 
this temperature rise decreases for pulse durations less
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Figure 1-6. The Zones of Blanching and Haemorrhagic Lesions 
in the Rabbit Fundus (after Birngruber, et al., 1977). 
Birngruber and colleagues showed that exposures needed for a 
clinically useful argon laser photocoagulation approached 
dangerously close to hemorrhagic thresholds for exposure 
durations less than 10 ms.

43



than approximately 1 ms (Clarke, 1969; Sliney and Wolbarsht, 
1980; Sliney, 1980). Figure 1-7 illustrates that the peak 
temperature rise calculated for the average density RPE is 
greatest for 1-ms exposures; there is little difference in 
this trend other than peak values, whether one calculates 
this temperature dependence at the centre of a minimal,
16-jin diameter image or at a point just outside the image. 
The same dependence of injury thresholds applies to large 
image size lesions (Allen, 1980). Hayes and Wolbarsht 
argued that for pulse durations less than 1 ms, one must 
consider the melanin granule temperature rise and its 
cool-down (Hayes and Wolbarsht, 1968). At threshold 
irradiances for 20-ns exposures, the melanin granules are 
raised to incandescence. Marshall notes that vacuoles in 
mitochondria are seen following q-switched exposures, but 
not in retinal injury from 1-s exposures (Marshall, 1975). 
Several differences in the onset-time of the visible lesion 
and in the histological appearance of the lesion resulting 
from sub-microsecond exposures have led most observers to 
argue that injury mechanisms for q-switched exposures are 
not limited to the simple thermal coagulation of proteins.
A thermo-mechanical element is clearly involved (Marshall, 
1970).

There are two curious results that are not really 
explained by any of the mathematical models for thermal 
injury: the change of thresholds with durations less than 
100 us and the spot size dependence of retinal thermal 
injury.
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Figure 1-7. Time-Temperature Histories for Injury 
Thresholds as Calculated by a Thermal Model (Ham, 1984; 
Sliney 1988). The upper curves are calculated for 0.01-ms 
to 10-s exposure for minimal image size lesions in the 
rhesus monkey. Temperature rises are at the centre of a 
10-m thick RPE at the centre of a 16-pm image. The upper 
bold curve is am envelope of the peak temperatures reached 
for each time-temperature history. The lower curves are for 
the same minimal threshold irradiance data in the rhesus 
monkey, but this time the point of temperature calculation 
was moved to a point at the centre of the 10-jiin thick RPE, 
but 20 jim radially from the centre of the image. The latter 
points would indicate the time-temperature history of cells 
just adjacent to the imaged retinal area. Note that the 
peak of the temperature elevation for the 10-us pulse does 
not occur until 0.1 ms, and the boiling point of water is 
never reached by any of the latter curves.
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O' yf1.2.3 Time Dependence of Retinal Injury Threshold
All of the thermal models would predict that for 

exposures less than approximately 0.1 ms the temperature 
rise would be so great prior to any significant heat flow 
that there should be no difference in injury thresholds for 
exposure durations less than 0.1-1.0 ms, and there should 
also be no variation of threshold with image size. The 
melanin-granule models suggest some decrease in damage 
threshold for the RPE cells themselves for the shorter 
exposure durations, since the incandescent granules could 
destroy adjacent structures in the cell, but certainly no 
image size dependence of injury could be explained by this 
factor alone.

The heat flow from large images during 1-s exposures is 
insufficient to cool the centre of the image for the same 
irradiance that causes no injury in a smaller image. This 
leads to the image-size dependence predicted for exposure 
durations exceeding 1 ms. The rate-constants for thermal 
coagulation of proteins are such that thermal models that 
include a rate-process dependent term predict that injury 
from a 20-ns exposure should occur before heat flow becomes 
significant (i.e., in less than 100 \is) (Hu and Barnes, 
1970). The temperature rise in the outer receptor layer 
where irreversible damage occurs is 10 times less for a 
20-ns pulse than for a 1 ms pulse, but the time-temperature 
history in this layer should be the same for either pulse, 
since heating occurs in this layer only from conduction of 
heat from the adjacent RPE. The rate-process models do 
predict one scaling relation: the decrease in threshold
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2radiant exposure (J/cm ) as a function of the pulse duration 
t raised to the 3/4 power for exposure durations ranging 
from 20 jis to 10 s (Figure 1-8) (Allen, 1980). Another 
scaling relation is seen in Figure 1-9s The retinal injury 
threshold for all exposure durations, from 30 ps to 10 s 
varies approximately as the reciprocal of the image diameter 
for image sizes of 20 jim to at least 1 mm (Beatrice and 
Frisch, 1973).

The most likely explanation for this spot-size 
dependence for shorter pulsed exposures may be a non-linear 
time ctependcjnt coefficient of thermal injury. Although the 
coefficients of thermal injury in the rate-process equation 
have generally been assumed to be constant, they have only 
been carefully tested or indirectly measured for exposure 
durations of milliseconds to seconds and minutes (Hu and 
Barnes, 1970; Welch and Cain, 1974; Mainster, 1983). It 
should not really be surprising that there may be a 
short-duration limit where high temperatures lasting for 
microseconds are far less effective in denaturing large 
biological molecules such as proteins. Indeed, all of the 
retinal thermal injury data could be said to support this 
argument. Small-spot-size retinal injury thresholds offer a 
unique time-temperature history in biology. Because of the 
small image sizes, cooling is far more rapid than has 
normally been studied in thermal biological injury. For 
contact thermal injury, the durations of heating have been 
measured in ms or seconds. Small-spot rapid heating by a 
laser beam lasting for less than 0.1 ms is unique.
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Figure 1-8. The Dependence of Retinal Injury Threshold Upon 
Pulse Duration. The injury thresholds in the rhesus monkey 
are plotted as a function of total laser energy entering the 
eye versus exposure duration. The dashed line shows the 
laser exposure limits (IRPA, 1985; ANSI, 1986). Note the 
anomalous apparent increase in thresholds for both 1064-nm 
(and visible light at 10 and 20 ns when compared to 
thresholds at 10-20 ps Sliney and Wolbarsht, 1980). Safety 
guidelines, but no exposure limits exist for mode-locked 
pulse durations. Adapted from Sliney and Wolbarsht (1980) 
and Sliney (1988).
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Figure 1-9. Scaling Relation for Retinal Injury Threshold 
with Spot Size (Beatrice and Frisch, 1973? Sliney and 
Wolbarsht, 1980). While the reduced exposure threshold for 
large spot sizes (dr) is expected for longer exposure 
durations (due to heat conduction), the same dependence of 
approximately l/dr appears at first surprising for 15-ns and 
30-ps pulses (Sliney and Wolbarsht, 1980).
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1.2.4 Nanosecond Retinal Injury Thresholds
Another anomaly not explained by the simple thermal 

models is the fact that the thresholds for 10-20 ns 
exposures appear to be greater than the thresholds for 
500-ns to 10-(is exposures for the same image size and same 
wavelength (Sliney and Wolbarsht, 1980; Allen, 1985). This 
curious phenomenon is shown in Figure 1-8, and many more 
data points between 10 ns and 1 (is that are not shown offer 
evidence that this temporal dependence of threshold for such 
short exposures is real, although some investigators hold 
that this is an experimental artifact, (Allen, 1985). Most 
experimental thresholds from (is to seconds were obtained 
with gas lasers having good transverse mode structure (a 
smooth profile); whereas, solid-state crystal lasers (ruby 
and neodymium) were used in the 5 - 100 ns temporal domain. 
Since solid-state lasers are notorious for having a complex 
transverse mode structure, the retinal image size may not 
have been minimal and the chance for higher thresholds 
greatly increased.

The hump in the curve may be purely experimental 
artifact. However, as the pulse duration decreases, more 
energy could go into a noninjurious dissipative mechanism.. i ■ ->
such as an acoustic transient which would reduce the amount 
of energy available to raise the temperature of the retina 
near the damage threshold. Of course acoustic energy is 
known to be the principal cause of severe, almost explosive 
damage in the retina for suprathreshold exposure levels, but 
it is not at all unreasonable to assume that the acoustic 
energy plays a purely dissipative role at the threshold for
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thermal injury. One could also argue that plasma shielding 
from optical breakdown could alter the threshold for retinal 
injury at shorter pulse durations. This does not appear to 
be a viable explanation for the curios hump in the threshold 
curve since at least 0.1 mj at 10 ns should be necessary for 
optical breakdown (Mainster, et al., 1983).

An alternative, and perhaps more appealing explanation 
was that melanin might be a saturable absorber like some 
other organic molecules, and as the irradiance increases for 
shorter exposure durations, the amount of energy absorbed in 
the granules would become less. I previously tried to 
detect such behavior by irradiating a vial of melanin in a 
water suspension with a q-switched pulsed ruby laser beam. 
Saturation of absorption did not appear to be taking place 
(Sliney, 1980) but I would have been unable to detect a very 
slight effect at 1-10 MW/cm because I could not prepare a 
very dense and uniform suspension of melanin granules.

1.2.5 Repetitive Pulse Injury Thresholds
Perhaps the most curious contradiction of the thermal 

model is the collection of experimental threshold data that 
clearly show that pulsed exposures separated by durations 
adequate for almost complete cooling of small image sizes 
(e.g., 100 ms) show an additivity of exposure. Minimal 
image sizes should cool within 1-10 ms and the simple 
thermal model predicts that no reduction in injury threshold 
should result from exposure to a train of pulses separated 
by that duration, even if the pulsed exposures are 
superimposed over the same retinal area. A large collection
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of data now suggest that one can empirically predict that 
the threshold exposure of a single-pulse in a train is 
decreased proportionally to N-l/4 where N is the number of 
pulses in the train (Marshall, 1978; Stuck, 1978; Greiss, 
1980; Ham, 1987). For small image sizes this relation holds 
for 10-ns pulses, 10-ns pulses, and 10-ms pulses over a wide 
range of pulse separations and exposure durations.
According to one study it appears not to occur for large 
image sizes (Greiss, 1980). However, in contrast, another 
study with large image sizes showed an additive effect to 
some degree (Walkenbach, 1972). The Arrhenius theory of 
thermal injury (Henriques, 1947; Hu and Barnes, 1970), which 
quantifies the rate-process of thermal injury, may explain 
the spot size dependence to some degree. Large image areas 
require a longer cooling time; hence, more coagulation can 
occur despite the same initial temperature peak. Biological 
repair if sufficiently fast (and having a real dependance) 
may also explain these and the other anomalies.

1.2.6 Near-Infrared Laser Retinal Effects
A puzzling change in the appearance of the retina has 

been reported by Beatrice, et al., following exposure of the 
rhesus monkey retina to trains of Ga-As Diode laser (904-nm) 
pulses with average power levels entering the eye of only 22 
jiW to 260 jiW (Beatrice, 1977; Lund, 1982). This effect, 
which sometimes fades, and whose correlates have not been 
detected by histology, is not always seen and it is 
difficult to relate to pulse repetition frequency. Attempts 
to duplicate the finding have not always been successful,



although a retinal change appearing as a darkening was 
observed at 300 jiW at 904 nm by Ham and Mueller for a 
high-frequency pulse train. Since the retinal irradiances 
from these power levels would be an order of magnitude less 
than the irradiances reported by these and other 
investigators to produce the characteristic whitening of the 
retina from thermal coagulation, one must consider the 
possibility that a previously undescribed photochemical 
effect may play a role in these reported low level effects. 
The above findings have not been explained, and a 
non-thermal, photochemical or a thermally enhanced, 
photochemical mechanism may be responsible. Since some 
emissions of blue light at 452 nm were noted as a result of 
frequency doubling in those specific diodes that caused some 
of the "changes," it appeared reasonable to speculate that 
the alteration at such low levels (well below thermal injury 
thresholds) could have been due to the self-oscillation 
found in most semiconductor diode lasers. The 
self-oscillation typically occurs at frequencies of 250-500 
MHz, and individual pulses are less than 100 ps (Dixon, 
1980). A measurement of the 452 nm emission showed that it 
could not directly have been responsible for the effect, 
since the power was less than a pW.

This ultra-short pulsing behavior of diode lasers and 
self-mode-locking of most He-Ne lasers may point to an 
explanation of the two curious experimental findings for 
lowered thresholds for trains of exposure lasting several 
tens of seconds. Indeed, spontaneous mode locking in long 
cavity He-Ne systems lead to much discussion concerning
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injury thresholds in the 1960's as different claims were 
made by different groups apparently using identical systems 
(Smart, et al., 1970). Besides the Ga-As laser thresholds 
for 10-1000-s, the threshold reported for 1000-s He-Ne 
exposures may be slightly lower due to this effect, although 
a photochemical or thermally enhanced photochemical mecha
nism may be a more realistic explanation for the reduced 
He-Ne laser thresholds (Ham, et al., 1984).

Curiously, the wavelengths frequently mentioned in 
reports of laser "biostimulation" are 632 nm, 850 and 905 
nm, which include the aforementioned two wavelengths. 
Certainly, the wavelengths which have been used in 
biostimulation were probably originally chosen for 
convenience, since these were the least expensive and most 
available lasers. Nevertheless, despite the fact that the 
reports of biostimulation have been initially labelled as 
"laser magic," there is now growing evidence from laboratory 
studies that some photochemical interactions can take place 
in biological systems at those wavelengths (Karu, 1987). 
Therefore, whether or not the claims of clinical value of 
biostimulation are valid, one must seriously consider the 
possibility of photochemical events initiated by laser 
radiation with wavelengths in the red end of the visible 
spectrum and even in the near infrared.

Since some future clinical photocoagulators now employ 
Ga-As laser diode arrays (McHugh, et al.,1989), and He-Ne 
lasers are used in diagnostic ocular instruments 
(Timberlake, 1986; Webb, 1980), the study of these new 
phenomena as they affect retinal injury is clearly
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important. It should be emphasized, however, that the 
presence of a visible change in retinal tissue does not 
necessarily mean damage, any more than the detectable 
bleaching of the visual pigments upon exposure to intense 
light.

1.3 Photochemical Interaction Mechanisms
1.3.1 Background

The exposures which induce most types of photochemical 
damage are additive over periods of hours, i.e., reciprocity 
holds (Figure 1-10). A delayed onset of the appearance of 
tissue alteration is particularly common with 
photochemically initiated events. Examples of such 
photochemical (photobiological) effects are: retinal injury
from lengthy exposures (10-1000 s) to short-wavelength 
light, and corneal and skin injury following ultraviolet 
radiation (UVR) exposure. Ophthalmoscopically visible 
retinal lesions from 441.6-nm (He-Cd) laser radiation at 
injury threshold typically do not appear for 48 hours (Ham, 
et al., 1980) and erythema and photokeratitis typically do 
not appear for several hours following exposure to 300-nm 
UVR (Parrish, et al., 1980).

Despite the extensive research into such common 
biological effects as erythema and photokeratitis, the exact 
chain of events following UVR exposure, and even the site of 
the initial photochemical event and the active chromophores 
are not really known ( van der Leun, 1965; Urbach and Gange, 
1985). Several theories exist, but no theory attempts to 
explain all aspects of the delayed reaction. Since
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Figure 1-10. Photochemical and Thermal Injury 
Thresholds— Dependence upon Time. Reciprocity between 
irradiance (dose rate) and exposure duration is 
characteristic of photochemical reactions/ i.e., the 
threshold expressed as a radiant exposure (dose) is 
constant. Heat flow prevents reciprocity for thermal 
effects. Threshold retinal injury from photochemical 
retinal injury mechanisms appear only for exposure durations 
exceeding 10 s; the appearance of injury is delayed; the 
effect is limited to short wavelengths (higher photon 
energies) and reciprocity is observed.
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reciprocity of UVR irradiance and exposure duration exists 
for exposures of microseconds to 10,000 s or more, and since 
the action spectra for photokeratitis and erythema both have 
a sharp cutoff in the 305-315-nm band (beyond which 
individual photons of a longer wavelength have insufficient 
energy to cause the reaction), one must conclude that the 
injury mechanism is initiated by a photochemical event 
(Smith, 1988). Figure 1-11 illustrates the rapid change in 
action spectra at the longer wavelength end of the effective 
spectral region. Photosensitizers permit less energetic 
near-UV (UV-A) or visible photons to elicit the same result 
as 300-nm photons (Lerman, 1980; Parrish, et al., 1980) and 
because of greater tissue penetration depths at longer 
wavelengths achieve a deeper therapeutic effect— as in 
photodynamic therapy, PDT (Urbach and Gange, 1985).

1.3.2 The Time Course of Events and Photochemically Induced 
Effects

A common error that has been made when interpreting the 
biological effects of laser radiation is to consider only 
the physical interaction of the optical radiation with 
matter and the dissipation of the absorbed energy away from 
the site of exposure (e.g., by heat conduction). One must 
remember that a biological system is dynamic, and that 
immediately following an insult to tissue, some biological 
reactions can be expected. Several repair processes can 
start to work almost immediately. Also, several adverse 
reactions can be initiated by the primary insult and become 
apparent only long after exposure. Delayed onset of the
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Figure 1-11. Action Spectra for Photochemical Events. The 
action spectra of photochemical events always have a 
characteristically sharp long-wavelength cutoff where photon 
energies are insufficient to cause a molecular change. 
Examples are the action spectra of UVR photokeratitis hazard 
function (SA), blue-light retinal injury (Bx) and the 
photopic (VA) daylight spectral response of the human eye 
(Sliney and Wolbarsht, 1980).
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appearance of tissue injury is particularly common with 
photochemically initiated events.

Since photochemical events occur at the molecular level 
with at least one photon required to alter each molecule, a 
selective alteration of a protein or enzyme might not result 
in cell alteration or death until those particular molecules 
are required for cellular metabolism. From this 
perspective, it is easy to see why the macroscopic 
appearance of injury requires at least several hours to 
develop. In contrast, the photochemical events in rhodopsin 
responsible for vision immediately lead to alteration of 
electrical activity of a cell, but not in cell damage.

The clinical application of any photochemical 
interaction mechanism that beneficially alters cellular 
physiology obviously has the disadvantage that there will 
probably be no immediate discernable effect, thus making it 
impossible for the clinician to visually estimate or monitor 
the exposure dose. Doses would have to be carefully 
preplanned. Although there is potential for future 
applications, there is clearly much to be learned about the 
sensitivity of diseased tissue to light exposure, before 
clinical applications can be developed. The so-called 
clinical effects of "biostimulation," if real, are surely 
photochemical, and should not be surprising when one 
considers the complex photobiology of cells in the visible 
and near-infrared spectrum which is still not well known 
(Karu, 1987).

The blue-light photochemical damage mechanism was once 
proposed as a more ideal method to treat diabetic
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retinopathy than thermal photocoagulation, because it 
selectively destroyed visual cells (Wolbarsht and Landers, 
1984). However, the strong scattering in the ocular media 
and damage to adjacent retinal areas has been the source of 
the recommendation to filter out the blue wavelengths from 
the argon laser photocoagulator (Marshall, 1983).

1.3.3 Classical Photobioloaic Studies
Although erythema and photokeratoconjunctivitis 

following UV irradiation have been studied extensively from 
the beginning of the century, the exact chain of events 
following exposure, and even the site of the initial 
photochemical event and the active chromophores are not 
really known. Several theories exist, but no theory 
attempts to explain all aspects of the delayed reaction (van 
der Leun, 1980). Since reciprocity of UV irradiance and 
exposure duration exists for exposures of microseconds to 
1000 s or more, and since the action spectrum for each of 
these effects has a sharp cutoff in the 305-315-nm band 
(where individual photons have insufficient energy to cause 
the reaction and alter the target molecules), no one doubts 
that the injury mechanism is initiated by a photochemical 
event. Photosensitizers are molecules which greatly enhance 
a photobiological response and lower a threshold for 
response. Photosensitizers permit less energetic near-UV 
(UV-A) photons to elicit the same result as 300-nm photons.

1.3.4 Photochemical Cataractoqenesis
Experimental studies of cataractogenesis produced by UVR
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exposure illustrate the importance of considering all of the 
biophysical factors of spectral absorption and transmission 
of intermediate tissues. A number of studies have shown 
that UV-B exposure of the lens in vitro will produce a 
yellowing of the lens though the photo-oxidation of the 
amino acid tryptophan (Kurzel and Wolbarsht, 1977; Lerman, 
1980). While this photochemical reaction may form the basis 
of "yellowing" of the lens with age and brunescent cataract, 
it does not form the basis of a true white, light-diffusing 
cataract.

Pitts, et al. (1977) showed that they could only produce 
a cataract in rabbits by very large exposure doses of UVR 
within the narrow band of wavelengths between 295 and 325 
nm. This illustrates the importance of the protein 
absorption of the cornea in shielding the lens from more 
energetic photons at wavelengths less than 290 nm and the 
insufficient energy of longer wavelength, lower energy 
photons in eliciting the photochemical reaction in the lens. 
Figure 1-12 shows the action spectrum for this effect 
plotted with the absorption spectrum of the lens. Note that 
there are clearly other chromophores in the lens which, 
although absorbing longer-wavelength UVR photons, are not 
photochemically altered as the absorbed energy is no doubt 
dissipated by thermal and fluorescence pathways. Many past 
investigators were convinced that UV-A should produce 
cataract since it was so strongly absorbed in the lens, and 
they were skeptical that 300-nm UVR would produce cataracts 
because only 2 % of that incident UVR reached the lens.
They failed to recognize the importance of photon energy in
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Figure 1-12. Absorption of Crystalline Lens vs. Action 
Spectrum for Acute UVR-Induced Cataract. The absorbance 
data (solid line) are for an enucleated lens from the rhesus 
monkey (from Maher, 1978) and representative of human, 
rabbit and primate; whereas, the action spectrum for UVR 
induced cataract obtained for the rabbit by Pitts, et al., 
(1977) is quite narrow. Note that the photochemical action 
spectrum differs from the gross absorbance, suggesting the 
presence of more than one chromophore. The narrow peak at 
300 nm may due to shielding of the lens by the cornea at 
wavelengths less than 300 nm, and the high lens absorbance 
at wavelengths less than 300 nm may result from still other 
chromophores. The absorbance values from 200 nm to 290 nm 
all exceed 4.0. One could infer that intraocular laser 
ablation for cataract surgery might have a photochemical 
component for wavelengths less 300 nm; whereas, laser 
ablation at longer wavelengths (e.g. at 370 nm) would be 
thermally dominated.
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any photochemical reaction and the fact that absorption
spectra of entire tissues can be very misleading because any
tissue has a wide variety of different molecules and
possible chromophores.
  -

However, all experimental data are for high irradiance, 
short-term exposure periods. Lifetime, low irradiance, 
chronic exposure conditions for 70 years may be affected by 
different mechanisms of UV-A repair systems. Hence, one 
must be cautious in assuming that an action spectrum derived 
from acute exposure studies predicts the effects from 
chronic exposure.

1.3.5 Photochemical Retinal Damage
With the exception of studies such as Noell (1966), 

photochemical retinal injury from laser exposures lasting 
greater than 10 s has only been studied extensively during 
the last decade (Lawwill, 1977; Williams and Baker, 1980; 
Feeny-Burns, 1980; Sykes, 1981; Young, 1981; Ham, 1982; 
Marshall, 1983; Ham, 1984) and many aspects of this injury 
mechanism are still not fully understood. Figure 1-13 shows 
the approximate action spectrum measured outside of the eye 
for this effect. Thresholds for UV retinal damage, if 
measured at the retina, are lower than at 440 nm, but 
fortunately the intact crystalline lens filters out the UV 
and protects the retina. This filtrative effect of the lens 
increases with age, but it must be remembered that it is 
instantly lost on removal of a cataract. This has promoted 
an extensive discussion in relation to the need for design 
of UV filters in IOL's. The thresholds at the retina for
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Figure 1-13. Spectral Weighting Functions. The spectral 
weighting function now used for the analysis of retinal 
injury to the phakic (BA) and aphakic (Aa) eye from 
blue-light are shown above. These should be compared with 
the scotopic night vision (VA), and the photopic (VA) 
daylight spectral response of the human eye shown in Figure 
1-11/ both of which peak at longer wavelengths. The peak of 
the "blue-light hazard" function in the normal phakic eye is 
at 435-440 nm (ACGIH, 1988; Sliney and Wolbarsht, 1980).
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this effect vary from about 20-30 J/cm2 at 442 nm to 3000 
J/cm2 at 632 nm as shown in Figure 1-14 (Ham, 1982; Ham,
1984) .

Retinal thresholds in the UV-A band are lower than in 
the visible spectrum and are as low as 5 J/cm at 325 nm in 
the aphakic monkey (Ham, 1982). Ham and his colleagues have 
studied many histological cross-sections of photochemically 
damaged retinae of rhesus monkeys and argue that in 
relatively high irradiance and relatively short exposure 
regimes damage is always seen histologically first in the 
retinal pigment epithelium (RPE) (Ham, 1982; Ham, 1984).
Ham and associates argue that the RPE is the principal site 
of initial injury, particularly in lesions produced by 
optical radiation in the visible spectrum; but others claim 
that photochemical injuries show damage throughout all 
layers of the retina in the visible region— even at 
threshold (Lawwill, 1977; Williams and Baker, 1980; see also 
Kremers and van Norren, 1988). There are probably several 
chromophores in the retina that are sensitive to blue light 
and near ultraviolet (UV-A) radiation. Ham and colleagues 
noted that the appearance of UV-A retinal lesions and 
441.6-nm lesions are different Ham, 1982; Ham, 1984). The 
time course of appearance also varies with wavelength, just 
as does the time course of appearance of UV induced erythema 
of the skin between 254-nm and 300-nm radiation. Clearly 
the melanin pigment in the RPE plays a major role, but as 
Ham has pointed out, melanin could act as both a source and 
sink for free radicals thereby acting both as the complex 
aqent_for possibly promoting damage and also as a
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Figure 1-14. Photochemical and Thermal Retinal Injury 
Thresholds. Threshold retinal injury from photochemical 
injury mechanisms appears only for exposure durations 
exceeding 10 s; the appearance of injury is delayed; the 
effect is limited to short wavelengths (higher photon 
energies) and reciprocity of irradiance and exposure 
duration is observed. The thresholds for the 1064-nm 
wavelength are clearly those of a thermal damage mechanism. 
Data points are from Ham, et al., (1976, 1984) for exposures 
less than 104 s, and from Lawwill, et al., (1977) for longer 
durations (after Sliney and Wolbarsht, 1980).
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cytoplasmic protectant. This comes about because of its     •

unusual characteristic of containing stable free radicals, 
possessing semiconductor properties, surface metal ions, and
its characteristic of both scavenging for free oxygen and  ' 1 1
producing free radicals, depending upon the light 
environment (Ham, 1984). Others report that the melanin in 
the RPE changes with age, (Feeny-Burns, 1980) that it loses 
its photoprotective ability with increased light exposure, 
that photochemically induced retinal lesions contain melanin 
granules resembling senile melanin (Ham, 1984), and that 
age-related macular degeneration maybe caused to some extent 
by short-wavelength light (Young, 1981, 1988? Marshall, 
1983). Since melanin is the major concentrated absorption 
site of laser radiation in the retina, it appears to play 
the key role in retinal thermal injury, photochemical 
injury, and probably also in ultra-fast injury events. It 
must also be remembered that in prolonged exposure to solar 
radiation, melanin's protective properties are thought to 
account for the geographic distribution of pigmented and 
non-pigmented races. As more basic research is performed on 
melanin, more understanding of laser injury mechanisms will 
follow.

Despite the histological indicators, melanin may not be 
the principal chromophore for blue-light retinal injury; 
other possible chromophores include flavoproteins, 
glutathione peroxidase and other light-activated enzymes, 
and cytochrome-C (Sliney and Wolbarsht, 1980? Ham, 1984).

A clearly different photochemical injury mechanism is 
dominant for exposures of 12-hour (45,000-s) or more. For
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these durations, the visual pigments are the most likely 
chromophores; and there is a lower exposure dose (2.5 J/cm ) 
with fluorescent light than the blue-light thresholds of 
20-30 J/cm2 (Sykes, 1981; Marshall, 1983). At first 
thought, this is surprising, since the lower exposure dose 
applies to the longer exposure duration. Apparently 
long-term (12-hour) "bleaching of the visual pigments" can 
destroy the various visual pigment and the balance of 
components within the rhodopsin cycle. For example with 
rhodopsin, since retinal is toxic, one might consider a 
phototoxic chain of injury. Assuming that in the rodent 
model, rhodopsin is the chromophore, then photometric units 
such as trolands may be the most relevant units. If we 
compare the blue-light retinal injury threshold of 20-30

2 5J/cm at 442 nm, this would correspond to 4.1 x 10
troland-seconds; whereas, the 12-hour retinal injury
threshold of fluorescent lamps would be 1.3 x 107
troland-seconds; assuming a luminous efficiency of 300 lm/W
for cool-white fluorescent lamps (Sliney and Wolbarsht,
1980).

1.3.6 Selective Laser Photochemical Reactions
It may well be that the aforementioned changes at 

850-905 nm may be due to photoactivation of enzymes (Biscar, 
1976; Hug, 1980). Biscar reports that bovine a-chymotrypsin 
was activated at a very narrow band of wavelengths between

r--------------- — — -----------------------------------------

853 nm and 857 nm. This demonstrated that such effects 
could be produced in the near-infrared, and at a very select 
wavelength band (Biscar, 1976).
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The above observations forces one to consider selective 
laser chemistry as a potential mechanism for laser 
alterations of biological systems at low irradiance levels 
which previously had been thought to be ineffective and 
non-interacting with biological tissues (Oraevskii and 
Pleshanov, 1978; Theile, 1980). To my knowledge, such 
phenomena have yet to be shown to be plausible as mechanisms 
capable of either significant clinical benefit or hazard, 
but such possibilities cannot be overlooked.

The effects of resonant interaction of a mode-locked 
train of pulses with a crystal lattice, although improbable 
in the retina, cannot be completely ruled out either, when 
one considers the regular organization of some retinal

v structures (Ratajska and Piekara, 1978). Smart et al.
r  ------ -
(1970) reported lower retinal injury thresholds for CW mode- 
locked HeNe laser exposures. Lund has reported an apparent 
wavelength dependence of retinal injury thresholds between 
700 nm and 950 nm that does not follow the absorption 
spectrum of melanin (Lund, 1982). The pulse-width 
variations with the dye laser used did not appear to be the 
cause of the differences. These effects are shown in Figure 
1-15. One must await the results of further studies to find 
the answer to this puzzle.

1.4 Laser Induced Optical Breakdown
1.4.1 Background

Interest in Nd:YAG mode-locked and q-switched laser 
injury of the retina has recently been elevated by the 
introduction of these types of lasers to cut membranes by
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Figure 1-15. Variation of minimal-image-size, q-switched 
laser exposure thresholds of the retina as a function of 
wavelengths as reported by Lund, et al (1988). This 
unpredicted variation of retinal injury thresholds clearly 
suggests that melanin may not always be the principal 
chromophore for retinal coagulation (or there exists 
narrow-band absorptions within the ocular media to reduce 
retinal exposure.
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producing microplasma in the clear media of the eye 
(Kransnov, 1977; Ratajska and Piekara, 1978; Aron-Rosa, et 
al., 1980, 1981; Fankhauser, et al., 1981, 1982; Mainster, 
1983). Optical breakdown and similar optical non-linear 
interaction mechanisms may also play a role in mode-locked 
(and possibly Q-switched laser injury of the retina. An 
understanding of these mechanisms is therefore important for 
future development of ultra-short pulse laser applications 
in all ocular surgery but in particular in possible future 
developments in vitrectomy.
1.4.2 Laser Photodisruption

Optical breakdown has been employed to cut transparent 
structures such as the posterior capsule of the lens. 
Kransnov (1977) was the first to show that a high 
peak-power, focused laser beam could produce optical 
breakdown within the transparent structures of the eye which 
could be useful for intraocular surgery. Fankhauser and 
colleagues (1981, 1982) working in Switzerland, and 
Aron-Rosa, Griesemann, and colleagues (1980, 1981) working 
in France fully developed useful clinical systems and 
explored their potential clinical value. This application, 
when first introduced, met with acclaim because of its 
simplicity and because it did not require physically 
penetrating the wall of the globe. It was claimed to be 
safer than the previous procedures with needle or knife with 
their attendant potential for infection and anesthesia 
side-effects (Trokel, 1983). However, the idea of creating 
a microplasma within the eye was disturbing to others 
because of potential complications from exposure of the

71



retina and other structures to scattered laser radiation, 
UVR, ionized particles, shock and acoustic transients. For 
this reason, a further study of the biophysical interaction 
was considered warranted.

1.4.3 Retinal Damage from Optical Breakdown Mechanisms 
The interaction of picosecond and femtosecond-pulsed 

laser radiation with the retina are not well understood, but 
again optical breakdown mechanisms may be involved. The 
available data are often conflicting, making it difficult to 
resolve this question. In the femtosecond regime, optical 
breakdown is probably most likely (Birngruber, et al.,
1987), whereas in the picosecond regime, other non-linear 
mechanisms could be involved, such as multiphoton absorption 
and electron avalanche and these could occur without a true

— — — — 'T

breakdown (Goldman, et al., 1977; Taboada and Gibbons, 1978; 
Bennet, 1980; Bruckner and Taboada, 1982). These competing 
mechanisms could explain the curious result reported by 
Goldman (1977) of a higher threshold for 532 nm when 
compared to 1064 nm at the same pulse duration (30 ps).

1.5 Laser Interactions with the Cornea— Implications for 
Refractive Surgery
1.5.1 Background

The interaction of laser radiation with corneal tissue 
has been studied in both the ultraviolet and infrared 
spectral regions where that tissue is highly absorbing. 
Proteins are the obvious absorbers of ultraviolet radiation 
at wavelengths less than 300-315 nm (Sliney and Wolbarsht,
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1980; Smith, 1989); whereas, water is the primary absorbing 
molecule in the infrared spectral region beyond 1400 nm 
(Sliney and Wolbarsht, 1980; Wolbarsht, 1984).
1.5.2 Infrared Laser Radiation Studies

Because of the significant use of the carbon-dioxide 
laser in industry and the implicit implications for macular 
safety, the 10.6-nm wavelength of this laser has been 
employed in the greatest number of research studies of 
threshold corneal effects from laser radiation. Thermal 
injury is clearly the dominant interaction mechanism for 
pulse durations greater than 1 jis. Except for some 
experimental difficulties in obtaining uniform beam 
irradiance profiles on the cornea, the reported thresholds 
from different investigators are generally in agreement as 
shown in Figure 1-16 (Campbell, et al., 1968; Borland, et 
al., 1971; Vassiliadis, 1971; Mueller and Ham, 1976;
Zuclich, et al., 1984, 1986; Stuck, et al., 1986; Bargeron, 
et al., 1988). Infrared radiation at 10.6 nm has a 
penetration depth (1/e-of-incident- irradiance depth) of 
approximately 10-20 Jim.

Since water is believed to be the principal absorbing 
molecule in the cornea for wavelengths beyond 1400 nm, 
attempts to predict laser injury thresholds have 
concentrated on simple models of water absorption and heat 
transfer (Reed, 1979), and these attempts have been 
reasonably successful. Although essentially all infrared 
radiation in the IR-B (1400-3000 pm) and IR-C spectral bands 
is absorbed in the cornea, the penetration depth in water 
does vary significantly as shown in Figure 1-17.
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Figure 1-16. Carbon-Dioxide Laser Thermal Injury Thresholds 
at 10.6 pm. The reported thresholds from different 
investigators are generally in agreement as shown above 
(Bargeron, et al., 1988; Borland, et al., 1971; Campbell, et 
al., 1968; Mueller and Ham, 1976; Stuck, et al., 1986; 
Vassiliadis, 1971; Zuclich, et al., 1984, 1986).
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Figure 1-17. Optical Absorption Spectrum of Water. Since 
water is the principal absorbing molecule of infrared 
radiation in the cornea, one can predict that the lowest 
thresholds for infrared laser interaction should be near 3 
jim, and much higher thresholds should exist near 1.5 jim. 
Essentially all infrared radiation in the IR-B (1400-3000 
jim) and IR-C spectral bands is absorbed in the cornea (Data 
from Bayly, et al., 1963; Hale and Querry, 1973).
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Biological threshold studies at other infrared laser 
wavelengths where the absorption depth is shallow have been 
conducted (Vassiliadis, 1971; Mueller and Ham, 1976; Egbert 
and Maher, 1977; Reed, 1979; Stuck, et al., 1981, 1986; 
Zuclich, et al., 1984, 1986), and reported thresholds 
generally have been very close to the C02 laser threshold 
for the same exposure duration. An exception to this 
general agreement is the reported threshold at 2.71 jnim 
reported by Mueller and Ham (1976). It is not at all clear 
why this threshold was only of the order of 0.01 J/cm 
compared to thresholds an order of magnitude greater that 
reported by Zuclich, et al.(1984, 1986). This could 
indicate a subtle surface ablation effect detected by 
Mueller and Ham that was not uncovered by Zuclich and his 
colleagues, or it could be experimental error. More 
recently, a number of studies have been on wavelength 
coincident with the peak absorption of water at 2.9 |im 
(Seiler, et al., 1988; Parel, et al., 1989).
These studies have been searching for an infrared laser 
suitable for corneal surgery in that with short penetration 
depths, short exposures and high peak irradiances there 
should be limited collateral damage. As yet, the results 
are not comparable to those obtained using 193 nm systems 
and this difference may have implications for the underlying 
causal mechanisms of damage.

Because of heat conduction into the corneal stroma, 
thresholds of injury for any exposures lasting more than 1 
ms should not exhibit a large variation in wavelength 
dependence; whereas, for sub-microsecond exposures, energy
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deposited superficially in the corneal epithelium could lead 
to ablation rather than significant photocoagulation 
(Wolbarsht, 1984). Wavelengths near 1.5 1m exhibit the 
highest injury thresholds for sub-microsecond pulses because 
of the deep penetration depth in this spectral region 
(Egbert and Maher, 1977; Stuck, et al., 1981).
1.5.3 Ultraviolet Laser Radiation Studies

Ultraviolet radiation effects upon the cornea have been 
studied extensively long before the advent of the laser
(Cogan and Kinsey, 1946; Sliney and Wolbarsht, 1980).
Indeed the action spectra for photokeratitis and acute 
cataract, as shown in Figure 1-18, were obtained using 
xenon-arc monochromators (Pitts, et al., 1974; Pitts, 1977; 
Zuclich and Kurtin, 1977; Kurtin and Zuchlich, 1978). The 
action spectra and related studies have all been performed 
for acute injury. There are virtually no laboratory studies 
of delayed UVR effects, other than several biochemical 
studies which show that the ultraviolet (UV-B) irradiation 
of an in vitro crystalline lens will photo-oxidize the amino 
acid tryptophan, leading to the yellowing of the lens 
(Pirie, 1972; Kurzel, et al., 1977; Lerman, 1980). Some 
epidemiological studies now point to UVR— indeed UV-B— as an 
etiologic effect in cataract (Weale, 1982; Taylor, et al.,
1988), although such studies require careful evaluation of a 
lifetime of UVR exposure in order to show validity (Sliney, 
1987) .

Laser effects upon the cornea have been studied at some 
selected wavelengths: 193, 244, 248, 308, 325, 350 nm
(Ebbers and Sears, 1975; Zuclich and Connolly, 1976; Zuclich
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Figure 1-18. Action Spectra for Ultraviolet Photokeratitis 
and Acute Cataractogenesis. The data of Pitts, Culen and 
Hacker (1974) are shown for photokeratitis (solid curve), 
and for irreversible acute cataract (dotted) and reversible 
acute cataract (dotted-dashed line). The dashed line in the 
UV-A spectral region is the photokeratitis data of Zuclich 
and Kurtin (1977). All data are shown as 
threshold-of-effeet curves.
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and Taboada, 1978; Taboada, et al., 1981; Taboada and 
Archibald, 1982). None of the laser threshold data conflict 
with known effects of incoherent UVR. Of particular note 
are the thresholds obtained for the ArF and KF excimer 
lasers (Taboada, et al., 1981; Taboada and Archibald, 1982). 
These studies showed very low ablative thresholds for 
nanosecond pulses. Indeed these studies led to later 
experimental research on the feasibility of excimer laser 
photoablation for corneal surgery (Trokel, et al., 1983; 
Marshall, et al, 1985, 1986, 1987, 1988; Puliafito, et al., 
1987).

By contrast with thermal interaction mechanisms, where 
bulk absorption of energy is of primary interest, 
photochemical interactions take place at the molecular level 
as noted in previously (1.3.2). As the wavelength 
decreases, photon energy increases and the range of possible 
photochemical inteactions increase.

In any discussion of UVR effects upon the eye, it is 
useful to employ the spectral-band convention of the 
International Commission on Illumination (CIE). The CIE has 
designated 315-320 to 400 nm as UV-A, 280 to 315-320 nm as 
UV-B, and 100-280 nm as UV-C (CIE, 1970). Wavelengths below 
180 nm (vacuum UV) are of little practical significance 
since they are readily absorbed in air. The 193-nm ArF 
laser operates in the UV-C band; whereas, the 308-nm XeCl 
wavelength is in the UV-B spectral region.

In general, UV-C wavelengths are more photochemically 
active, because these wavelengths correspond to the most 
energetic photons, are strongly absorbed in certain amino
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acids and therefore by most proteins (Harding and Dilley, 
1976; Grossweiner, 1984; Hillenkamp, 1980; Smith, 1989); 
whereas, UV-B wavelengths are less photochemically active, 
but are more penetrating in most tissues. UV-A wavelengths 
are far less photobiologically active,but are still more 
penetrating than UV-B wavelengths. UV-A wavelengths play an 
interactive (sometimes synergistic) role when exposure 
occurs following UV-B exposure (Willis et al., 1972). UV-B 
radiation has been shown to alter enzyme activity in the 
lens (Tung et al., 1988).

UV-C wavelengths are strongly absorbed in proteins, are 
very photochemically interactive, and have the least 
penetration into biological tissue. In this regard, the ArF 
excimer laser wavelength of 193 nm is the only wavelength 
shown very clearly to produce extremely sharp ablative edges 
(Marshall et al., 1985), and small corneal tissue fragments 
(suggestive of photochemical photodecomposition) during 
corneal ablation studies performed by Puliafito and col
leagues (1987).

With regard to photocarcinogenesis, it is generally 
agreed that only a very narrow UV-B wavelength band is 
generally considered very effective in producing skin 
carcinogenesis (Cole et al., 1986; Sterenborg, 1987)— and 
for that matter, severe sunburn (Hausser, 1928), and 
cataractogenesis in humans (Pitts et al., 1977; Sliney and 
Wolbarsht, 1980). Even though we are concerned with delayed 
effects upon ocular tissues of UVR, one can obtain a deeper 
insight by reviewing the known biological effects upon the 
skin as well as the eye in this wavelength region.
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Although for each laser wavelength there is a specific 
target tissue which is the primary site of concern, there 
are some wavelengths capable of causing injury to more than 
one structure in the human eye. At wavelengths less than 280 
nm incident radiant energy is entirely absorbed in the 
cornea. This is not true at longer UV wavelengths and mid 
and near-UV wavelengths, the primary injury site is not only 
the cornea, but injury to the lens and the retina may also 
be possible. As an example, the 308 nm excimer laser 
wavelength deserves particular note. At this wavelength, a 
collimated beam striking the eye will penetrate to the 
retina and because of its absorption properties can cause 
damage to the cornea, lens, and retina all in one exposure. 
Ocular structures are susceptible to damage at this 
wavelength for only small amounts of 308 nm laser radiation. 
The injury thresholds for the retina and lens are 
comparable.

1.6 Research Needs
Although much of the biological threshold data for laser 

interaction with ocular tissues can be understood as 
following the prediction of either a photochemical or 
thermal model at threshold, a thermally initiated acoustic 
transient is needed to explain suprathreshold effects for 
short pulse widths. When one considers the final outcome of 
the interaction, more complex models —  incorporating the 
aspects of biological repair or biological amplification of 
the initial effect may be needed.

From a clinical standpoint, there remain questions
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related to the sequelae of most types of laser tissue 
interaction. Largely unexplored are the possible 
interaction mechanisms of laser ablation of the cornea and 
lens. Indeed the details of optical breakdown in ocular 
tissues are not adequately understood. It is not clear if 
tiieelectrical conductivity of tissue or the preionization 
of a tissue subjects it to different effects from high 
irradiance focal laser irradiation. It is not at all clear 
what physical factors influence the smoothness of an ablated 
surface. Could optical plasma formation be necessary for a

■■■  A

clean ablation of corneal or lenticular tissue, or could it
r- "" * ^ " " 1
be a deterrent? Must a thermal component be necessary for 
laser ablation (in order to remove tissue)? How does 
wavelength influence the interaction mechanisms?

Other areas of research required include the further 
understanding of picosecond and femtosecond-pulsed injury of 
the retina. Currently, there are conflicting results from 
ultrashort pulsed injury studies. Some studies of 
sub-microsecond laser injury suggest a threshold of nearly 
constant energy (Birngruber, et al., 1987), whereas other 
studies suggest that the threshold depends on the peak power 
in the pulse— at least for pulse durations between 5 ps and 
100 ps (Goldman, et al., 1977; Taboada and Gibbons, 1978). 
There are also apparently conflicting results regarding the 
wavelength dependence of picosecond laser retinal injury 
thresholds (Goldman, 1977; Bruckner and Taboada, 1982). 
Competing damage processes result from multi-photon 
absorption and electron avalanche effects as occur in solids 
(Bennet, 1980). These competing mechanisms could explain a
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higher threshold for 532 run when compared to 1064 nm at the 
same pulse duration (30 ps) if the data of Goldman are 
correct (Goldman, 1977). Regardless of the interaction 
mechanisms in the sub-nanosecond regime, one must ask 
whether any of the know effects have potential value for 
clinical application.

Still further research is also necessary to understand 
the effects of speckle upon retinal function at very low, 
chronic exposure durations as reported by Zwick (Zwick and 
Jenkins, 1982). It may well be that if we force ourselves 
to stare at a large area diffuse laser reflection, the 
speckle which produces a myriad of areas of very high 
contrast borders at the retina may affect those neural 
mechanisms that detect borders in our normal world. 
Fortunately, most of us find it uncomfortable to stare at 
speckle for long periods, and this effect is hopefully just 
a laboratory curiosity. In any case, it is unlikely that 
this reported phenomenon of speckle will have any relevance 
to the application of pulsed lasers in ophthalmology.

Refractive surgery of the cornea poses many interesting 
research questions. Over the past few years two spectral 
regions have been explored for this potential laser 
applications the UV-C (i.e., 100-280 nm) and the IR-C (3 - 
1000 pm) where corneal absorption is highest. Pulsed 
argon-fluoride (ArF) excimer (193 nm)UV-C lasers and HF (2.9 
pm) and CO-2 (10.6nm) infrared lasers are the most obvious 
candidates for this type of laser surgery. Wolbarsht has 
also argued for using laser radiation at 2.94 pm (e.g., 
ErsYAG) because of water's extremely shallow penetration
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depth of the order of 1.0 pm— the peak of water absorption. 
While this choice of wavelength means that water molecules 
will certainly absorb, one should remember that the 
objective is to cut collagen fibres cleanly. At 2.94 pm 
essentially all of the incident laser energy is coupled into 
water molecules which then change to the gaseous phase.
This change of state will create local volumetric changes 
which may blow off sections of collagen fibres and other 
biological molecules. Energy must be transferred to the 
collagen matrix by heat transfer which is not at all 
selective. Perhaps an infrared wavelength exists where 
water absorbs, but where collagen molecules also absorb 
substantially. A resonant absorption by the collagen 
aggregate molecules could be far more effective in 
fragmenting collagen fibres and achieving a smooth cut.
While a single IR photon would normally not have sufficient 
energy to break a bond, the high irradiances available from 
a q-switched laser might produce sufficient multi-photon 
resonant absorptions to achieve cleavage. By contrast to 
infrared laser interactions which are thermal in nature, 
ultraviolet laser interactions appear to be dominated by 
photochemical interactions, and studies at the molecular 
level may be necessary to understand what effects are really 
possible.

Although selective IR photochemistry has been 
demonstrated in the gaseous phase [37-38], it is not clear 
whether it could be effective in the condensed phase since 
absorptions are greatly broadened. Nevertheless, it can 
hardly be ruled out as a possibility and is therefore worth
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investigating.

1.7 Aims of the Current Study
1.7.1 To determine the biophysical mechanisms associated 
with the interaction of short-pulse lasers with ocular 
tissue.
1.7.2 To optimize laser exposure parameters in relation to 
tissue degradation.
1.7.3 To explore means to minimize collateral effects 
associated with the use of pulsed lasers in ophthalmology.
1.7.4 To relate the information learned from basic studies 
of laser tissue interaction to specific surgical procedures.
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Chapter 2
HISTORICAL REVIEW OF LASER APPLICATIONS
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2.1 Introduction
The first successful laser constructed in a laboratory 

is traced to the ruby laser designed by Theodore Maiman in 
196 0 (Maiman, 1960). Since then, there have been more than 
a thousand different types of laser devices designed and 
built to show successful laser action (Weber,1982).
However, only about a dozen types of lasers have been 
commercially successful. These few types of lasers have 
found a host of applications in science, industry and 
medicine.

Shortly after the development of the first laser there 
were suggestions for many applications in medicine and 
surgery, but most clinical applications had to await the 
development of new resonator designs, new optical materials 
and thermally stable structures to permit the manufacture of 
stable, easy-to-operate, reliable lasers. These 
developments occurred in the decade of the 19 70's. The ruby 
lasers available during the period 1960-1965 had 
particularly unstable and unpredictable power outputs; 
however, by 19 65 general ruby laser retinal photocoagulators 
were being marketed to ophthalmic surgeons as the first 
lasers for use in any field of medicine and surgery 
(Campbell et al., 1963; Kapany et al., 1965). A major 
constraint on these early ruby systems was that the surgeon 
had to wait several seconds between each discharge of laser 
light. Thus procedures such as pan retinal ablation could 
take hours of the surgeon's time.

In less than a decade after the first ruby laser 
photocoagulators, the argon laser photocoagulator was i



widespread use in ophthalmology, and the carbon-dioxide 
laser was making inroads in other surgical specialties.
Today a variety of lasers are used for ophthalmic surgery, 
but the most widespread applications are still limited to 
only three types of lasers: argon, krypton, and
neodymium:YAG. The first two are used only in the CW mode. 
Even of these relatively common systems, only the argon and 
pulsed Nd:YAG currently enjoy extensive use in 
ophthalmology. More recently the development of high power 
diode lasers with substantial price reductions has resulted 
in their increasingly wide spread use (Me Hugh, 1988). The 
carbon-dioxide laser that enjoys the widest use in other 
surgical specialties is not generally used for ophthalmic 
surgery for several reasons. The greater CW power and 
vapourization capabilities of the C02 laser are not really 
needed, or are difficult to apply because of a lack of 
practical optical fibres at the 10.6/fen wavelength. The 
lack of transparency of the ocular media at this 
far-infrared wavelength further limits the use of the C02 
laser.

Laser use in ophthalmology was accepted and applied 
extensively prior to general use of lasers in other surgical 
specialties. This evolutionary pattern of laser development 
occurred for two reasons, first because only the eye 
possessed transparent tissues that allowed one to focus and 
visualize energy deep within an intact organ system. 
Secondly, because retinal photocoagulation with non-laser 
sources was already an established technique. In the case 
of the former, laser ocular surgery afforded the opportunity
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to work upon tissues within the intact eye without the risk 
of infection and, generally, without the need of even local 
anesthesia. The small volumes of tissue involved, the 
momentary duration of the operation, and the lack of pain 
endings in the retina and certain other ocular structures 
made it possible to avoid the use of anesthesia. Thus, 
anyone considering a new laser application should recognize 
these special conditions which favored the initial 
acceptance of lasers in ocular surgery.

2.2 Photocoaqulation
In the late 1940's and in the 1950's, prior to the 

development of the laser, Juergen Meyer-Schwickerath 
pioneered the use of photocoagulation of the retina with 
conventional light sources. He first made use of optical 
imaging of the sun upon the retina; but, with the 
frustrations of awaiting sunny days in northern Germany, he 
tried a number of high brightness lamps, settling upon a 
xenon short-arc lamp (Meyer-Schwickerath, 1960). He argued 
the therapeutic benefits of using photocoagulation for the 
treatment of a number of retinal pathologies.

As noted previously, the first laser photocoagulators, 
circa 1963, employed pulsed ruby lasers operating in the 
extreme red end of the visible spectrum— at 694.3 nm 
(Campbell et al., 1963; Zweng et al., 1964). These early 
retinal photocoagulators used hand-held ophthalmoscopic 
delivery systems (Kapany et al., 1965). The ruby laser had 
a fixed pulse duration within the range of 0.2 to 2 ms and 
emitted a beam possessing both multiple spikes of energy and
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multiple transverse modes (i.e., "multimode"). The latter 
phenomenon lead to unevenness of energy distribution across 
the laser beam and therefore to a lack of reproducible 
retinal coagulation burns.

With the advent of the argon laser in 1966, it was 
quickly linked with an ophthalmoscope delivery system and 
tried as a possible photocoagulator (L'Esperance, 1968). By 
the time that the argon laser photocoagulator was 
commercialized in 1971, it had been determined that the slit 
lamp was a superior delivery system (Little et al., 1970).

During the decade of the 1970's the argon laser became 
commonly available in ophthalmic clinics and was used 
largely for the treatment of diabetic retinopathy and 
proliferative vascular diseases. Later in the decade of the 
1980's, the argon laser began to be used in the anterior 
segment for iridotomy (Abraham and Miller, 1975) and 
trabeculoplasty (Wise and Witter, 1979).

Argon laser photocoagulators typically have a power 
output of approximately 1.5 watt and a mechanical shutter 
and timer exposure control. Depending upon the turbidity of 
the ocular media and the retinal spot size used, the optical 
power delivered to the eye is most typically of the order of 
200 - 500 mW for 0.2 - 0.4 s. The optical delivery system 
may employ either a fibre optic or articulated mirror-arm 
attached to the slit-lamp's objective (focusing) lens 
(Mainster, 1986).

The design of the optical delivery system will determine 
the range of possible retinal image sizes— along with the 
refractive power, if any, of the contact lens. This is most
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important and often forgotten by clinicians who assume image
size to be that set on the monitor setting. In practice
^    ------

contact lenses may cause very significant variations in
actual spot size on the retina (Mainster, 1986). The
retinal focal spot size for peripheral work is typically of

T---------------------------------------   * "  " ----------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------

the order of 0.2 to 0.5 mm (i.e., 200 to 500 1m). In older 
argon photocoagulators a prism arm linkage system 
facilitated coupling the laser with the slit lamp and this 
enabled very small spot sizes to de delivered to the retina 
of a diameter of 50 1m, approaching the defraction limit. / 
If a fibre optic delivery system is used as in more recent 
systems, the minimal achievable retinal image size will be 
limited to the geometrical image size of the fibre optic tip 
(of the order of 40 1m instead of 15 to 20 im). With the 
exception of macular treatment a very small retinal image 
size is undesirable because it would increase the 
probability of creating a retinal hole instead of a 
coagulation; hence, for most procedures an image of at least 
200 tm is not a disadvantage. However, to cut a hole in the 
iris (iridotomy), the smaller achievable spot size could be 
an advantage. The fibre-optic delivery system also affords 
greater flexibility for the slit-lamp microscope and the 
laser's Gaussian beam becomes truncated. The importance of 
the optical design to assure a properly focused spot is 
shown in Figure 2-1.

The argon laser can emit 5 or 6 wavelengths from 351 nm 
to 514.5 nm. At the power levels used in photocoagulators, 
virtually all of the power is in two lines: approximately
70% at 488 nm (blue) and approximately 30% at 514.5 nm



(green), with a small fraction at 479 nm (blue). In recent 
years, because of concern about the adverse effects of blue 
light upon the retina and its greater absorption in the 
crystalline lens, the blue wavelengths have been virtually 
eliminated from the output, either by the use of selective 
dichroic mirrors in the resonator or by adding a filter 
which greatly attenuates the shorter wavelengths. The 
consequence of this is the need to stress systems to obtain 
sufficient power at the relatively inefficient green line 
and the possible reduction in tube life.

During the 1980's, attention turned to optimising the 
wavelength used in retinal photocoagulation. Marshall and 
Bird (1979), Mainster (1986), L'Esperance (1989) and others 
argued that wavelengths beyond the peak absorption of the 
macular pigment, xanthrophyl* and in some cases, beyond the 
peak absorption of haemoglobin and oxygenated haemoglobin 
might have special advantages. For this reason, the krypton 
laser with its yellow (568.2-nm) and red (647.1-nm) 
wavelengths was offered as a better solution for macular 
photocoagulation. A further level of sophistication was 
reached in this decade with the commercial introduction of 
the arcon-pumped dye laser, which allowed continuous 
tunability over a range of wavelengths. The exact 
tunability of a dye laser depends upon the choice of dye; 
however, the most frequently used dye was rhodamine-6G which 
permitted tunability over the range from approximately 575 
to 630 nm. To date, wavelength is seen to have little
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effect on the therapeutic efficacy of pbot.nmagulat-.inn. All 
wavelengths currently used have their maximal effect on the
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Figure 2-1. A fibre-optic laser beam delivery system limits 
the retinal focal spot size. If no fibre-optic or other 
diffusing element is introduced into the delivery system, a 
pre-retinal focal spot could produce adverse effects in the 
vitreous.
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RPE and this tissue seems to be preeminent in eliciting 
positive therapeutic effects. The wavelength independence 
of the retinal tissue reaction has also allowed the 
introduction of infrared diode sources as photocoagulator

A number of important lessons were learned during the 
development of clinical laser photocoagulators. When ruby 
lasers were still in use, it was learned that too rapid a 
temperature rise resulted in undesirable, disruptive tissue 
changes which were counterproductive to photocoagulation 
(Marshall, 1970; Birngruber et al., 1977). These explosive 
changes were due to changes of state and acoustic transients 
encountered with exposure durations of less than a few 
milliseconds. At the other end of the temporal 
spectrum— for long exposure durations— some photochemical 
side-effects become apparent with the use of argon laser 
photocoagulators (Marshall and Bird, 1979; Marshall and 
Sliney, 1990) .

2.3 Photodisruption
The only current, widely used pulsed laser in ophthalmic 

surgery is the Nd:YAG photodisrupter (Aron-Rosa, 19 80; 
Fankhauser, 1982). In this application the energy is 
delivered so fast that non-linear effects predominate, 
leading to optical breakdown, a micro-plasma and tissue 
cutting (Mainster et al., 1983). This application was the 
first use of sub-microsecond lasers in ophthalmology, and 
indeed the first of short-pulse lasers in any field of 
medicine and surgery. Normally, a slit-lamp delivery system

systems (Brancato, 1989; Me Hugh, 1989).
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is used to focus a 1064-nm laser beam to a spot of the order 
of 25 im on a target inside the eye.

Despite the fact that the nearly transparent ocular 
media absorb very little incident light or IR-A (e.g., 
1064-nm laser) radiation, the enormous irradiances that 
exceed 1010 W/cm2 which occur in the focal spot are 
sufficient to ionize atoms, leading to increased absorption 
and the production of a high-temperature plasma. The 
temperature of the plasma is of the order of 10,000 K or 
greater. For an extremely short period (less than one 
microsecond) the molecules in the focal zone are vapourized 
and have the electrically conductive properties of a metal 
and the physical properties of a very high-temperature, 
high-pressure gas. There has been some controversy as to 
which type of laser system (q-switched or mode-locked can 
achieve the greatest safety and efficacy (Mainster et al., 
1983; Puliafito and Steinart, 1984; Trokel, 1983).

The principal ophthalmic surgical application of this 
type of laser has been posterior capsulotomy of an opacified 
capsule following previous cataract surgery. The laser 
photodisruptor can also be used to cut vitreous bands 
(Hamilton, 1985) and synechiae (Trokel, 1983).

Two types of short-pulse NdsYAG lasers have been used 
for this applications mode-locked lasers and q-switched 
lasers. The mode-locked laser emits a train of about seven 
30- to 50-ps pulses; whereas the q-switched laser emits a 
single 10-20 ns pulse of energy. Practically, because of 
its less complex design and greater ease of maintenance, the 
q-switched laser is almost exclusively used at present in

97



clinics. However, the controversy as to which laser is 
really better has not died, and further research is needed 
to clarify this point.

2.4 Photoradiation Therapy and Photochemical Effects
Exposure durations of many seconds to hours have been 

used for decades for the UVR treatment of skin problems by 
dermatologists, and now prolonged exposures to laser light 
is being applied in the photochemotherapy of tumor tissues 
(Pratesi and Sacchi, 1977). Here, the energy is delivered 
over a more lengthy time period to select out the dominant 
photochemical tissue interaction mechanism while avoiding a 
harmful rise in tissue temperature. Photochemotherapy of 
localized tumor tissue with an exogenous photosensitizer, 
such as hematoporphyrin derivative (HpD) has been achieved 
with visible light, e.g., 630-nm red light, but is still 
highly experimental. Photochemotherapy with HpD is 
frequently referred to as photodynamic therapy (PDT), and 
the lack of promising results in preliminary attempts to 
employ this with ocular tumors has not encouraged those 
much interest in preceding further.

For a number of years, claims have been made that 
low-power lasers such as the He-Ne laser produced 
photobiological effects which were argued to produce pain 
relief or accelerated healing of injured tissue (Karu et 
al., 1984). These reports have been generally difficult or 
impossible to substantiate by rigorous scientific tests. 
However, some recent studies, from at least one group, point 
to apparent photobiological (presumably photochemical)
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effects with well defined action spectra, that can be shown 
at the cellular level (Karu, 1987). There appear to be no 
substantiated reports that such effects, if they do exist, 
have been successfully exploited to treat ocular problems. 
Although recent reports from Israel seemed to indicate 
possible wound healing in conditions involving loss of 
corneal epithelium and in studies examining regeneration of 
optic nerve damage (Belkin, 1988).

2.5 Photoablation
In the past few years, the possibility of employing 

pulsed lasers to ablate corneal tissue has provoked 
considerable interest (Trokel et al., 1983; Marshall et al., 
1984; Puliafito et al., 1987). Both ultraviolet and 
infrared laser wavelengths which are strongly absorbed in 
the cornea have been studied for this application. The 
objective of ablating corneal tissue has been to removed 
diseased or fibrotic tissue which occludes vision and to 
perform refractive surgery. The laser which has appeared to 
provide the greatest promise for creating a very fine cut or 
smooth refractive surface is the argon-fluoride (ArF) 
excimer laser which emits in the UV-C spectral band at 193 
nm.

Infrared lasers emitting at wavelengths in the 2.9 - 3.0 
1m spectral band, where water has its greatest absorbance 
(Wolbarsht, 1984), have been explored for such applications. 
However, these infrared lasers appear to produce a surface 
ablation which is not as smooth as a surface ablated at 193 
nm (Seiler et al., 1986). The radiant exposures normally
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employed for corneal ablation for either the UV or IR laser 
are of the order of 100 -180 mJ/cm2.

2.6 Diagnostic Laser Applications
A number of low-power lasers have been applied to 

diagnostic applications in ophthalmology. He-Ne Lasers have 
been used to measure the velocity of red blood cells in the 
retina through the technique of laser doppler velocimetry 
(Riva and Feke, 1981). He-Ne lasers have also been used in 
scanning laser ophthalmoscopes (SLO's) (Webb, Timberlake et 
al., 1989; Webb and Hughes, 1981).

All of these applications make use of lasers that are 
effectively CW. There have been suggestions to exploit 
pulsed laser systems for diagnostics, such as for 
photoacoustical spectroscopy (Wolbarsht, 1981), but these 
proposals have not yet come to fruition.

2.7 Future Applications
Future applications of lasers in ophthalmic practice 

await developments in two main areas. First, a better 
understanding of interrelationships between the dissipation 
of absorbed laser energy and the initiation of the observed 
therapeutic effect in any given procedure. Secondly, further 
basic research into a better understanding of tissue optics 
and the interaction mechanisms of pulsed laser effects on 
biological tissue (Haldorsson and Langerholc, 1978; 
Langerholc, 1982; Sliney, 1985). A further understanding of 
the optical properties of the cornea (Benedek, 1971) and the 
apparent selective absorption properties of the retina (Lund
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et al., 1988) would aid in the development of new laser 
surgical concepts. There is also hope of more selective 
laser photochemistry (Oraevskii and Pleshanov, 1978; Angelov 
et al., 1980). Hopefully, such research will herald new and 
beneficial applications of lasers in ocular surgery, 
therapeutics, and diagnostics.

With regard to any new ophthalmic laser application, 
there will be no clinical acceptance of such laser surgical 
techniques unless four major factors are present: efficacy, 
safety, reliability, and cost effectiveness. For a new 
laser technique to be widely and rapidly accepted by 
clinicians, there must be a clear and obvious advantage to 
the new instrument over older techniques. This has been 
evident where there was rapid acceptance of the short-pulse 
Nd:YAG laser photodisruptor for anterior-segment surgery.

If new lasers permit a new form of ocular surgery 
heretofore impossible with the scalpel or other means, if 
they introduce greater safety by reducing the need for 
anesthetics or opening of wounds, if laser techniques reduce 
hospitalization time, and if they transfer operating room 
techniques into the outpatient clinic, then the new laser 
applications will be met with enthusiasm. But unless all 
four factors of safety, efficacy, reliability, and cost 
effectiveness are favourable, the new application could be 
just one more attempt of the engineer to develop a bigger 
mousetrap at greater cost with no real improved performance. 
The true test of a laser in the surgical setting is not 
whether it can perform the task, but whether it can perform 
the task better with greater safety and less expensively
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than earlier or more conventional techniques, and whether it 
is highly reliable and readily maintained.

2.8 Conclusions
From this review, it is clear that any application of 

pulsed lasers in ophthalmology must meet the above criteria. 
Although the final test must be in the clinic, biophysical 
studies of the mechanisms of tissue interaction and the 
physical factors are surely needed to guide further clinical 
studies. With these points in mind, the various studies 
reported in the remaining chapters shall be placed in the 
context of their practical impact in actual surgery. Table 
2-1 summarizes these conclusions and places them in a more 
general perspective.
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Table 2-1 A Successful Surgical Laser System

A. Clear and obvious advantage of new vs. old techniques 
(e.g., photodisruptor used for posterior capsulotomy).
B. New form of surgery not previously possible (e.g., 
photocoagulation for diabetic retinopathy).
C. Far better and safer (e.g., photodisruptor).
D. Much less expensive or easier to use (e.g., diode laser 
photocoagulator).
E. Reduce anesthetics or blood loss (e.g., gynecologic and 
head/neck surgery).
F. Reduce or eliminate hospitalization stay (e.g., shift 
from in-patient to out-patient procedure).
G. Reliability (e.g., q-switched vs. mode-locked laser 
photodisruptor; argon or NdsYAG vs ruby laser).
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Chapter 3
RADIOMETRIC MEASUREMENTS OF LASER PHOTODISRUPTORS
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3.1 BACKGROUND
The use of a q-switched or mode-locked Nd:YAG laser as a 

photodisruptor to perform microsurgery upon relatively 
transparent intra-ocular structures by optical breakdown at 
the focal point of the beam was first proposed by Krasnov in 
Moscow (Krasnov, 1979). However, Prof. D. Aron-Rosa, et al. 
(1982) in Paris and Prof. F. Fankhauser, et al. (1982) in 
Bern both pioneered the clinical use of the mode-locked and 
q-switched laser photodisrupter respectively.

There have been many claims and counter-claims regarding 
the merits of different laser designs from the proponents of 
different neodymium:YAG (Nd:YAG) ophthalmic laser systems, 
i.e. q-switched or mode-locked. Many of the arguments 
presented to support the merits of competing types of lasers 
appear to be conflicting. For this reason, an understanding 
of the physical mechanisms responsible for the interaction 
of short-pulse laser radiation in "clear" ocular media is 
crucial. To better analyze these questions radiometric 
measurements were performed of different NdsYAG laser 
systems. Both mode-locked and q-switched lasers were used. 
These measurements were necessary before some 
straightforward physical experiments could be performed to 
better understand the mechanisms of laser interaction with 
clear membranes and the ocular media.

3.2 ENERGY OUTPUT MEASUREMENTS
3.2.1 Introduction

One of the first problems of performing measurements of 
short-pulse laser radiation is confirmation of the accuracy
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and precision of the measured value. When using quantum 
detectors such as bi-planar vacuum photodiodes or silicon 
photodiodes, it is possible to obtain erroneously low values 
of pulse energy or of peak power as a result of saturation 
of the detector at a given peak power. Detector saturation 
could create even more serious errors when attempting to 
measure mode-locked, sub-nanosecond pulses.

An intercomparison of three quantum detectors was made 
to evaluate the reliability of measuring the range of 
energies available from short-pulse laser photodisruptors. 
Each detector was initially calibrated to an uncertainty of 
± 5 % against a CW NdsYAG laser operating at 1064 nm, using 
a reference disc calorimeter (Scientech Model 310, 
manufactured by Scientech, Boulder, Colorado, USA).

3.2.2 Materials and Methods
Three radiometer-detector systems that were well charac

terized for both q-switched pulses and long-pulse laser 
measurements were used for intercomparison of energy 
measurements for mode-locked pulse groups. A photodiode 
internal to the laser system also monitored the laser 
output, and was used to monitor relative laser output per 
pulse.

The three different types of detectors with accompanying 
readouts chosen for intercomparison were:

(a) EG & G Model 580 radiometer system with Model 
580-23A containing an S-l bi-planar vacuum photodiode (S-l
photocathode response), S.N. 274 and Narrow-Beam Adapter,_
S.N. 73 (EG&G, San Diego, CA, USA).
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(b) Gen-Tec Model PRJA Energy Metre with a Model 
ED-100 pyroelectric detector (Gen-Tec, Ottowa, Canada).

(c) Photodyne Model 66XLA radiometer with a Model 
350-10334A silicon detector and integrating-sphere input 
(Photodyne, Santa Barbara, CA, USA).

The laser used for the detector intercomparison was 
capable of producing either a single q-switched pulse or a 
mode-locked pulse group. The laser system was manufactured 
by J-K Lasers as an experimental water-cooled NdsYAG laser 
system No. 4354. It had been modified for Coherent, Inc. 
with a Rodenstock Model RO 2000 slit-lamp microscope 
delivery system.

The beam exiting the laser was directed through an 
articulated arm by mirrors to a mirror and objective lens at 
the slit lamp. The 50-mm diameter lens had a focal length 
of 120 mm which was estimated to produce a 50-jim diameter 
focal spot in air at the working distance of the microscope. 
A single He-Ne laser beam was aligned coaxially with the 
NdsYAG beam to visibly indicate beam location and the focal 
spot.

The laser employed a single-plate dielectric polarizer 
with a 9-mm diameter Pockel cell operating at a 0.18-ms 
delay to achieve a Q-switched pulse and a dye cell to 
produce a mode-locked q-switched pulse. The manufacturer 
specified the Q-switched pulse duration at 22 ns (FWHM) with 
a maximum energy of 10 mJ. The laser system could be 
operated as either single-pulse or as multiple-pulse with a 
preselected burst of 2 to 9 pulses at repetition frequencies 
(PRF's) of 10, 20, 30, 40 or 50 Hz. When mode-locked, 7 to
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9 discrete 30 ps pulses would be produced. The mode-locked 
pulse group had a maximum specified energy of 5 mJ. The dye 
cell used for mode-locking had a 0.25-mm gap, and Kodak 9740 
saturable dye in a dichloroethane solution was pumped 
through the cell to minimize degradation of the dye. 
Nevertheless, the dye had be changed every few of weeks in 
normal use.

The laser firing circuit was set at a voltage to obtain 
approximately 4 mJ (mode-locked) and fired for ten 
consecutive shots at each of the three detectors placed one 
at a time in front of the beam exit and oriented to collect 
the entire beam exiting from the slit-lamp delivery system. 
The recordings from the built-in energy monitor and from the 
instrument under test were both recorded for each exposure 
and the percent difference between the two readings also 
recorded. Since each mode-locked pulse group exposure 
varied, the difference in the readings were of interest, the 
average and standard deviation of the readings for each 
instrument did not indicate the level of uncertainty in the 
measurement. However, the correlation between all methods 
was very reassuring that there was not likely a significant 
error^forjthe mode-locked pulse group measurements.

A beam-splitter method of instrument intercomparison 
could have been employed; however, the lack of consistent 
mode structure would raise the question of varying ratios
between the two secondary beams entering the two____
instruments. Since the internal diode detector already 
monitored a beam-splitter outside of the laser cavity, it 
was decided that the averaging method was perfectly adequate
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to obtain an accuracy needed for further experiments.

3.2.3 Measurement of the He-Ne Laser
The power of the He-Ne beam was measured to be 0.13 mW 

using the EG&G Radiometer system noted in (a) above. The 
EG&G radiometer had been calibrated with an uncertainty of 
less than 5 % at 632.8 nm. This measurement was routine and 
required no special precautions against saturation or other 
sources of error.

3.2.4 Results of Intercomparison
Table 3-1 provides the experimental measurements. Note 

that the standard deviation of the data was also of the 
order of 15 % which means that the laser could produce 
reasonably consistent pulses if set on a given lamp voltage, 
and the internal monitor was reliable for providing the 
input energy for a given experimental procedure.

In the mode-locked pulse mode, the bi-planar vacuum 
photodiode and the pyroelectric detectors agreed with the 
built-in energy monitor within 20% and agreed with each 
other within 6%. The silicon photodiode read 50% below the 
bi-planar vacuum photodiode; part of this reduced response 
was due to the air spark at the beam focus which of 
necessity occurred with the use of the integrating sphere 
(but see 3.2.5 below). All of the detector instruments 
responded within approximately 15 % for operation in the 
Q-switched mode, as would be expected by their 
specifications and the fact that the focal energy was 
insufficient to produce breakdown in air.
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TABLE 3-la. Intercomparison of Laser Detectors and 
Radiometer Systems:
EG&G Model 580 Radiometer System with S-l Detector

Internal Monitor 
Reading 

mJ

EG&G Radiometer 
Reading 

mJ

Percent Difference 
Between External 
and Internal Det.

4.0 4.4 +10
4.1 4.6 +12
4.0 4.5 +13
3.9 4.4 +13
4.0 4.6 +15
4.0 4.6 +15
4.1 4.7 +15
4.0 4.7 +18
4.0 4.5 +13
3.9 4.5 +15

Mean: 4.0 + .06 4.6 ± .10 +14 ±2.1
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TABLE 3-lb. Intercomparison of Laser Detectors and Radio
meter Systems: Gen-Tec Model PRJA Pyroelectric Radiometer.

Internal Monitor
Reading

mJ

Gen-Tec PRJA
Reading

mJ

Percent Difference
Between External 
and Internal Det.

4.1 4.6 +12

3.9 4.4 +13
4.0 4.4 +10
4.0 4.7 +18
4.1 4.6 +12
4.0 4.4 +10

4.1 4.6 +12
4.0 4.6 +15
3.9 4.5 +15
4.2 4.7 +12

Mean: 4.0 ± .09 4.6 ± .11 +13 ± 3.3
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TABLE 3-lc. Intercomparison of Laser Detectors and 
Radiometer
Systems: Photodyne Model 66XLA Silicon Detector/Integr.
Sphere.

Internal Monitor
Reading

mJ

Photodyne 66XLA
Reading

mJ

Percent Difference
Between External 
and Internal Det.

4.1 2.2 -46
4.0 2.2 -45
4.0 2.3 -43
4.0 2.2 -45
3.9 2.2 -44
4.0 2.2 -45
4.0 2.0 -50
4.1 2.3 -44
3.9 2.2 -44
4.1 2.2 -46

Mean: 4.0 ± .09 2.2 ± .08 -45% ± 1.8
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3.2.5 Conclusions
Considering the fact that none of the detectors were 

specified by their manufacturer to be calibrated in the 
sub-nanosecond pulse regime, there was surprisingly good 
agreement with the laser energy monitors built into the J-K 
laser device tested. This meant that any future series of 
experiments could be conducted with some degree of 
confidence in reliable dosimetry. The EG&G Model 580 
Radiometer could be used to measure radiant energy and 
radiant exposure values at experimental points outside the 
laser, while the intrinsic energy monitor would indicate 
basic output values for intercomparison. In all of the 
subsequent experiments performed with the photodisruptors, 
the EG&G Model 580 Radiometer was used for measurement.

Only the silicon photodiode with integrating sphere was 
shown to be unreliable for sub-nanosecond measurements, as 
all measured values were about 50 % below those measured by 
other means. This reduced response indicated that either 
the silicon photodiode was saturating and more 
photoelectrons were produced than could be collected at the 
anode of the device, or the spark produced in air was 
absorbing nearly half of the input energy and thus 
preventing it from reaching the detector. Hence this 
detector-integrating sphere system was not used in any of 
the later experiments.

A quick check was made of the hypothesis that the air 
spark from optical breakdown was the cause of the reduced 
measured values for the photodiode system. When the EG&G 
Detector input surface was moved beyond the focal spot in
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/air, the readings dropped nearly by 50% indicating that 
optical breakdown in air was the largest source of error 
when using the Photodyne system because of the spark 
produced in the integrating sphere.

3.3 Detector Linearity Tests
3.3.1 Introduction 

As noted previously, quantum detectors such as the
bi-planar vacuum photodiode used in the EG&G Model 580 
Radiometer System can saturate at high irradiances. It was 
also not clear whether the readings would be linear within 
the detector's range of cathode currents and the current
time (charge) domains below saturation. Hence, measurements 
of a controlled range of energy outputs of the laser in the 
mode-locked mode were made to confirm linearity.

3.3.2 Materials and Methods
The experimental J-K laser previously described was 

operated in a mode locked configuration with an output 
energy raised to 5.0 mJ. The experimental arrangement was 
as before, except a neutral density filter was placed in 
front of the detector. By using a series of Schott neutral 
density filters calibrated at 1064 nm to have optical 
densities of 0.5, 1.0 and 2.0 to attenuate the 5-mJ beam, 
the beam would be reduced by a factor of: 2.5, 10 and 100
respectively. Measurements could not be made with each 
filter simultaneously, so data were tabulated for each 
monitor reading.
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3.3.3 Results
Table 3-2 provides the measured data to show linearity. 

The linearity of the EG&G detector was confirmed over two 
log units of response using the 10 exp(-11) and the 10 
exp(-10) coulomb scales of the electrometer readout. Values 
are given in mJ and data arranged in the table to save space 
as if the data were obtained simultaneously. However, the 
EG&G values correspond with the reading of the internal 
monitor, hence the values have been arranged in descending 
order.

All of the data points were in excellent agreement, and 
the laser was fortunately more stable for this series of 
measurements. The readings of the EG&G radiometer were 
consistently approximately 16 % higher than would be 
expected from the internal monitor readings, which confirmed 
the difference seen in the previous set of intercomparison 
measurements. The linearity of the EG&G radiometer was 
confirmed. Within the uncertainty of reading the 
radiometer, the OD 0.5 filter should have reduced a 5.0 mJ 
reading by a factor of 3.16 to 1.6 mJ; however, because of 
the 16 % higher calibration factor, this should have read
1.8 mJ. Similarly, the readings with the OD 1.0 filter 
should have reduced the 5.0 mJ value by a factor of 10 to 
0.5 mJ, or to 0.58 mJ. The 0D 2.0 filter would reduce the 
5.0 mJ reading by 100 to 0.05 mJ, and with the expected 16 % 
calibration factor, to 0.058 mJ.
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Table 3-2. Tests of Radiometer Linearity Using Neutral 
Filters.

Internal Monitor 
Reading

EG&G 580 
w/OD 0.5

EG&G 580 
w/OD 1.0

EG&G 580 
w/OD 2.0

mJ mJ mJ mJ

5.2 1.9 0.60 0.060
5.1 1.9 0.60 0.059
5.1 1.9 0.59 0.059
5.1 1.8 0.60 0.058

o
•
in 1.8 0.58 0.058

5.0 1.8 0.59 0.057
5.0 1.8 0.59 0.058
5.0 1.9 0.60 0.058
5.0 1.8 0.60 0.060
5.0 1.7 0.60 0.058
5.0 1.8 0.59 0.059
5.0 1.8 0.55 0.058
4.9 1.7 0.57 0.056
4.9 1.8 0.57 0.057
4.9 1.7 0.56 0.057
4.9 1.9 0.58 0.057
4.9 1.6 0.57 0.055
4.9 1.7 0.56 0.058
4.9 1.8 0.58 0.057
4.8 1.6 — 0.055

Avg: 4.98 ± 0.095 1.79 ± 0.09 0.583 ± .017 0.058±.001
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3.3.4 Conclusions
The EG&G Model 580 Radiometer System, as used in this 

study with a narrow-beam adapter, could be used on the 10 
exp(-11) and 10 exp(-10) scales at 1064 nm in both the 
mode-locked and the q-switched pulsed configurations.

3.4 Measurements of Laser Beam Quality and Cone Angle
3.4.1 Introduction

A number of conflicting claims in the scientific 
literature regarding photodisruption may be the result of 
erroneous or differing definitions of the focal beam 
quality. These conflicting opinions relate to the energy 
necessary to puncture a membrane and to related factors 
thought to affect retinal exposure, such as energy lost to 
plasma shielding. It was desired to test several different 
lasers to determine consistency in measurement and 
definition of beam characteristics.

A number of measurement techniques were tried. Of 
principal interest were:
(a) transverse mode structure of the laser beam (which 

influences the diameter and quality of the focal point) and
(b) beam cone angle.

If one assumes that the lowest energy required to achieve 
optical breakdown will be required for the smallest diameter 
focal spot, then clearly focal spot diameter must also be 
measured or calculated (Trokel, 1983).

Most laser manufacturers specify laser beam divergence 
angles at 1/e2 points (Sliney and Wolbarsht, 1980). This 
convention has also been typically followed to describe the
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cone angle of a focussed beam used in material processing or 
surgical applications. In the case of photodisrupters, 
several manufacturers were queried; and it was discovered 
that the 1/e2 convention was frequently followed, a few used 
half angles, others did not know the angle and had not 
measured it, and some even defined the cone angle as the 
geometrical angle from the cone apex (focal point) to the 
edge of the objective lens.

Only those lasers with a single transverse mode have a 
beam cross-section that follows the ideal Gaussian profile; 
and only for this single mode profile can one strictly speak 
of 1/e2 points. Nevertheless, to achieve a reasonable focal 
spot, the beam will have to be approaching Gaussian profile, 
and this convention can be applied in practice in terms of 
defining the fraction of total energy within a circular 
aperture centred on the beam axis. Despite the convention 
used by the manufacturers, the cone angle defined at the 1/e 
points (rather than 1/e2 points) is most desirable to use 
for irradiance (W/cm2) or radiant exposure (J/cm2) 
calculations at the beam axis (Sliney 1988). The peak 
radiant exposure of a Gaussian beam is the total beam energy 
divided by the area of the circular cross-section of the 
beam at 1/e points.

3.4.2 Materials and Methods
Five separate photodisruptors were measured to determine 

beam cone angle. Of these five lasers, two were identical 
J-K Laser Systems experimental systems and showed no 
measurable differences in output characteristics. In
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addition, three clinical laser models were measured. The 
three clinical laser systems were: a Meditec Model OPL-3
and a Medical Lasers, Inc. Model MTech 2000 mode-locked 
photodisupter, and a Coherent Model 9900 q-switched 
photodisrupter.

Measurements were performed with a calibrated EG & G 
Model 580 Radiometer System, calibrated apertures, an FJW 
Finderscope Infrared Image Converter and photographic films. 
The typical experimental arrangement for this series of 
studies is shown in Figure 3-1. Laser energy and cone angle 
measurements (Table 3-1) were performed between the laser's 
objective lens and the laser spark so that the production of 
the spark did not alter the energy measurements.

Cone angles were determined measuring the beam diameter 
at a fixed distance from the focal spot and calculating the 
apex angle of the right circular cone with that base 
diameter and height. The beam diameter was determined by 
the method of circular apertures (Sliney and Wolbarsht,
1980; Sliney, 1989). In this method, aperture diameters are 
altered to achieve a given fraction of transmitted energy 
(e.g., 63% at 1/e of peak-irradiance points, or 88% at 1/e2 
of peak-irradiance points). This technique, when performed 
at several aperture diameters (i.e., at several cone 
angles), provides an indication of how closely the beam fits 
a Gaussian profile.

Initially, the aperture and detector were placed beyond 
the focal spot, but it was soon discovered that this led to 
error, since the formation of a spark in air would reduce 
the energy transmitted and also alter the beam profile due
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to plasma shielding. The typical reduction in energy 
transmitted beyond the air spark was 22-28 %.

Transmitted energy was measured through a series of 
fixed-diameter, calibrated circular apertures placed either 
10 cm beyond the focal spot or 3 cm in front of the focal 
spot as shown in Figure 3-1. The transmitted energy was 
recorded and averaged for ten shots at each aperture 
diameter, and then by using a reference theoretical plot 
shown in Figure 3-2, the effective diameter at that location 
could be calculated. Figure 3-2 shows the percent of total 
energy in a perfect gaussian beam which passes through a 
given aperture.

3.4.3 Results
The beam emitted by each laser appeared visually to have 

good circular symmetry when viewed with the infrared image 
converter. However, a ring structure consistent with 
interference phenomena was occasionally seen when the J-K 
lasers operated in the mode-locked mode and viewed beyond 
the focal spot. The rings may have been the result of 
surface reflections off the plasma.

An aperture in the J-K laser cavity restricted 
higher-order modes and this was changed at least once in one 
series of experiments to study the influence of cone angle 
on beam quality. Since the J-K lasers had this internal 
adjustment, the beam cone angle was remeasured for each of 
the follow-on experiments. Table 3-3 lists one series of 
measured transmitted values and corresponding beam 
diameters.
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From the calculated values of beam diameter at 10 cm 
beyond the spark as listed in Table 3-3, it is clear that 
the beam profile of the J-K laser is steeper than a Gaussian 
profile near the centre, and more energy is spread to the 
wings. If we take a value of 13 mm for the effective 
diameter at 10 cm, the calculated cone angle is 7.4° at 1/e 
points, corresponding to 10.5° at 1/e2 points. It is 
interesting to note that the manufacturer had specified a 
cone angle of 17° at 1/e2 points.

The energy and beam cone profiles of the other lasers 
were studied in the same manner. The important 
characteristics of the four lasers used in these series of 
experiments are listed in Table 3-4.

3.4.4 Conclusions
The result that the measured beam cone angle could vary 

quite significantly from the specified values confirmed the 
need to carefully measure beam cone angle. Measurement of 
the cone angle must therefore be performed as part of any 
quantitative determination of comparative clinical 
effectiveness of different instruments or attempting to 
design an optimum instrument.

3.5 Attempts to Measure Focal-Spot Size
3.5.1 Introduction

The diameter of the focal spot in air would be desirable 
to know in order to describe and later to predict the 
optical breakdown characteristics of any medium into which 
the beam is focused. The focal spot is determined by the
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Aperture

FIGURE 3-1. Experimental Arrangements for Measuring 
Diameter to Permit Determination of Beam Cone Angle, 
panel shows method which introduces error due to 
perturbation of beam profile by spark at focal point

Beam
Top
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RELATIVE BEAM DIAMETER

Figure 3-2. Percentage of Radiant Energy or Power of a 
Gaussian Beam Passing through an Aperture of Diameter D.
The Gaussian beam diameter at 1/e-peak-irradiance points is 
noted as a.
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TABLE 3-3. Measurements of Beam Energy vs. Aperture to 
Study Beam Profile (J-K Laser)

Aperture
Diameter

Average 
Energy for 
Ten Shots

Percent Energy 
Transmitted

Beam Diameters 
if a Perfect 

Gaussian Profile
(mm) (mJ) (%) 1/e (mm) 1/e2

50 5.1 ± 0.08 100 --- ---

25 4.4 ± 0.07 92 15.6 22.1
17 3.7 ± 0.05 72.5 14.7 20.8
11 2.6 ±0.04 55 12.2 17.3

beam quality, i. e., the transverse electromagnetic mode 
(TEM) and the focal length and quality of the objective 
lens. For a single transverse (TEM^) mode, the focal spot 
diameter Df can be estimated ass

Df - f X D0 [3-1]
where f is the focal length of the objective lens and D0 the 
diameter of the objective lens and X the laser wavelength. 
From the diameter of the focal spot and the measurement of 
the beam energy Q or power $, one could then calculate the 
focal beam radiant exposure Hf or the focal beam irradiance 
Efs

Hf = 4 Q A. D02 [3-2]
and

Ef = 4 $ A, D02 [3-3]
Unfortunately, in practice the measurement of beam spot size 
of the order of 20 jim can be very difficult. Nevertheless, 
a measurement was attempted.
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Calibrated Aperture Method. Using the same J-K laser
previously described, both a 50 pm and a 0.1 mm aperture
were placed in the focal plane of the beam, and by adjusting
the x-y micrometer stage mount the apertures could be
scanned over the focal area. Unfortunately, a plasma was
always produced at the edge of the aperture and the total
energy transmitted was enormously reduced. The energy was
lowered in steps to 0.5 mj, which was the lowest energy
reliably produced by the J K laser; however, even at 0.5 mJ,
a plasma was produced around the edge of the aperture.
Using a neutral density filter to reduce the energy further
would have produced further uncertainties due to refraction   ___
effects in the filter, and this approach was abandoned
entirely.

Calibrated Slit Method. The amount of energy in a gaussian 
beam that enters a slit has been calculated relative to slit 
size, and graphs are used to determine the beam diameter 
based upon the fraction of energy transmitted (Sliney and 
Wolbarsht, 1980). The same problem that had existed with 
the aperture was present, although to a lesser extent. Even 
at a laser beam energy of only 0.5 mj, a weak plasma was 
produced at the razor-blade edges of the slit despite great 
efforts made to clean the edges and maintain a clean 
atmospheric environment near the slit. Nevertheless, this 
method produced the most reliable indication of focal beam 
diameter. Measurement data are presented in Table 3.5.

Calibrated Ribbon Method. An analogous method of measuring
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the focal beam diameter, using a calibrated ribbon or wire, 
was also attempted. In this approach, the central beam 
energy is blocked, so it was hope that the lower beam 
irradiance at the edge of the beam might not lead to a 
plasma; however, a weak plasma was also note. Observation 
of the transmitted beam falling on the EG&G detector surface 
were made with an FJW finderscope infrared image converter. 
This showed a widely distorted beam fraction which indicated 
the higher order modes would grossly distort the 
measurement. Hence, this approach was also abandoned.

3.5.3 Results
The widest slit width employed (50 |im) produced the 

least indication of a mild plasma at the edge of the slit 
and the transmitted beam energy results are presented in 
Table 3.5. As seen from Figure 3.3, for 62% transmission 
through a slit, the diameter d0 of a gaussian beam would be 
at least no greater than:

Dl = (d)/(d/L) = (50 Jim)/(0.62) = 81 \im
where the ratio of the 1/e beam diameter DL to the slit 
width d is 0.62
for a transmission factor of 0.62 (remaining fraction of 
0.38 transmitted around a bar or ribbon of width d in Figure 
3.3).
3.5.4 Conclusions

The focal beam diameter of the J-K Laser in the 
mode-locked mode was no greater than 84 |im. If a plasma 
absorbed some of the energy that should have entered the
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Figure 3-3. Ratio of Energy Transmitted Past a Calibrated 
Ribbon or Bar of Width d for a Gaussian Beam of Diameter DL 
(Ribbon Method). Alternatively, 1.0 minus the fraction of 
energy transmitted through a slit of width d when used in 
the slit method (Sliney and Wolbarsht, 1980).
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Table 3-5. Energy Transmitted Through 50-jim Slit.

Total Energy Without 
Slit in the Beam

Energy Transmitted 
Through Slit

1.4 mJ 0.83 mj
1.4 mj 0.85 mJ
1.2 mJ 0.72 mJ
1.3 mj 0.79 mJ
1.2 mJ 0.73 m J
1.3 mJ 0.78 mJ
1.3 mj 0.78 mJ
1.1 m J 0.68 mJ
1.2 mj 0.69 m J
1. 2 m J 0.73 mJ

Avg. 1.22 ± 0.06 0.76 ± 0.06

Calculations:
Average Transmitted Energy = (0.76)/(1.22) = 0.62
Average Blocked Beam Energy = 1 - 0.62 = 0.38

From Figure 3-5 ■, a Beam Energy Ratio of 0.38 corresponds to 
a diameter ratio of 0.62; i.e., the slit width is 62 % of 
the beam diameter, neglecting the possible errors due to 
plasma formation.

slit, a lower reading would have resulted, leading to a
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smaller transmission ratio and an estimate of a larger 
focal beam diameter. This method should not have led to an 
underestimate of beam diameter. It also appeared obvious 
from the infrared viewer photographs and the previous beam 
profile studies, that the J-K Laser was certainly not 
operating in a single transverse mode, since the theoretical 
focal beam diameter would have been of the order of 20 urn.

3.6 Optical Breakdown Threshold in Air
Upon observing a number of different commercial laser 

photodisruptors demonstrated at an ophthalmological meeting, 
it became apparent that a qualitative test for comparative 
testing of beam focal quality of clinical instruments could 
be to vary a laser's energy setting to obtain the threshold 
for optical breakdown in air (i.e., a visible spark). This 
check-test would be of greatest value with q-switched 
lasers, since all of the mode-locked lasers tested above 
produced a spark in air at a beam energy of 2 to 3 mJ for 
which they were set. This was not, however, true of the 
q-switched lasers carefully measured in this study.

The experimental J-K laser evaluated most extensively in 
this study was never able to produce optical breakdown in 
air— even at the maximum energy output of 5 to 8 mJ in the 
mode-locked configuration. However, an American Medical 
Optics laser demonstrated at an ophthalmological meeting 
routinely produced a spark in air at 3 mJ. Although this 
laser was unavailable for radiometric measurements, it was 
clear from the optical breakdown threshold that the focal 
quality was far better than the other q-switched lasers
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/quality was far better than the other q-switched lasersS  

initially measured.
Since an optical breakdown threshold in air is both 

stochastic and is also a complex combination of total 
energy, pulse duration and focal spot, this measure of beam 
focal quality can only be qualitative. Nevertheless, since 
the object of a photodisruptor is to create optical 
breakdown, this may be a very practical and revealing test.

3.7 Measurement of Pulse Duration
3.7.1 Introduction

The measurement of laser pulse width is useful in 
calculating peak power of the laser pulses used in each 
study. The measurement of q-switch pulses is not a serious 
technical challenge and the manufacturers' specifications 
are probably reliable. This pulse width can be checked and 
it was decided to measure the pulse width of the J-K laser 
in the q-switched mode when a fast rise-time oscilloscope 
was available.

The measurement of the pulse width of the mode-locked 
laser pulses poses a severe technical challenge. Because of 
the lack of expected reproducibility from pulse to pulse, a 
number of methods using averaging and sampling techniques 
with high-speed oscilloscopes could not be readily applied—  

if at all. It was therefore necessary to use a streak 
camera.
3.7.2 Materials and Methods

The rise time of the vacuum photodiode used in the EG&G 
Model 580 Radiometer System was 1.0 ns; however, it was
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necessary to apply an external bias of 300 V in order to 
achieve this short rise time. A Tektronix Model 7904A 
high-speed 500 MHz storage osciloscope was used to measure 
the q-switched pulse of the J-K laser in the q-switched 
mode. The recorded pulse width stored on the osciloscope 
was recorded at full-width-half-maximum (FWHM).

A Hamamatsu Series Cl000 Streak Camera System with a 
Model C979 Temporal Dispersion (streak camera) Unit, Model 
C1098 Temporaral Analyzer Unit, and Model SIT video camera, 
was used to measure the mode-locked pulse train of the MTech 
2000. The streak camera translates the time duration of the 
light pulse into a vertical bar which allowed the 
measurement of pulse durations as short as 10 ps; the time 
resolution was 10 ps.

In order to trigger the streak camera, a portion of the 
beam was split off by a beam splitter and sent across a long 
laboratory path of 12 m in order to delay the pulse entering 
the streak tube (N895) by at least 35 ns. The primary beam 
was detected by a high-speed silicon photodiode to produce a 
trigger pulse for the streak tube.

3.7.3 Results
The duration of single pulses in the train of 

mode-locked pulses clearly varied as shown in Table 3-6.
With 20 exposures the pulse duration ranged from 24 to 38 
ps, i.e., a 37 % variation. The uncertainty in each of the 
readings was approximately 25 %. This compared favorably 
with the uncertainty in the oscilloscope measurements of the 
q-switched pulse width of the J-K laser which had a pulse
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Table 3-6. Streak Camera Measurements.

Run Number Measured (ps)

1 24
2 33
3 30
4 36
5 29
6 34
7 26
8 27
9 38

10 31

Mean and Standard Deviation: 30.1 ± 4.5

width of 15 ± 4 ns (i.e., a 27 % variation). The 
difficulties in reading the oscilloscope screen introduce 
and estimated error of ± 15 %.

3.8 Discussion and General Conclusions
The state of the art permits reliable measurements of 

energy, beam diameter outside the focal zone, beam 
divergence and pulse width. However, serious difficulties 
are encountered with the measurement of focal beam diameter. 
None of the standard methods for measuring focal beam 
diameter were effective in this regard. This poses serious
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diameter were effective in this regard. This poses serious 
difficulties in the study of optical breakdown and plasma 
formation if one wishes to be quantitative regarding 
breakdown irradiances and radiant exposures in the focal 
zone. If one has a truly Gaussian beam (which was not 
characteristic of the four lasers measured), it would be 
possible to employ Gaussian beam equations by measuring the 
focal lengths of the beam expanding lenses and objective 
lens and the beam waist of the laser. Unfortunately, the 
uncertainties in all of those measures would be quite large 
Interestingly enough, it may well be that for inter
comparisons, the determination of the threshold for 
producing a spark in air may actually provide the best 
indication of focal quality, even though this test is 
qualitative. The use of a stretched plastic (or rubber) 
membrane in water could be used as a means of testing a

iphotodisruptor in a most practical sense (The Group of 
Guidel, 1988).
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Chapter 4

PHYSICAL STUDIES OF OPTICAL BREAKDOWN
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4.1 Introduction
4.1.1 Background

The optical breakdown threshold is known to be 
statistical in nature. The basic studies of breakdown in 
solids, liquids and air supports this statement (Bell and 
Landt, 1967; Barnes and Rieckhoff, 1968; Bliss, 1969; Felix 
and Ellis, 1971; Lauterborn, 1972; Bass and Barrett, 1972, 
1973; Bass and Fradin, 1973; Glass and Guenther, 1973, 1977; 
Milam, 1976). Past theoretical and experimental work 
supports the idea that a single 10 - 30-ps mode-locked pulse 
creates optical breakdown by direct influence of the 
light-wave's electric field (E-field) through a process know 
as inverse Bremstrahlung and electron-avalanche breakdown 
(Mainster, et al., 1983). The threshold for breakdown is 
E-Field dependent, but also time dependent for the same 
focal spot size. Because of the statistical nature of the 
effect, the E-field threshold increases for decreasing focal 
spot sizes and decreasing pulse duration.

Optical breakdown for 10-20 us laser pulses is known to 
be thermionic in nature and not so clearly related to the 
E-field. Past studies indicate that 10 to 20-ns Q-switched 
pulses are in the transition domain between thermionic and 
E-field breakdown mechanisms (Glass and Guenther, 1977). It 
therefore appears reasonable that the threshold 
characteristics, plasma lifetimes and other phenomena 
associated with plasma production may vary so sufficiently 
between Q-switched and mode locked sources that they may 
have a clinical significance. For this reason, it is 
important to study the absolute threshold for optical
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breakdown. This is first perhaps best studied in simplified 
model systems such as in distilled water or saline and at an 
interface, such as the surface of cellophane suspended in 
water. Cellophane (simulating a membrane) in water creates 
an interface which locally distorts the electric field and 
in theory should lower the threshold for optical breakdown.

4.1.2 General Aims of this Series of Studies
The objective of this research on photodisrupter 

interaction mechanisms was to determine from a physical 
standpoint what energy levels and temporal mode structure 
would be optimum for clinical use. Of principal importance 
is the determination of optical breakdown thresholds and the 
determination of the physical factors that could affect the 
potential for generating adverse effects to adjacent or more 
distant tissues. To some extent, this general subject had 
been investigated in preliminary research (Mainster, et al., 
1983) and became the subject of parallel research by others 
(e.g., Docchio, et al., 1986; Vogel, et al., 1986; Zysset, 
et al., 1989). The potential for collateral damage from a 
laser photodisruptor could originate from several 
biophysical effects:

(a) Particles ejected from the optical breakdown site.
(b) Mechanical waves (also broadly referred to as 

acoustic transients)
(c) Ionizing and non-ionizing radiation.
(d) Cavitation bubbles.
(e) Stimulated Brillioun scattering.
(f) Reflected and refracted laser radiation.
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(g) Laser radiation "downstream" from the focal spot, 
e.g., at the retina.

In this regard, the plasma shielding afforded by the 
optical breakdown plasma and the other physical phenomena 
are best determined by simulating conditions within the eye 
using a saline or a water model. 'v

4.2 Optical Breakdown Thresholds in Water 
4.2.1. Objectives

Prior to any studies of collateral effects, plasma 
shielding of retinal irradiances, and practical clinical 
questions, it is paramount to obtain some baseline 
thresholds for optical breakdown in the water-cell physical 
model. It is first necessary to determine if pure water or 
saline have different thresholds. This is a possibility as 
a working hypothesis was that saline should have a lower 
threshold because of the greater concentration of free ions. 
When the best of these two models is established, then it 
would be possible to determine the effect of focal quality, 
cone angle and the effect of previous pulses (i.e., 
preionization).

4.2.2 Materials and Methods
4.2.2.1 Laser System

The primary laser used in this and most of the following 
experiments was a J-K Lasers experimental water-cooled 
Nd:YAG laser system No. 4354. This laser had been modified 
for Coherent, Inc. with a Rodenstock Model RO 2000 slit-lamp 
microscope delivery system. The beam exiting the laser was



directed through an articulated arm by mirrors to a mirror 
and objective lens at the slit lamp. The 50-mm diameter 
objective lens had a focal length of 120 mm which was 
estimated to produce a 50 ^m diameter focal spot in air at 
the working distance of the microscope. A He-Ne laser beam 
was aligned coaxially with the NdsYAG beam to visibly 
indicate beam location and the focal spot. The power of the 
He-Ne beam was measured to be 0.13 mW.

The J-K laser employed a single-plate dielectric 
polarizer with a 9-mm diameter Pockels cell operating at a
0.18-ms delay to achieve a Q-switched pulse and a dye cell 
to produce a mode-locked q-switched pulse. The manufacturer 
specified the Q-switched pulse duration at 22 ns (FWHM) with 
a maximum energy of 10 mJ. The laser system could be 
operated to emit either a single pulse or multiple pulses 
with a pre-selected burst of 2 to 9 pulses at repetition 
frequencies (PRF's) of 10, 20, 30, 40 or 50 Hz.

When mode-locked, the laser system produced 7 to 9 
discrete 30-ps pulses within a q-switched pulse envelope of 
30 to 50 ns. This mode-locked pulse group had a maximum 
specified energy of 5 mJ. The dye cell used for 
mode-locking had a 0.25-mm gap, and Kodak 9740 saturable dye 
in a dichloroethane solution which was pumped through the 
cell to minimise degradation of the dye. Nevertheless, the 
dye had to be changed after a few weeks of normal use.

The laser's built-in output energy monitor was 
periodically calibrated against the EG&G Model 580 
Radiometer. The laser firing circuit was set at a voltage 
to obtain approximately 4 mJ and fired for ten consecutive
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shots into the EG&G detector placed immediately in front of 
the beam exit (i.e., prior to the focal spot) and oriented 
to collect the entire beam exiting from the slit-lamp 
delivery system. The recordings from the built-in energy 
monitor and from the EG&G detector were recorded for each 
exposure and the percent difference between the two readings 
also recorded and analyzed by the method discussed in 
Section 3.3.4.

4.2.2.2 Quartz Cell
A quartz cell with a 25-mm path length was chosen to 

hold the water or saline. The 25-mm path length was chosen 
to simulate the path length from cornea to retina. This was 
also sufficiently large to position the laser beam focal 
spot sufficiently far from the quartz surface. It was of 
concern that placing the focal spot of the laser near the 
quartz could alter the threshold and also possibly damage 
the quartz surface.

4.2.2.3 Experimental Procedure
The quartz cell was filled with water or saline and 

positioned so that the focal spot of the laser was located 
within the cell at a point of interest. The laser output 
was monitored by the built-in energy monitor in the J-K 
laser. In other lasers, the laser output was automatically 
set at a fixed energy and internally monitored to be 
constant. The EG&G Model 580 Radiometer with Model 580-23A 
Detector Head (S.N. 274) was placed at the far side of the 
water cell to measure the total radiant energy transmitted.
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This arrangement is shown in Figure 4-1.
Prior to optical breakdown experiments, with and without 

a fill of saline, the transmittance of the quartz cell was 
measured using a Nd:YAG CW laser. A CW laser was used to 
measure transmission because optical breakdown could occur 
and introduce an error in this measurement if the pulsed 
laser had been employed. Measurements with and without 
water were necessary to determine the reflection loss of 
each surface of the cell and the absorption within the water 
path.

For threshold measurements, the beam energy was varied 
and the presence or absence of a visible spark within the 
cell was used as an indication of optical breakdown. To 
optimise viewing of the spark, experiments on optical 
breakdown were conducted in the dark and only after I had 
undergone dark adaptation for at least twenty minutes (25 
minutes for low-energy, mode-locked pulsed exposures). The 
viewing positions were either through the slit-lamp 
microscope or at right angles to the beam from the side of 
the cell in this latter case without magnification.

4.2.3 Results
4.2.3.1 Transmittance of the Quartz Cell

The power of the CW beam detected by the EG&G Model 580 
Radiometer without the quartz cell in place was: 0.11 W.
With the empty cell positioned such that the beam passed 
through its centre, the power reading dropped to 0.070 W,
i.e., a transmittance of (0.070)/(0.11) = 0.64. With the
cell filled with either saline, or distilled and deionised
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Aperture

Water Filter

FIGURE 4-1. Experimental Arrangement for Measuring Optical 
Breakdown Thresholds and Studying Plasma Shielding. The 
aperture in front of the detector was only used for the 
plasma shielding studies.
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water, the power dropped only to 0.055 W, i.e., a 
transmittance of 0.50. The effect of the water was to add 
an absorption loss, even though in theory, the presence of 
the water should reduce the Fresnel reflection loss at the 
air-quartz interfaces. No measurable differences were 
detected between the water and saline samples. The 
transmittance of the entire cell without water was 
(0.70)/(0.11) = 0.64. If one assumed that the total loss 
was due to reflection losses at the four surfaces, the 
transmittance per surface would be the fourth root of 0.64, 
or 0.89. This would be 11% loss per surface which is far 
greater than the generally accepted value of 4.0% for normal 
incidence in air. Apparently quartz must absorb a 
significant fraction of energy. To calculate the losses, it 
is best to convert to optical density to appropriately 
assess where the fractional losses occur.

Losses in terms of optical density, OD, are simply 
additive. The OD is expressed as the negative of the 
logarithm (base 10) of the transmittance. Hence, the OD of 
the filter system was obtained by measuring the beam 
transmittance under different conditions as summarised in 
Table 4-1.

By studying the reflection loss of the cell in air, it 
was possible to deduce that the internal transmission loss 
of each window was: (1*0) - (0.89) = 0.11, or 11%.
With water or saline solution introduced, the overall 
transmission decreased because of the water attenuation, 
despite the fact that the Fresnel reflection loss should 
have reduced slightly. The transmittance loss x for the

143



Table 4-1. Analysis of Transmission Losses in Water Filter.

Attenuating Element Transmittance Optical
Density

Cell without water 0.64 0.19
Cell with water 0.50 0.30
Fresnel loss per surface in air 0.96 0.018
(0.04 reflectance)

From total Fresnel losses in air 0.85 0.07
(4 surfaces at 0.04 reflectance)

Total internal transmission in 0.79 0.10
windows (0.85 - 0.64 = 0.21)

Internal transmission per window 0.89 0.05

external air-quartz interfaces would remain at 4% loss per
surface, or:

t  = (0.96)(0.96) = 0.92 [4-1]
leaving:

[(0.92)(0.79) - (0.50)] = 0.23
loss in the water and in the quartz/water interfaces. The 
estimated loss in the interfaces would be approximately 3%, 
leaving the total transmission loss in the water path at 
20%.

144



Although water is "clear" in the visible spectrum, the 
above calculations and measurements were necessary to 
determine the energy arriving at the focal point inside the 
water cell. Since the spark was normally positioned halfway 
through the cell, the reduction of the energy in the beam 
between leaving the laser and arriving at focal point was 
29%. To allow for this energy loss the energy on the output 
monitor was reduced to 71% of the measured reading in all 
later experiments. The transmission loss at the entrance 
window of the water-filled cell was also introduced into all 
determinations of threshold effects.

4.2.3.2 Spark Visibility
The spark obtained by a Q-switched pulse was always 

clearly visible. In contrast, as the energy of the 
mode-locked pulse group was progressively reduced, the spark 
became more difficult to detect visually. For this reason, 
each person observing the mode-locked pulse was fully 
dark-adapted prior to observations.

4.2.3.3. Optical Breakdown Threshold Data
Figure 4-2 shows the statistical thresholds for optical 

breakdown in water and saline for different lasers. The 
threshold for lasers emitting mode-locked pulses was clearly 
more sharply defined than for those operating in the 
q-switched mode. In addition, the smaller diameter focal 
spot in the former required less energy to initiate 
breakdown. The presence of increased ions in the saline 
solution also lowered the threshold when compared to
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FIGURE 4-2. Optical breakdown thresholds for q-switched and 
mode-locked laser exposures. The difference in slopes 
clearly suggest different mechanisms.
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distilled water.

4.2.4 Conclusions
The differing thresholds and variation in slopes provide 

a clearer insight into the optical breakdown mechanism.
There is clearly a different initiation mechanism between 
optical breakdowns induced by Q-switched and mode-locked 
pulse modes. Determination of the mode-locked threshold was 
limited by the sensitivity of the observer, as decreasing 
energy levels became increasingly difficult to detect 
visually. Regrettably, budgets did not permit the use of 
photomultiplier detectors to detect the spark. However, the 
spark produced by the q-switched pulse was either very 
clearly detectable, or not present.

4.3 Breakdown Thresholds in Transparent Membranes
4.3.1 Introduction

Once the baseline optical breakdown thresholds were 
obtained in water, it was desirable to attempt a closer 
simulation of breakdown in a biological membrane such as the 
posterior capsule of the lens. Because an interface between 
a membrane and water should induce a slight change in index 
of refraction, the electric field of the light wave will be 
slightly distorted, and one might expect a reduced optical 
breakdown threshold. Furthermore, ions on the membrane 
surface may also lower the breakdown threshold.

The working hypothesis was that with the introduction of 
a transparent membrane into the water cell, such as 
cellophane, the optical breakdown threshold would be
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lowered. The aim of this series of experiments was to test 
the hypothesis that a membrane interface should lower the 
breakdown threshold. Further, if such an effect occurred, 
to determine its magnitude and thereby define the tolerances 
for precise positioning of the laser focal spot on the 
posterior capsule or other biological targets during 
surgery.

4.3.2 Materials and Methods
As in previous experiments, the quartz cell with a 25-mm 

path length was filled with water and positioned so that the 
focal spot of the laser could be aimed at a transparent 
cellophane sheet suspended within the cell. The cellophane 
was positioned at approximately 15 mm to 20 mm along the 
25-mm path. The J-K Laser described in Paragraph 4.2.2.1 
above was operated in both the q-switched and mode-locked 
modes. The laser output energy was varied by adjusting the 
flashlamp voltage and by inserting calibrated absorbing 
glass filters (Schott NG-series) in front of the water cell.
The beam was focused at a series of points arranged in 
vertical columns on the cellophane sheet.

4.3.3 Results
With the q-switched laser pulse, the water cell and 

cellophane membrane transmitted 50% of the incident energy 
of 4.8 mJ, but when a plasma was produced the transmitted 
energy was further reduced by 50% to 67% to approximately

"?
1.1 to 1.2 mJ. However, if the plasma were produced in a ‘
previously generated hole, only 20% of the energy passed
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through, indicating a more dense plasma. This means that in 
the latter case, the plasma attenuated the beam by 80%.

4.3.4 Conclusions
Physical discontinuities such as membrane surfaces, will 

produce localised electric field changes that reduce the 
threshold for optical breakdown; however, the most dramatic 
effects occur when physical discontinuities are greatest, 
e.g., at edges with relatively rapid changes in surface 
profile. As would be expected from classical electric field 
theory, the field distortions at the edge of a hole or at 
the torn edges of a membrane would be greatest, and the 
thresholds for optical breakdown would be lowest. This 
could have clinical implications if one were attempting to 
produce optical breakdown behind such an edge, because if 
the edge impinged upon the beampath, multiple breakdown 
could occur.

4.4 Breakdown Thresholds in Absorbing Films
4.4.1 Introduction

Building upon the baseline optical breakdown thresholds 
in water and in a cellophane membrane, it was desirable to 
attempt a simulation of breakdown in a highly absorbing 
biological structure such as the retinal pigment epithelium. 
The interface between transparent structures and highly 
absorbing media should have a substantial change in index of 
refraction, which would significantly distort the electric 
field of the light wave and thereby reduce the optical 
breakdown threshold. Furthermore, surface ions would also
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lower the breakdown threshold. The working hypothesis was 
that with the introduction into the water cell of a highly 
absorbing surface, such as a blackened photographic 
emulsion, the optical breakdown threshold would be 
substantially lowered. The aim of this experiment was to 
test the hypothesis that any highly absorbing material, such 
as melanin, would lower the breakdown tjpceshold. Depending 
upon the degree of this effect, the safety of any pigmented 
structure in the vicinity of the optically generated plasma 
could be affected.

4.4.2 Materials and Methods
As in previous experiments, the quartz cell with a 25-mm 

path length was filled with water and positioned so that the 
focal spot of the laser could be located within the cell at 
a black absorbing surface. The black absorbing surface was 
chosen to have a high attenuation at the laser wavelength 
(1064 nm). Most organic dyes do not absorb at 1064 nm; 
hence many inks and "black" colour print emulsions actually 
do not absorb at 1064 nm. After some preliminary tests 
using an infrared image converter with a 1064-nm laser 
filter to view reflectance of samples, it was determined 
that a silver-based black-and-white, resin coated Kodak 
Kodabromide black print paper was ideal for these 
experiments.

The J-K Laser described in Paragraph 4.2.2.1 above was 
operated in both the q-switched and mode-locked modes. The 
laser output energy was varied by adjusting the flashlamp 
voltage and by inserting calibrated absorbing glass filters
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(Schott NG-419 series) in front of the water cell. The beam 
was focused in a series of points arranged in vertical lines 
on the black photographic print paper.

4.4.3 Results
This study provided by far the greatest differences 

between the behaviour of the mode-locked and the q-switched 
laser pulse durations. The threshold for creating a 
visually detectable change was much lower for the 
mode-locked pulse group. In both cases, it was possible to 
achieve a visually detectable "burn" spot on the black 
emulsion without a visually detectable spark. The exact 
mechanism which created the "burn" spot was uncertain: 
thermal or ionization; however, the burn spot provided a 
clear indication of interaction with matter. The data are 
summarised in Tables 4-2 and 4-3.

The lowest q-switched pulse energy which created a spark 
on the black emulsion was 0.93 mJ; the lowest energy which 
created a burn spot without a spark was 0.09 mJ. The lowest 
mode-locked pulse energy which created a spark on the black 
emulsion was 0.02 mJ; the lowest energy which created a burn 
spot without a spark was 0.0064 mJ (i.e., 6.4 uJ). Hence 
the thresholds for the mode-locked pulse group were lower 
than the q-switch thresholds by more than one order of 
magnitude. However, the near-threshold burn spots created 
by the mode-locked pulse group were much smaller than those 
produced by the q-switched pulse. The q-switched spark and 
burn spots near threshold were clearly visible. The spot 
was either clearly visible or not present, and there was no
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Table 4-2. Q-Switched Spark and Burn-Spot Data for
Absorbing Film.

Energy (mJ) Observation: Spark Noted* Burn Spot*

3.0 ++ +++
3.0 ++ +++
0.90 - +++
0.91 - +++
0.88 ++ +++
0.93 ++ +++
0.47 - ++
0.41 - +
0.24 - +
0.16 - -

0.09 - +
0.088 - +
0.088 - +
0.083 - -
0.075 - -
0.064 - -
0.064 - -
0.044 — —

*The degree of the effect noted was rated in three degrees 
of + , ++, and +++. If no effect was noted, the observation 
was marked -.
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Table 4-3. Mode-Locked Spark and Burn-Spot Data for
Absorbing Film.

Energy (mJ) Observation: Spark Noted* Burn Spot*

1.6 ++ +++
1.0 ++ +++
0.64 ++ +++
0.50 ++ +++
0.40 ++ +++
0.32 ++ ++
0.20 ++ ++
0.16 + ++
0.10 + +
0.064 + +
0.040 + +
0.025 + +
0.020 + +
0.020 + +
0.016 - +
0.016 - +
0.010 - +
0.0064 - + , #
0.0064 - + , #
0.0051 - -
0.0051 - -
0.0051 - —

* The degree of the effect noted was rated in three degrees 
of +, ++, and +++, and an observation of no effect marked -.
# Seen only under optical magnifying aid.
confusion for the observer in this matter. It may well have
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been possible to lower still further the apparent thresholds 
obtained by the mode-locked pulse group had an image 
amplifier been available, or a higher-power microscope been 
employed. However, further, more sophisticated techniques 
were not attempted, because, there was no clear need to 
obtain a still lower threshold, as the basic hypothesis that 
a highly absorbing material would lower the threshold for 
breakdown had been tested.

4.4.4 Conclusions
The experiment showed there was a clear difference 

between mode-locked and q-switched laser burn thresholds in 
a highly absorbing layer. For mode-locked operation, 
observable spark and burn thresholds were at least one order 
of magnitude lower and the size of the effect much more 
confined. This suggests that in those surgical procedures \ 
when more precise and more confined incisions are required, 
the mode-locked laser may have a clinical advantage over v 
q-switched systems.

4.5 Measurements of Plasma Shielding
4.5.1 Introduction

Initial arguments for use of the mode-locked laser vs. 
the q-switched laser was that it presented a reduce risk to 
the retina because of plasma shielding, although this was 
debated (Aron-Rosa, et al 1980, 1982; Fankhauser, et al 
1981, 1982; Loertscher, 1983). Plasma shielding has been a 
long accepted phenomenon in basic physical studies of laser 
interactions with solid-state materials (Ready, 1971).
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A major field of interest in physical studies of 
photodisrupters has been to quantify plasma shielding. It 
is an obvious consequence of the law of conservation of 
energy that when focused optical energy produces a plasma, 
optical energy is dissipated in that process, thus reducing 
the optical radiation in the laser beam beyond the focal 
zone. Furthermore, since the plasma produces an optical 
discontinuity, incident radiation energy is not only 
absorbed, but scattered and reflected as well. This net 
loss of energy beyond the plasma is said to result from a 
process termed "plasma shielding".

It is also well accepted from studies of laser induced 
plasmas that this plasma shielding also forces the plasma to 
grow into the oncoming beam since the beam irradiance at the 
front of the plasma is much greater than the shielded 
posterior portion of the plasma. It was therefore both 
relevant and necessary to study the shape of the plasma by 
photographic means.

All of the above phenomena could affect the 
unintentional retinal radiant exposure in clinical 
applications where therapeutic doses were delivered to 
structures in the anterior portion of the globe. It was 
desired to determine the nature and degree to which such 
collateral retinal exposures would be reduced by plasma 
shielding. Of interest was not only the total energy 
transmitted beyond the plasma, as had been reported in some 
previous studies, but also how this energy was distributed. 
For this reason a series of dedicated radiometric 
measurements were made to explore these questions. To

155



estimate the effect of plasma shielding upon retinal radiant 
exposure, it was necessary to measure the laser energy which 
passed through a small central cone angle posterior to the 
spark in the water cell.

4.5.2 Materials and Methods
The quartz cell with a 25-mm path length was filled with 

either water or saline and positioned so that the focal spot 
of the laser was located within the cell at a point of 
interest. The focal spot was normally placed approximately 
5 - 8  mm into the cell to correspond with a target 
penetration geometry analogous to that encountered during 
the ophthalmic surgical procedure designed to rupture the 
posterior capsule at the lens. The laser output was 
monitored by the manufacturers built-in energy monitor (if 
available, as with the J-K laser), or the energy output was 
checked prior to each series of experiments when a fixed 
output series was used emanating from lasers with no 
integral monitors (as with the OPL-3 and MTec-2000). The 
EG&G Model 580 Radiometer with Model 580-23A Detector Head 
(S.N. 274) was placed at the far side of the water cell and 
used to measure either the total radiant energy transmitted 
through its cell or to determine the energy within a narrow 
cone behind the microplasms by the use of calibrated 
apertures. This arrangement is shown in Figure 4-1. The 
25-mm path length was chosen to simulate the path length 
from cornea to retina. Not shown in Figure 4-3 was a Nikon 
F 35-mm camera with a 50-mm macrolens which was sometimes 
placed to the side of the water cell to photograph the shape
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of the spark.
All five lasers were used for the experiments in this 

series: the two J-K experimental lasers, the Coherent 9900; 
OPL-3 (S. N. 080), and the M-Tec 2000 (S. N. 001). For each 
laser, the beam energy was varied and the presence or 
absence of a visible spark was used as an indication of 
optical breakdown. The spark was viewed in the dark, both 
through the slit-lamp microscope and from the side by the 
unaided eye. Photographs of the spark were taken from the 
side during one set of measurements performed with the J-K 
laser, using manual synchronization to hold the shutter open 
during the spark event. Kodak Hi-speed Ektachrome film was 
employed.

A 7-mm aperture was placed on-axis 190 mm behind the 
spark to subtend a 2. l°-cone angle. Successive neutral 
density filters (each combination with 0.1 density step 
increase) were placed at the laser output until no plasma or 
non-linear attenuation could be detected. The filters were 
then collectively removed to note their total attenuation 
factor and thereby deduce the non-linear shielding 
component.

Whenever neutral-density attenuating filters were used 
in these studies, only Schott non-saturable, bulk absorption 
glass filters were used. Plastic, dye-impregnated filters 
may saturate at very high irradiaiances and
interference-coating-on-glass filters may be readily damaged 
or not add attenuation linearly.

The total energy of the transmitted beam could be 
measured by removing the calibrated aperture and collecting
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the entire beam of direct plus forward-scattered radiation.
As previously discussed, the transmittance of the quartz 

cell was measured using both unfocussed CW and unfocussed 
Q-Switched laser beams with and without saline to obtain a 
reference transmittance. The reduced transmittance due to 
plasma shielding was calculated from this baseline value. 
From a retinal-hazard standpoint, the 25-mm water path 
simulated the ocular media and had a 66% transmission for 
the 1064-nm beam. Since Fresnel (specular) reflection 
increases with angle of incidence, it was necessary to 
measure the transmission not only for a colli^Sted beam, but 
also with the focussed beam at an energy below plasma 
threshold. The total energy collected— when subtracted from 
the transmitted beam with no plasma— indicated the energy 
coupled into the plasma or back-scattered.

4.5.3 Results
The plasma_jscattering component is large, as can be 

illustrated by an experiment in air to measure the beam cone 
angle of the OPL-3. A cone angle of 6.5° (0.114 radian) at 
1/e-points was measured anterior to the focus, 9.0° (0.16 
radian) at 1/e-points posterior to the spark is shown in 
Figure 4-3. This same effect was shown dramatically when 
the plasma spark was formed in water. The same experiment 
was performed with both the OPL-3 and the M-Tec 2000 leading 
to a cone angle of 12° at 1/e points for the OPL-3 and a 
larger angle for the M-Tec 2000. Hence the measurement of 
total energy beyond the spark does not really show the full 
degree of plasma shielding. Other studies, for example,
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FIGURE 4-3. Plasma Shielding. The results for the 
mode-locked laser showed substantially more plasma 
shielding.
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Steinert, et al. (1983), reported lower plasma shielding 
values because the energy was collected behind the spark in 
a larger cone angle of radiation.

For the OPL-3, at an input beam energy of 0.045 mJ no 
plasma shielding was present; at 0.45 mJ, 50% shielding 
existed and at 4.5 mJ, 84% was shielded (i.e., only 16% of 
the expected beam radiant intensity was transmitted). For 
the M-Tec 2000, at an energy of 0.036 mJ no non-linear 
attenuation (shielding) was present. For a beam energy of 
0.36 mJ, again 50% shielding was present; then at 3.6 mJ,
10% was transmitted (90% shielding). When the collecting 
aperture on the M-Tec 2000 beam was increased to 35 mm at 
190 cm (10.4 , or 72% of the beam cone), the transmitted 
beam fractions were 40% and 10% for a 0.36 and 3.6 mJ input 
respectively. Expanding the collection angle enormously— to 
about 50-mm diameter at 40 mm behind the spark— led to 31% 
transmission (69% shielding) at 3.6 mJ and 52% transmission 
(48% shielding) at 0.36 mJ. These latter values of only 50% 
to 70% shielding for larger cone angles agree well with more 
recently published studies (Docchio, 1988).

4.5.4 Conclusions
The microplasma produced in the eye is a small sphere at 

threshold and becomes elongated in the anterior direction as 
laser energy is increased (Figure 4-4). Since the plasma 
has the physical properties of a gas and the electrical 
properties of a solid electrical conductor, it is not 
surprising that it behaves as a reflector and scatters 
incident energy as well.

160



FIGURE 4-4. Photographs of Microplasmas from 
Photodisruptor. The photographs were obtained using a 35-mm 
camera with a macroscopic lens positioned approximately 20 
cm from the spark along a line perpendicular to the laser 
beam axis. The left photograph is a spark at threshold, the 
right photograph, at three times threshold energy.

161



With the small 1-mm to 7-mm aperture in place, the 
actual fraction of the beam-per-unit-angle (intensity) 
falling on the retina could be derived. Some shielding 
studies reported in the literature (Steinart, et al., 1983 
a,b) failed to make use of apertures, thus greatly 
underestimating the true degree of plasma shielding by 
between as much as a factor of 4.

4.6 The Effect of Plasma Shielding Upon Burns in Absorbing
Films
4.6.1 Introduction

The primary objective of studying the effect of plasma 
shielding related to concern about retinal safety when the 
optical breakdown occurred in the proximity of the retina.
In our model experiments, we considered that the black film 
simulated the layer of absorption, the RPE; then placing the 
optical breakdown point a few millimetres in front of the 
film would indicate the relative degree of plasma shielding. 
The aim of this experiment was to use the most sensitive
black absorbing layer to simulate the RPE and place
breakdown points closer and closer to the film until one 
could detect a threshold change in the black layer. By 
comparing the relative effect between the mode-locked pulse 
train and the single q-switched pulse, one could obtain a 
physical indication of which pulse form achieved a greater 
degree of plasma shielding and perhaps which modality was 
safer for surgical applications in the vitreous adjacent to 
the retina.
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4.6.2 Materials and Methods
As in previous experiments, the quartz cell with a 25-mm 

path length was filled with water and positioned so that the 
axial location of the focal spot of the laser was varied 
within the cell. The J-K Laser described in Paragraph
4.2.2.1 above was operated in both the q-switched and 
mode-locked modes. The laser output energy was fixed to be 
within the range of 5.5 and 6.5 mJ. Greater stability was 
not possible; however, this 18% variation was still 
acceptable for this somewhat qualitative experiment. The 
beam was focused at points at varying distances immediately 
in front of the black photographic print paper (used 
previously) placed near to the opposite side of the cell.
The water cell was mounted on a micrometer stage which in 
turn was fixed to a stable 50-cm optical bench, the 
slit-lamp fixed in position, and the water cell was moved 
toward the laser with a micrometer adjustment in 0.5-mm. 
steps. The distance was recorded at the point where the 
beam beyond the focal spot burned the paper.

The closest approach distance X at whicl 
could be adjusted without observing a burn on the black
surface (Figure 4-5) was recorded and the process repeated 
ten times. In each case this position occurred within one 
0.5-mm position of the minimum approach distance for that

4.6.3 Results

mode: Minimum Distance to Paper Temporal Mode
5 mm Q-Switched

1.7 mm Mode-Locked
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Black Paper Black Paper

SWITCHED
PULSE

MODE-LOCKED 
PULSE — Burn Spot

5mm 1.7mm

X = Closest approach without burn

FIGURE 4-5. The distance of closest approach of the focal 
laser spark to the black paper burn was 1.7 mm for the mode- 
locked laser and 5 mm for the Q-switched laser.
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4.6.4 Discussion
If the damage mechanism of the absorbing film is at all 

similar to that of retinal damage initiated in the RPE, the
i-------------------

present experiments demonstrate that the mode-locked laser 
should be much safer to use for surgical procedures near the 
retina (e.g., cutting epiretinal or vitreous membranes).
The distance measurements are, however, not indicative of 
the exact safe approach distance in the human eye, since the 
ablation threshold of the black film is less than that 
reported for retinal injury (Goldman, et al., 1975, 1977).
In clinical practice the lower exposure levels used for the 
mode-locked laser pulse train compared to the Q-switched 
situation should further accentuate this difference (e.g., 1 
mJ vs 2 mJ Q switched) in safe distances.

Unfortunately, at least one animal study exists which 
appears to contradict these findings. Bonner, et al. (1983) 
reported that Q-switched laser damage thresholds with the 
same J-K laser system were greater than those produced by 
the mode-locked pulse train— the opposite result. Because 
of this discrepancy, I visited the National Institutes of 
Health (NIH) and repeated the same experiment on the 
identical laser that was used by Bonner, et al. However, I 
achieved results identical to those that I had already 
obtained with the J-K Laser previously used.

4.6.5 Conclusions
Either the animal threshold data reported by Bonner, et 

al. (1983) is in error, or the damage mechanisms in the 
rabbit retina and in this model are remarkably different.
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Although in absolute values, one should generally rely more 
on animal data than those from a physical model, the results 
of this model experiment suggest a need for repeating the 
animal study in an animal which is more heavily pigmented —  

perhaps in the rhesus monkey (Geeraets and Berry 1968).
This is necessary because although absolute values may 
differ between physical models and animals, basic physical 
principles remain constant.

4.7 Photoradiometric Measurements of Plasma Shielding
4.7.1 Introduction

The measurements performed radiometrically with an 
aperture placed behind the microplasma indicated the degree 
of optical plasma attenuation along the beam axis, but did 
not clearly show where the energy was being distributed.
For this reason a series of infrared photographs of the beam 
pattern were taken after the beam passed through the test 
cell.

4.7.2 Materials and Methods
As in previous experiments, the quartz cell with a 25-mm 

path length was filled with water or saline and positioned 
so that the focal spot of the laser was located 
approximately 5 - 8 mm into the cell. The laser used in 
these studies was the M-Tec 2000 (S. N. 001). The beam 
energy was internally varied and the output was monitored by 
the EG&G Model 580 Radiometer (with Model 580-23A Detector 
Head S.N. 274), and confirmed with a Gen-Tec Model ED-200 
detector and Tektronix Oscilloscope.



The beam, after having emerged from the cell and having 
created the plasma was directed at a white diffuse screen
9.7 cm behind the spark. The beam pattern was viewed 
through an FJW Finderscope adapted to a Nikon F 35-mm camera 
and photographed. The 1064-nm wavelength is well beyond the 
range of ordinary photographic emulsions, so it was 
necessary to employ the FJW Finderscope infrared image 
converter which was optically coupled to the camera. A fine 
grain film (Kodak TRI-X, type 5063) was used to record the 
image. This photographic approach minimised any problem of 
chromatic aberrations in the optical elements of the camera 
and image converter, since the image converter was adjusted 
to obtain the sharpest visible image at 1064 nm.

The camera was positioned behind the thin translucent 
diffuse screen. Each photographic exposure was made with the 
shutter open in the dark and the shutter was manually closed 
after the exposure. One series of exposures were kept 
constant to determine the pulse-to-pulse variation in the 
photographic profile. A second series of exposures were 
varied to obtain different densities or grey scales on the 
film for different laser firings. Each change in f/stop was 
chosen to result in a two-fold increase in light exposure. 
Hence the averaged beam profile could be determined in 
gradient steps of two (3 dB). Decibel (dB) units are useful 
to plot distributions on a logarithmic scale.

4.7.3 Results
Figure 4-6 shows a series of photographs of the 

down-stream beam profile which show a bright central spot
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FIGURE 4-6. Infrared Photographs of Beam Profiles beyond 
the Optical Plasma Produced in a Water Cell by a 
Photodisruptor. The photographs were obtained using a 35-mm 
camera with an infrared image converter.
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with a zone of scattered radiation. By measuring the 
diameter of the spot on the photographic film the average 
profile shown in Figure 4-7 could be derived. The narrow 
central cone always represented the zone of greatest 
irradiance and the slightly enlarged Gaussian profile was 
surrounded with a very large region with an irradiance 
approximately 12 dB below the peak (a factor of 6 % of 
peak). Because of the large area of the scattered light 
zone, one may safely conclude that the majority of energy 
was clearly in that zone.

4.7.4 Conclusions.
This series of tests confirmed that the previous 

radiometric measurements using an aperture positioned along 
the beam axis truly measured the peak irradiance and 
simulated the worst-case of retinal exposure. A substantial 
fraction of the energy was scattered by the plasma into a 
large cone angle at an irradiance less than 10% of peak, j 
hence not contributing to thermal risk to the central ]|
retinal spot.

4 . 8 Spark Spectral Measurements
4.8.1 Introduction

The total radiant energy emitted by an optical breakdown 
spark is very small and is difficult to measure. 
Nevertheless, a measurement of the spark's emission spectrum 
would indicate the plasma temperature, and confirm that a 
true optical plasma was present. For example, if the spark 
were the result of incandescence, it would have a broad
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FIGURE 4-7. Scattered Light Profile of Beam beyond the 
Optical Plasma Determined by Photographic Techniques. Using 
a series of 3 dB exposure steps to photograph the beam 
profile permitted determination of the average profile.
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emission spectrum whose shape would be similar to a 
blackbody distribution, but if it were generated by an arc 
discharge or a true optical plasma, line spectra would be 
superimposed. The plasma temperature is indicated by both 
the spectral distribution of the continuum and also the 
presence or absence of certain line spectra (which are 
present only above certain plasma temperatures). A 
knowledge of the plasma temperature would also make it 
possible to estimate the radiant emittance at the surface of 
the plasma and the ultraviolet and x-ray exposure dose near 
the surface of the plasma. The basic aim of this spectral 
measurement was to confirm that a plasma existed, to 
estimate its temperature, and from this information, place 
upper bounds on the potentially adverse side effects from 
these radiations.

4.8.2 Materials and Methods
As in previous experiments, the quartz cell with a 25-mm 

path length was filled with water or saline and positioned 
so that the focal spot of the laser was located 
approximately 5 - 8  mm into the cell and near the entrance 
aperture of a monochromator.

Two lasers were used in these studies: the M-Tec 2000
(S. N. 001) mode-locked NdsYAG laser photodisruptor, 
manufactured by Lumonics, Inc. and distributed by Medical 
Lasers Inc., Rockville, MD; and a 12-ns (FWHM) q-switched 
NdsYAG research laser (Molectron Model MY-34-10). The beam 
energy was fixed at 3.0 mJ and the output was internally 
monitored (M-Tech 2000) and also monitored by the EG&G Model
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580 Radiometer with a Model 580-23A Detector Head (S.N.
‘274) .

The spark emission spectrum was obtained by a 
Traycor-Northern Multi-channel Analyzer Spectrometer System. 
The entrance slit of the monochromator was positioned at 90 
degrees from the beam axis and at a distance of 4 cm from 
the spark. The monochromator employed a single diffraction 
grating, and a silicon photodiode array was placed in the 
position which would be the film plane if the monochromator 
was used as a spectrograph. The electronic multi-channel 
analyzer integrated the counts from each of 256 line 
channels in the photodiode array.

Each laser was repeatedly fired to permit an integration 
of the very weak signal from each pulse. Nearly a thousand 
pulses were required to produce a reliable spectrum. For 
this reason, the repeated single shots from the mode-locked 
laser were very time consuming and this measurement was 
repeated only once. The q-switched laser-induced spark 
emission spectrum were taken several times to confirm 
reproducibility. Further attempts at obtaining a 
mode-locked spectrum were discontinued when it was clear 
that the spectra from the two types of laser systems were 
indistinguishable.

4.8.3 Results
Table 4-4 lists the raw data which are plotted in Figure 

4-8 showing the spectrum obtained from the q-switched pulsed 
laser. Note the presence of line spectra which indicates 
the presence of specific ions; hence the confirmation of an
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Table 4-4. Raw Data from Tracor Multichannel Analyzer
Spectrum of Optical Breakdown Spark in Tap Water

Wavelength calibrated against Hg Lamp; ET= 32.23025
Wavelength Counts per Channel
Ultraviolet
201. 2598 2563 2551 2513 2511 2489 2505 2471
209. 2495 2458 2449 2414 2402 2371 2386 2409
217. 2464 2525 2613 2680 2748 2720 2756 2734
225. 2791 2794 2821 2738 2708 2571 2508 2411
233. 2360 2276 2221 2109 2034 1890 1788 1653
241. 1630 1554 1531 1472 1472 1434 1426 1382
249. 1381 1366 1369 1330 1351 1333 1369 1357
257. 1399 1394 1415 1403 1420 1394 1386 1367
265. 1374 1322 1338 1288 1264 1218 1199 1171
273. 1168 1146 1149 1123 1124 1093 1077 1052
281. 1038 991 962 926 908 875 845 825
289. 801 780 766 749 740 762 813 874
297. 977 1074 1180 1252 1310 1326 1354 1358
305. 1284 1194 1131 983 855 742 679 624
313. 588 554 533 520 504 490 490 477
320. 485 484 499 493 502 505 510 509
328. 504 500 485 484 467 444 440 425
336. 428 423 419 424 425 423 417 416
344. 421 438 456 478 484 481 450 407
352. 386 362 341 323 314 304 306 303
360. 311 314 331 342 347 351 363 367
368. 397 441 499 551 625 674 686 657
376. 602 482 412 359 326 300 270 269
384. 266 260 262 266 268 261 262 253
392. 250 244 241 240 246 251 258 268
Visible
400. 273 289 294 294 306 306 294 282
408. 267 256 246 236 232 225 226 224
416. 220 216 212 208 200 196 201 203
424. 215 226 238 261 323 402 505 608
431. 695 711 658 542 389 294 260 244
439. 237 236 232 227 214 220 218 217
447. 214 208 211 217 225 236 245 249
455. 256 262 272 281 290 292 281 287
463. 286 287 288 288 282 281 280 286
471. 292 300 309 316 314 315 308 296
479. 285 278 271 265 258 254 252 253
487. 257 264 272 292 321 352 392 413
495. 442 444 415 324 288 269 256 249
503. 241 237 229 224 221 221 226 226
511. 225 230 236 235 244 239 230 226
519. 221 215 208 209 218 218 221 217
527. 213 209 209 202 203 202 205 202
535. 203 198 197 195 193 189 187 188
543. 187 178 182 181 184 180 173 173
550. 172 170 172 170 171 165 160 156
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Table 4-4 (Cont). Raw Data from Tracor Multichannel Analyzer
Spectrum of Optical Breakdown Spark in Tap Water
Wavelength Counts per Channel
558. 155 153 160 162 164 160 156 152
566. 151 149 146 147 147 145 146 141
574. 142 143 139 135 136 134 137 140
582. 138 137 134 131 128 125 129 130
590. 133 134 135 132 128 123 120 118
598. 117 121 123 122 125 128 126 127
606. 124 124 118 116 113 115 122 128
614. 127 125 120 113 111 110 108 110
622. 114 114 116 119 120 119 118 118
630. 120 115 116 113 110 109 110 113
638. 111 113 111 112 110 107 103 102
646. 105 106 106 106 102 98 92 88
654. 90 88 90 91 87 92 97 102
662. 112 124 140 150 164 182 165 119
669. 103 97 93 92 92 95 96 106
677. 113 114 116 104 97 91 90 88
685. 89 90 89 86 86 84 88 91
693. 93 93 91 87 81 81 76 76
701. 77 77 78 80 85 88 91 95
709. 100 103 110 115 121 130 142 128
717. 101 92 89 87 86 82 80 79
725. 81 78 78 80 80 81 82 82
733. 84 85 83 81 81 82 61 82
741. 80 79 81 84 83 83 82 83
749. 84 86 85 86 86 83 82 83
757. 79 80 79 77 77 73 75 76
765. 78 
Infrared

78 77 77 78 82 81 81

773. 78 80 80 78 79 77 80 76
780. 79 78 77 78 79 76 76 77
788. 76 76 77 77 75 76 77 78
796. 74 76 76 74 77 77 76 76
804. 74 77 74 75 79 78 80 80
812. 79 77 76 78 75 77 75 79
820. 77 78 78 98 77 79 78 79
828. 79 82 79 79 80 78 78 75
836. 75 77 75 75 75 76 72 70
844. 71 68 71 73 76 79 81 88
852. 101 107 116 125 133 131 116 106
860. 106 101 100 95 92 88 85 80
868. 80 78 77 76 78 77 77 80
876. 82 83 85 85 88 87 86 85
884. 87 81 83 84 79 82 78 76
892. 75 72 73 72 70 66 66 63
899. 65 62 65 63 61 61 60 59
907. 59 58 58 59 60 60 58 59
915. 60 58 59 57 57 56 56 59
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Table 4-10 (Cont.). Raw Data from Tracor Multichannel
Analyzer Spectrum of Optical Breakdown Spark in Tap Water
Wavelength Counts per Channel
923. 54 60 60 60 60 60 60 59
931. 61 62 61 62 63 62 63 64
939. 66 66 69 70 70 71 72 72
947. 73 72 77 79 84 86 95 103
955. 108 114 115 114 116 117 120 125
963. 134 136 148 159 164 177 196 206
971. 229 245 273 295 333 368 420 457
979. 480 472 502 523 608 653 730 741
987. 754 811 825 850 894 935 1001 982
995. 944 914 948 950 994 1041 1120 1177
1003. 1318 1395 1479 1598 1680 1529 1393 1263
1011. 1254 1228 1295 1355 1410 1471 1480 1510
1018. 1567 1572 1618 1631 1654 1682 1702 1678
1026. 1707 1734 1825 1815 1813 1779 1845 1836
1034. 1864 1856 1844 1778 1753 1663 1682 1730
1042. 1814 1800 1788 1790 1765 1739 1750 1726
1050. 1730 1815 1796 1822 1853 1827 1914 1827
1058. 1780 1737 1838 1890 1970 2035 2102 2066
1066. 2073 2015 2052 2019 2118 2133 2187 2132
1074. 2096 2173 2222 2237 2304 2317 2360 2347
1082. 2352 2369 2399 2420 2444 2314 2404 2428
1090. 2448 2404 2455 2547 2596 2540 2532 2469
1098. 2373 2298 2259 2283 2273 2249 2251 2250
1106. 2330 2283 2326 2174 2141 2061 2044 1989
1114. 2024 1965 2023 1993 1929 1809 1715 1640
1122. 1624 1530 1490 1277 1105 989 898 731
1130. 633 554 506 452 415 367 341 309
1137. 282 252 238 222 211 187 189 175
1145. 167 158 153 137 137 128 119 108
1153. 112 104 99 96 97 86 98 81
1161. 84 77 83 80 77 77 73 68
1169. 64 61 58 57 57 53 50 50
1177. 49 48 47 47 43 44 44 44
1185. 40 41 40 38 39 45

Note the large distribution of optical radiation in the 
wavelength band near the fundamental wavelength of the Nd:YAG 
laser (1064 nm). This is probably the scattered laser 
radiation and the broad distribution around the wavelength 
peak indicates stray laser light that passed through the 
monochromator.
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FIGURE 4-8 Relative spectral distribution of plasma 
luminescence produced by optical breakdown in water.
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optical plasma. The shape of the continuum suggests a plasma 
temperature of approximately 20,000 K. Figure 4-9 shows the 
most likely identifications of the line spectra.

4.8.4 Conclusions
The spectral measurements confirm the presence of an 

optical plasma having a temperature well over 10,000 K and 
possibly as great as 20,000 K. The spectral emissivity of a 
blackbody of 20,000 K is given by the well known formula 
derived from Plank's equation which is plotted in many 
fundamental physics texts. The total radiant emittance W is 
expressed by the Stefan Boltzmann equation:

4W = G O T
Where e is the emissivity and a is the Boltzman constant the 
emissivity of a plasma in air (e.g., a welding arc) is 
normally less than 0.1. For this plasma generated in the 
water cell, the emissivity would be expected to be somewhat 
higher. By plotting a number of blackbody curves and placing 
them over the measured spectra on a logarithmic scale it was 
possible to derive a temperature of 20,000 K, but 
unfortunately this information alone did not permit an 
accurate estimate of the emissivity because E depended upon 
the surface area of the plasma. That was not possible with 
the instrumentation available. It was decided to use macro 
photographs to estimate the size of the spark.
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4.9 Spark Photographs
4.9.1 Introduction

To estimate the radiant energy concentration at the 
surface of the optical plasma, it is necessary to determine 
the size of the spark. There appeared to be no direct way to 
measure the plasma dimensions, since any probe inserted near 
the spark could precipitate optical breakdown and perturb the 
size and shape of the spark. It was therefore attempted to 
estimate the size of the spark by photographic methods.

4.9.2 Materials and Methods
As in previous experiments, the quartz cell with a 25-mm 

path length was filled with water or saline and positioned so 
that the focal spot of the laser was located approximately 5 - 
8 mm into the cell. A black screen was placed on the side of 
the cell against the side opposite the camera.

The laser used in these studies was the experimental J-K 
mode-locked (or q-switched) Nd:YAG laser system No. 4354, and 
modified with a Rodenstock Model RO 2000 slit-lamp microscope 
delivery system. This laser was described in greater detail 
in Section 4.2.2.1. The beam energy was adjusted by the 
flashlamp voltage setting and the energy output was known from 
a calibration scale for energy/pump voltage. This energy was 
also monitored by the EG&G Model 580 Radiometer with a Model 
580-23A Detector Head (S.N. 274) which collected the beam 
energy emerging from the cell.
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Since the object of this experiment was to photograph, the 
plasma and not the beam energy, the infrared image converter 
was not required. A Nikon F 35-mm camera with a macro lens 
was situated at right angles to the beam and was placed as 
close to the spark as possible to remain in focus 
(approximately 4 cm) and a series of sparks were photographed. 
A sensitive colour transparency film (Kodak Ektachrome ET-160) 
was used to record the image (film speed of ISO 160). 
Subsequent to the laser exposures a dimensional scale was 
placed at the position of the spark and photographed in order 
to provide a scale for analyzing the diapositives. Colour 
transparencies could then be projected on a screen in order to 
measure the approximate size of the spark.

Each photographic exposure was made with the shutter open 
in the dark and the shutter was manually closed after the 
exposure. One series of exposures were made with the 
q-switched energy output maintained constant just above 
threshold, at 4 mJ, in order to determine the pulse-to-pulse 
variation in the photographic profile. In a second series of 
exposures the f-stop was varied at the 4-mJ output level to 
obtain different levels of grey scale on the film for 
different laser firings. Each change in f/stop was chosen to 
result in a two-fold (3 dB) increase in light exposure. Hence 
the averaged beam profile could be estimated in 3-dB steps.

Later, a further series of exposures were made at pulse 
energies of 2 mJ and 1 mJ for both q-switched and mode-locked 
systems. This series was produced using a laser with an



improved delivery system where the q-switched threshold had 
been reduced to 1 mJ.

4.9.3 Results
The entire edge of the spark was always very sharply 

defined. Changing the lens aperture by two f/stops (and in 
some instances only one f/stop) was sufficient to show no 
spark. This indicated a relatively constant luminescence over 
the whole surface of the spark, and is indicative of a true 
plasma.

Figure 4-10 shows a series of photographs of the spark 
taken at 90° to the axis of the laser beam and illustrates the 
effect of increasing energy within the beam. At or near 
threshold with the q-switched laser, the spark is nearly 
circular and about 0.2 mm in diameter. As energy increases, 
the spark grows elongated in the direction of the laser system 
objective lens and at 4 mJ is 0.4 mm - 0.5 mm axially and 0.2 
mm in cross section. The improvement made in the optical beam 
delivery system which reduced the focal spot diameter (to a 
theoretical size of 25 Jim) reduced the optical breakdown 
threshold by fourfold and the diameter of the threshold spark 
by a factor of two. The shape at threshold always remained 
spherical.

4.9.4 Conclusions
The spark diameter during clinical procedures using input 

energies of approximately 4 mJ would be approximately 0.4 mm
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FIGURE 4-10. Photographs of plasma luminescence. The 
uppermost photograph was taken of spark with He-Ne laser 
illuminating the beam path. Lower photographs are for 
near-threshold (4 mJ) optical breakdown in water (left), 
for twice threshold (right) showing up-stream streaming.
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with the original J-K experimental laser system. However, a 
finding of crucial importance was that the focal spot size 
determined the initial spark diameter at threshold. The 
length of the spark could extend up to 1 mm.

The other objective of this experiment was to determine a 
surface area for spark radiant emittance calculations. If one 
were to assume a sphere 0.4 mm in diameter, the surface area 
would be: 4(3.14) (0.02 cm)2 = 0.005 cm2. This area
can be multiplied by the radiant emittance (and emissivity of 
the plasma) of a 10,000 K to 20,000 K blackbody to indicate 
the total power being emitted during the plasma's lifetime.
As the exittance W is given by the Stefan-Boltzmann equation:

T7 4-4W = G o t

where e is the emissivity and o is the Stefan-Boltzmann
-8 2 -4constant (5.67 X 10 W-m - K ). Hence, for a temperature of

10,000 K, the radiant emittance would be: 5.67 X 108 W/m2, or
4 9 25.67 X 10 W/cm . Therefore, for a plasma area of 0.005 cm ,

the total radiant power that could be emitted during the 20 -
40 ns plasma would be 284 W, which in 40 ns would emit 0.011
mJ. This value is an upper limit, since the emissivity is not
really known, but is probably of the order of 0.1 - 0.3.
Furthermore, the estimate of 0.4 mm for the spark diameter is
a large value. A more realistic value for the plasma
luminescence energy is probably of the order of 0.001 J, for a
temperature of 10,000 K, or 16 times that value for a plasma
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temperature of 20,000 K. Therefore, it is somewhat surprising 
how little (less than 1 %) of the incident energy is 
re-emitted as optical radiation.

By comparison with the direct effects of the absorbed 
Nd:YAG laser radiation, any tissue changes induced by the 
plasma luminescence would be expected to be small from a total 
energy standpoint. However, most of the luminescence is in 
the ultraviolet spectral region. It is therefore useful to 
compare the time-integrated radiant exitance (Wt) at the 
surface of the plasma with UV exposure levels that are 
considered potentially hazardous.

W t = (5.67 X 104 W /cm2) (2.0 X 10'8 s)
= 1.1 mj/cm2

This radiant exposure is an upper estimate, since the low 
emissivity e typical of a plasma is taken as 1.0 in this 
estimate; but in any case, the exposure is below levels which 
cause erythema or photokeratitis at the peak of UV hazard 
action spectra (270 nm).

4.10 Discussion: Retinal Safety
The plasma shielding studies with the two mode-locked 

clinical lasers— the OPL-3 and M-Tec 2000— were in agreement 
with the previous studies using the mode-locked J-K laser.
The shielding effect was highly consistent. At levels above 
0.5 mJ in the pulse train, the reliability of achieving 
optical breakdown in clear media was 100%. In hundreds of 
measurements, I never noticed a single instance of a plasma
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not being produced by a mode-locked pulse train unless the 
energy was near threshold for that laser (0.3 to 0.4 mJ or 
even less). At levels above 1.2 - 1.4 mJ (lowest energy 
setting of the M-Tec 2000) the shielding effect was reliable 
and the transmitted value did not change more than 20% in 20 
to 40 shots.

Most importantly, the shielding fraction in terms of 
retinal irradiance must be measured within narrow cone angles 
to eliminate errors due to scatter leaving the beam cone.
This fraction was approximately 90% for the mode-locked laser 
pulse groups.

A polished quartz water cell is, however, not the human 
eye. In clinical practice corneal aberrations, haze and 
related factors which will diffuse and attenuate the beam 
could reduce the chance of optical breakdown. Under clinical

oconditions the retinal exposure (J/cm ) would be less than 
would exist in a clear eye if optical breakdown where plasma 
shielding did not occur. However, plasma shielding only 
provides an added five-to-ten-fold safety factor over and 
above the safety factor due to the diverging laser beam cone.

Since the beam entering the eye is converging, there is no 
physical way _it can be focussed^on the retina without the 
addition of an external lens. Only if a negative contact lens 
were used, could the laser be used to focus on deep vitreous 
membranes (Capon et., al., 1988). Calculations of a safe 
approach distance to the retina are presented in Figure 4-11 
for a mode-locked laser train considering the worst case where
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FIGURE 4-11. Estimate of closest safe approach distance for 
Nd:YAG laser photodisruptor based upon concept of safe radiant 
exposure at the retina (adapted from Sliney, 1983).
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no plasma shielding were to occur (Sliney, 1983). For 
example, the measured M-Tec 2000 with a 5-mJ output and 
13-degree beam (1/e points) would be clearly safe at 
distances greater than 7 mm from the retina. At 14 mm the 
retinal radiant exposure would drop by a factor of four and at 
21 mm by a factor of nine. Thus we may safely conclude that 
both of these commercial mode-locked NdsYAG photodisruptors —  

the OPL-3 and M-Tec 2000 operating in the anterior segment of 
the eye and near the pupillary plane illuminate the retina 
with levels of only 3 to 5% of injury threshold when the 
instrument was operated normally to create a plasma and plasma 
shield (i.e., a safety factor of 20 to 30 exist). Even if in 
the highly unlikely event that the beam were so seriously 
perturbed that a plasma did not occur, the retinal radiant 
exposure would be at most only 20-25% of threshold.

This conclusion is substantiated by the fact that no laser 
induced retinal lesions have been reported in the anterior 
segment application of these lasers and also by a study 
performed by Bonner, et al., (1983), who examined retinal 
injury thresholds by laser photodisrupters. They clearly 
demonstrated in the eyes of monkeys and rabbits that a 1064-nm 
mode-locked laser train (again, from a J-K Laser resonator 
similar to that used in the Meditec OPL-3 and Medical Lasers 
M-Tec 2000) with a cone angle of 14° at 1/e points (which I 
also measured on the second J-K laser) created retinal lesions 
only at distances of 2.0 mm or less from the retina. Most 
importantly, these retinal injury studies followed clinically
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realistic exposure parameters. The small size of these 
approach distances occur in practice because of plasma 
shielding. For the tighter cone angles of the M-Tec 2000 and 
OPL-3 the 2-mm distance would extrapolate to 4.5 mm. The 
distance between the plasma and the point at which damage 
ceases to occur beyond the plasma are very small when compared 
with the dimension within the eye between the target in the 
anterior segment and the retina. Thus retinal safety is 
assured when the laser is used in the anterior portion of the 
globe.
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Chapter 5
MORPHOLOGICAL STUDIES OF OPTICAL BREAKDOWN IN TISSUE
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5.1 Background
5.1.1 Acousto-elastic Measurement Techniques

The purely physical studies of optical breakdown and 
plasma formation in water provided an insight into the 
initiation mechanisms, thresholds for plasma effects and the 
relative plasma shielding of q-switched versus mode-locked 
laser systems. However, it was clear from the cellophane 
hole-cutting experiment that there was a difference in the 
acoustical or mechanical effects of the plasma when 
comparing Q switched and mode locked pulses. The cellophane 
membrane frequently moved when the q-switched 
laser-initiated-plasma spark was placed either just in front 
or just behind the membrane. However, this sharp movement 
was almost never noted with sparks generated at the same 
locations by the mode-locked pulse group.

Several experimental techniques were considered to 
examine the acoustic transient, including, Piezoelectric 
sensors and other electro-acoustic devices. However, the 
technology for most of these approaches was simply too 
sophisticated, or too delicate to transport to a location 
where a surgical laser photodisruptor was in use, or else, 
too difficult to apply in a biological tissue.

Several photographic techniques were also considered 
including Schlieren photography of the water cell, but these 
would have required a pulsed, visible laser source to freeze 
the action of the initial shock wave or the resulting 
cavitation bubble. Routinely synchronizing the visible 
laser pulse with the Nd:YAG 1064-nm pulse would have been 
technically very difficult in clinical environments. An
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external second harmonic generating crystal could have been 
used to produce the "probe" laser pulse from a beam split 
off from the 1064-nm disrupter beam, but the time delay 
would have been too limited in a "pump-probe" experimental 
arrangement.

Giovnneschi and Dufresne (1985) employed a high-speed 
streak camera with an interframe spacing of 500 ns to 
photograph the evolution of the cavitation bubbles initiated 
by plasma sparks in water. Although their technique did not 
allow a true measurement of a pressure wave, they were able 
to confirm the presence of a shock wave (i.e., a trans-sonic 
mechanical wave) during the growth phase of the 
plasma-induced bubble. For their experiment, the growth 
phase was of the order of a few hundred ns. It is generally 
accepted in plasma physics studies that the plasma grows at 
supersonic velocities giving rise to the shock wave as long 
as the laser pulse lasts (Bell and Landt, 1967). The shock 
wave then rapidly slows down to sonic velocities (within a 
few hundred nanoseconds). The growth phase of the 
cavitation bubble should continue to occur even after the 
laser pulse because of the continued expansion of the 
trapped vapour.

More recently, since the experiments reported here,
Capon et, al. (1987) used acoustic transducers to study the 
mechanical transients produced by both q-switched and mode- 
locked pulses.
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5.1.2 Preliminary Experimental Attempts
A laser self-probe technique was attempted with a 

q-switched Nd:YAG research laser. Part of the beam was 
split off to run along delay over a 30-ns 9-m path length. 
This enabled the examination of the plasma and for beam 
distortions as the delayed pulse was incident at right 
angles to the primary beam. However, the streak camera used 
in earlier studies was not very sensitive at 1064 nm, and 
image converters did not have the resolution to adequately 
represent the distorted probe beam emerging from the water 
cell. Considering all of the above difficulties with the 
aforementioned experimental techniques, physical measurement 
approaches were abandoned in favor of morphological studies 
of tissue adjacent to an optical plasma.

5.1.3 Biophysical Studies of Acoustic Transients
It has long been recognised that q-switched laser

impacts upon the retina or other tissues create a
thermomechanical impulse which disrupts tissue (Amar, 1967;
Marshall, 1970; Gibbons and Allen, 1977) and severe
mechanical waves only occur at levels which probably also
are associated with optical breakdown. On a more
fundamental scale, Hamrick and Cleary (1969) showed that one
could detect the breakage of tobacco mosaic virus resulting
from the acoustic transient from a q-switched laser impact
placed in the vicinity of the viral suspensions. Hamrick
and Cleary estimated pressures produced by such optical
pulses as 100 atmospheres or greater, and calculated the

-5shearing force on a virus as approximately 5 X 10 dyne.
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These investigators also pointed out the greatly enhanced 
acoustic effects if an air-water interface was nearby to 
reflect the acoustic wave. They referred to the shock wave 
as an "acoustic wave" because they had no experimental 
evidence to prove that it was trans-sonic. Carome (1969) 
argued that the production of cavitation may have been the 
real mechanical damage mechanism.

From studies of cavitation (e.g., Lauterborn, 1980; 
Giovnneschi and Dufresne 1985), it is clear that one can 
look for certain indicators of cavitation. When an elastic 
shock (or acoustic) wave encounters a boundary where the 
visco-elastic properties of the two media are quite 
different, the wave will be reflected. With the incident 
and reflected wave passing rapidly across nearby structures, 
those structures will be impacted by first a positive, then 
a negative pressure wave, resulting in cavitation— a 
shearing mechanical effect far more severe than those 
experienced by the passage of a single wave. Cavitation is 
well known problem in marine engineering as it caused 
significant damage in propellers of ships and many other 
structures.
5.2 Introduction to Tissue Model Experiment

With this background, it appeared appropriate to attempt 
to focus the photodisruptor beam into biological tissue, and 
examine the morphological evidence for acoustic and other 
mechanical transients. A series of experiments was 
performed with a dual-mode (q-switched or mode-locked 
selection) laser using freshly enucleated human eyes.

In an attempt to study an accessible biological tissue,
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the anterior surface of i-frg m r n p a ^ w w  made the target of 
both focused Q-switched and mode-locked pulses. The 
hypothesis was that tissue cutting resulted primarily from 
the plasma itself (at least for the mode-locked laser pulse 
group), and that the shock wave was a frequently undesirable 
side-effect. If this were true, the level of surface 
epithelial disruption would be greatest with the q-switched 
laser pulse as this would produce the greater acoustic 
transient. However, it was recognised that if significant 
mechanical disruption could occur from cavitation effects, 
then it was important to consider the results in relation to 
a cavitation model as well.

The corneal epithelium is attached to the stromal 
surface by a basement membrane system into which insert fine 
tono filaments and microfibrils at sites of membrane 
specialisation called hemidesmosomes. Hence a localised 
disruption on the epithelial surface should blow off surface 
epithelial cells and expose the underlying tissue of 
Bowman's layer or stroma. The lateral extent of damaged 
cells should indicate the extent of a supra threshold 
acoustic transient. A surface acoustic wave should travel 
radially from the plasma. The diameter of the plasma will 
be of the order of the diameter of the cut into the stroma, 
but only indirectly.

5.3 Materials and Methods
An experimental Essilor (France) ophthalmic NdsYAG laser 

photodisruptor was employed in these experiments. The laser 
was capable of operating in both the Q-switched and
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mode-locked pulse modes. The alignment of the NdsYAG laser 
focal spot was calibrated in relation to the aiming beam 
using a thin-film target.

Two enucleated human eyes were used. Although the eyes 
were unsuitable for use in corneal transplants, the corneas 
were sufficiently intact for the purpose of this experiment. 
For each experiment the eye was placed on a mount suspended 
between the two vertical cylindrical shafts on either side 
of the chin rest of the slit lamp. The cornea was 
positioned to face the laser objective lens. The laser beam 
was focused on the corneal surface using the He-Ne laser 
aiming beam. One to five single shots from the Nd:YAG laser 
were made at energy levels ranging from 0.5 mJ to 7 m J .

The exposed eyes were then initially fixed in 2.5% 
glutaraldehyde buffered in 0.1 sodium-calcdylatte at a pH of 
7.5 with 10 mg/ml Calcium, Earl's buffer at 4°C. After 12 
hours in this initial fixative, the eyes were post-fixed in 
2% osmium tetroxide buffered in 0.1 M sodium cacodylate 
overnight. After being dehydrated through a series of 
ascending concentrations of acetone in water prior to being 
critical-point dried using an Emscope CPD 750, the corneas 
were coated with a 30 nm layer of gold in an Emscope SC500 
sputter coater. The corneas were then examined under an 
Hitachi 510 scanning electron microscope.

5.4 Results
Photographs under SEM are shown in Figures 5-1 through 

5-6. The photographs all show that where the corneal stroma 
was ablated, the disruption was not purely thermal, as it
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did not produce uniform edges. The central hole in the 
stroma looked ripped open and edges were ragged. If the 
effect had been purely thermal ablation, the surface should 
have been uniformly smooth. Indeed to maintain that the 
interaction was purely thermal (without a significant 
mechanical factor), one would have to postulate either: (a) 
that the edge of the plasma spark was ragged itself, or (b) 
that the plasma underwent a highly non-uniform expansion as 
a result of a non-uniform interaction of the plasma with 
biological tissue (e.g., because of non-uniform electrical 
characteristics within the biological structure).

The above postulates are very unreasonable in 
comparison to the alternative explanation that the primary 
disruption was due to mechanical forces released during the 
plasma formation and during probable cavitation processes.

The above findings were essentially the same whether the 
plasma was produced by the mode-locked or Q-switched pulse 
or whether the spark was placed right on the surface of the 
corneal epithelium or as close to the epithelial/stromal 
junction as possible. However, mode-locked laser pulse 
energies required to produce the same stromal hole were 
always considerably less, and the base of the hole produced 
by the mode-locked pulse mode had a smoother base.

These findings are significant in a number of ways. The 
concept that an optically initiated plasma could be used to 
produce a smooth surgical surface such as that required in 
keratoplasty, must be seriously questioned. Unless the 
significant mechanical disruption associated with currently 
obtainable plasmas could only be directed in a radial
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direction and away from the new target surface, it appears 
unlikely that a smooth surface cannot be obtainable if 
optical plasmas are produced. Secondly, the rough edges of 
much of the target material are puzzling if the edge surface 
was created only by the edge of the plasma. Although the 
hypothesis that the plasma would grow in a highly irregular 
fashion because of inhomogeneities in the available ions and 
free electrons is appealing, it does not explain the cracks 
and the sections of stroma that appear to be mechanically 
pushed aside. In this regard, the hole in Figure 5-6 is 
most revealing. The surface is quite smooth at the base of 
the hole drilled by five pulses. However, as one moves out 
from the base, the surface contour becomes more irregular 
and has more the appearance of a mechanical disruption.
This could result from the vapour bubble expanding after the 
collapse of the plasma itself leading to the the cavitation 
effect which occurs many microseconds after the plasma 
(Vogel, eta al, 1986). Certainly, the larger disrupted area 
of the stroma in Figure 5-6 cannot be explained by the 
plasma edge, but must be the result of a mechanical pressure 
wave.

If repetitively pulsed lasers were to be used in an 
attempt to produce a smooth stromal surface in keratoplasty, 
these results would suggest that only very low mode-locked 
pulse energies near threshold for plasma formation could 
conceivably be successful, since the extent of plasma growth 
depends upon pulse duration; the smallest, most discrete 
plasmas being produced by the shortest pulses. Any such 
attempt would be clearly a challenge since the stroma is a
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fibreous structure, and any mechanical forces would tend to 
rip apart lamellae and splay fibres.

5.5 Conclusions
Both the mode-locked and Q-switched lasers will produce 

similar cuts in the stroma, although the minimal dimension 
of the lesion can be made smaller using a lower energy 
setting with the mode-locked laser.

Of greatest interest was the size of the ablated area of 
the corneal epithelium. For a surface plasma with the 
mode-locked laser it was possible to position the plasma so 
that only a few epithelial cells were blown off. This 
indicated that the plasma produced by the mode-locked pulse 
did not produce a strong lateral (radial) acoustic wave. In 
contrast, the associated radial wave from the Q-switched 
pulse always exhibited more extensive damage regardless of 
the axial location of the focal position and energy level 
tested.

An analogous effect is the detonation wave of explosives 
and this has been studied extensively by munitions 
developers. In munitions terminology this radial wave 
emanating from the centre of bomb blast near the ground is 
termed a "ground-supported wave." In the mode-locked case, 
the acoustic transient produced by the expanding plasma is 
clearly much smaller than from the Q-switched plasma, since 
the damage does not move deeper into the stroma to produce a 
cut, but is deflected radially. However, even from 
mode-locked laser induced plasmas, a punctate lesion was 
noted in the stroma and this would have required a far
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Figure 5-1. SEM Photograph of Corneal Disruption at 60 X 
Magnification Produced by a Series of Q-Switched Optical 
Breakdown Plasmas at 7 mj. Note that for all but one target 
spot, the radius of ablated epithelium is at least 200 urn in 
diameter and the stromal hole is highly irregular, 
suggesting mechanical effects.
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Figure 5-2. SEM Photograph at 200X Magnification of Corneal 
Disruption Produced by a Single 7-mJ Q-Switched Pulse on 
Surface. The large area of displaced corneal epithelium is 
at least 200 \im in diameter, and the stromal hole is highly 
irregular, suggesting mechanical effects.
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Figure 5-3. SEM Photograph of Corneal Disruption at 100 X 
Magnification Produced by a Series of Q-Switched Optical 
Breakdown Plasmas at 1 mj. The diameter of each spot of 
ablated epithelium has now been reduced to 9 0-180 jim i-n 
diameter and the stromal disruption is much smaller, if 
visible, but still irregular, suggesting mechanical effects.
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Figure 5-4. SEM Photograph at 300X Magnification of Another 
Corneal Disruption Produced by 7 mJ Q-Switched Pulse on 
Surface. The large area of displaced corneal epithelium is 
slightly less than 200 \im in diameter, but a wide area of 
very superficial stromal ablation is also evident. The 
stromal hole, characteristic of all holes produced by the 
Q-Switched laser, is highly irregular, suggesting mechanical 
effects.

2 0 3



Figure 5-5. SEM Photograph at 80 X Magnification for a 
Series of Corneal Disruptions Produced by Mode-Locked 
Optical Breakdown at 0.5 mJ. Note the very limited 
epithelial blow-off in the entire series and general lack of 
stromal involvement in contrast to those produced by the 
Q-switched pulsed mode.
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Figure 5-6. SEM Photograph of Corneal with Stromal Hole 
Produced by a Series of Five Mode-Locked Optical Breakdown 
Plasmas at 0.5 mJ. Magnification was 400X. Note the smooth 
surface of the bottom of the hole and the very limited 
epithelial blow-off.
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greater force to produce than that required to blow off the 
epithelial cells. From the work of Lauterborn (1972, 1980), 
Carome (1966), Loertscher (1983), Vogel, et al. (1986, 1988) 
and others, evidence of cavitation would be a narrow 
puncture resulting from the jet that is emitted during 
bubble collapse at an interface, such as the stromal 
surface.

One can therefore conclude that greater lateral damage 
is produced by the Q-switched pulse. This conclusion fits 
with the theory that the acoustic wave is produced 
principally by the expanding plasma. In the case of the 
train of 30 ps mode-locked pulses, the plasma collapses 
between each pulse, so the total plasma expansion is very 
small, resulting in a far smaller acoustic transient. These 
experiments using the cornea as a biological model certainly 
support that theory. The clinical significance is that the 
near-threshold plasmas produced by Q-switched pulses will 
induce more extensive damage than those created near 
threshold by mode-locked pulses. Clinically, if a larger 
disruption zone is required, then the Q-switched laser has 
the advantage, and vice-versa for a discrete, small damage 
zone the mode-locked laser would be better suited.

5.6 General Conclusions: O-Switched vs Mode-Locked Laser
Photodi s ruptors

There has been much written about the differences 
between mode-locked and q-switched lasers used in ophthalmic 
photodisrupter applications. From a physical standpoint, 
the principal difference between these two pulse forms lies
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in the hundred-fold greater peak power of the mode-locked 
pulses over single q-switched pulses of comparable energy. 
This leads to fundemental differences in the initiating 
mechanisms of optical breakdown with the optical breakdown 
by multi-photon processes by the mode-locked pulses, but 
optical breakdown by thermionic emission and much higher 
energy thresholds in the q-switched case (Mainster, et al., 
1983).

For any given pulse energy, the acoustic wave associated 
with a q-switched pulse was greater than that generated by a 
mode-locked pulse. This could be determined by an audible 
sound, by damage distribution in the corneal experiments, 
and also by noticing greater cellophane membrane movements 
and black paper ablation for structures placed near the 
respective plasma.

Of greatest interest was the experiment reported in 
Section 4.7 showing the respective magnitude of shielding. 
This work showed that a 7-mJ pulse energy produced a mark on 
a black photographic emulsion placed up to a distance of 4 
mm behind a mode-locked beam focus on a cellophane membrane; 
whereas, this damage zone extended up to 11 mm behind the 
q-switched beam focus on a cellophane membrane. In both 
cases the beam cone angle was the same. The greater 
vulnerability of the black emulsion to the q-switched pulse 
must be interpreted as arising because of either a greater 
thermal or acoustic component in the q-switched beam. If an 
acoustic transient could be stimulated Brillioun scattering 
it would be highly localised along the optical axis of the 
beam. Forward Brillioun scattering is an acoustic wave that
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derives its energy from the optical wave and which travels 
along the laser beam propagation path that would be directed 
toward the retina. Backward Brillioun scattering would 
produce an acoustical wave traveling backward toward the 
anterior structures and cornea. Since stimulated Brillioun 
scattering requires a duration of at least a nanosecond to 
develop, one would expect it to show up only for the 
q-switched pulse and not for the mode-locked pulse.

On the basis of theoretical considerations of peak power 
it has been postulated that mode-locked lasers should not be 
as safe and effective as q-switched lasers. In contrast, 
from all of the varied experimental studies described here, 
the conclusion is that mode-locked lasers may well be the 
preferred system. This is particularly important in 
relation to acoustic transients where effects on remote 
structures such as the ciliary body should be more severe 
for the q-switched pulse. Furthermore, the much lower 
energy threshold required for initiating breakdown by the 
mode-locked pulse group suggests that in clinical situations 
the probability of routinely producing a plasma is greater 
even for eyes of poor optical quality.

The above biophysical conclusions are made despite the 
apparent differences between q-switched and mode-locked 
retinal injury thresholds reported by Bonner, et al. (1984). 
However, those differences in collateral damage are small or 
reversed when one considers that lower pulse energies are 
needed with a mode-locked pulse system and when considering 
the wide variability of retinal image size to be obtained 
with by use of contact lenses which may increase the cone
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angle or redirect the beam axis.
Independent of the above biophysical considerations, 

practical considerations of reliability, cost and size may 
still make the q-switched laser a better clinical choice—  

with only a small penalty paid in lack of ability to achieve 
very subtle disruptions.
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Chapter 6

DAMAGE TO IOL'S BY NdsYAG MODE-LOCKED LASER PULSES
FOCUSED IN THE VITREOUS
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6.1. Introduction and Aims
6.1.1 Focal Damage to an Intraocular Lens

In the previous series of experiments, the basic 
physical phenomena of optical breakdown in a liquid were 
investigated (Chapter 4) and the biophysical damage 
mechanisms of the acoustic (mechanical) transient were 
studied in biological tissue (Chapter 5). While the factors 
affecting the plasma formation and the effect upon the 
membrane or tissue being cut are the primary concerns for 
surgical safety and effectiveness, one must remember that in 
the principal surgical application in the eye, the primary 
target is in close apposition to a plastic boundary, the 
surface of an intraocular lens. Thus, the intraocular lens 
(IOL) implant is immediately adjacent to the capsule when it 
is being cut during the posterior capsulotomy procedure. 
Hence, an undesirable side-effect of the posterior 
capsulotomy procedure is focal damage to the posterior 
surface of the IOL or the misdirection of the focal point of 
the laser into the IOL (Mainster et al., 1983; Boerner et 
al., 1984; dayman et al., 1984; Davi et al., 1984; Bath et 
al., 1986).

From the studies of growth of the plasma discussed in 
Chapter 4, it is easy to understand how a nearby surface of 
an IOL would undergo surface damage by the focal plasma even 
when properly focused at the posterior capsule, since the 
plasma grows toward the IOL surface and away from the 
posterior capsule. Recent work has shown the damaging 
effects upon an IOL surface can occur from cavitation 
bubbles created by the shock wave produced near the plasma.
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The cavitation bubbles preferentially migrate (over a short 
distance of the order of 100 \im) to collapse on an inelastic 
(IOL) surface rather than on an elastic (capsule) surface to 
pit the adjacent IOL (Vogel et al., 1986, 1988).

IOL damage can also occur if the 632.8-nm He-Ne aiming 
beam focuses in front of the 1064-nm NdsYAG beam (as would 
normally occur because of chromatic aberration for initially 
collimated beams), the spark could be unintentionally placed 
at the surface of the IOL, creating a surface imperfection 
or a nick. Additional causes of laser induced damage to 
IOL's that have been cited are related to poor focusing by 
the laser operator, primarily due to accommodation—  

particularly in young ophthalmologists (Puliafito and 
Steinert, 1984; Bath et al., 1986).

Although glass IOL's have been reported to be more 
resistant to laser damage than PMMA lenses, once damaged, 
the glass fragments would perhaps cause more severe 
consequences as a result of the absorption of brittle, sharp 
microshards. These could be distributed throughout the 
pathway of the aqueous humour and result in extensive 
damage, including problems to the trabecular meshwork and 
aqueous outflow within the eye (Riggens et al., 1983; 
Puliafito and Steinert, 1984). Fortunately, virtually all 
IOL's today are made of plastic— principally 
polymethylmethacrylate (PMMA). Nicks in an IOL surface may 
produce release of intraocular particles and the resultant 
crater would induce intraocular scatter, thus interfering 
with vision.
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Questions have been also been posed about the potential 
release of molecular fragments of toxic residues from 
accidental pitting of the surfaces of intraocular implants 
by the pulsed laser (Terry et al., 1985). A subject of 
particular interest relates to doping the lens with 
chemicals to provide filtering of UV radiation. The 
pyrolysis products of polypropylene or the UV absorbing dye, 
both being organic, should be little different from PMMA 
since the plasma temperatures are so high (e.g., C02, H2, 02, 
etc.). When compared to the risks of introducing foreign 
chemical agents and even bacteria during conventional 
surgical procedures with a knife, this theoretical hazard 
has been largely ignored, or at least it has not been raised 
as a significant or serious hazard. This subject was not 
examined experimentally.

Several investigators have published reports of 
threshold damage studies in IOL's (e.g., Boerner CF et al., 
1984; dayman et al., 1984; Davi et al., 1984; Bath et al., 
1986a, 1986b). These reports all show the obvious pitting 
and localized, short cracks that would be expected if the 
plasma were generated just inside or at the surface of the 
PMMA. However, far less well described are other damage 
mechanisms which do not require the focal plasma to be 
inside or at the surface of the IOL (Capon et al., 1988).

6.1.2 Non-focal Damage to an IOL
Although the physics of laser induced focal optical 

breakdown in ocular tissues and IOL's had been extensively 
investigated in relation to photodisruptors (Mainster, et
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al., 1983? Davi, et al., 1984? Puliafito and Steinert, 1984? 
Bath, et al., 1986? Docchio, et al., 1986? Vogel, et al,
1986), it has only been noted recently that pre-focal damage 
to IOL's is possible from repeated exposure to a Q-switched 
(nanosecond) Nd:YAG laser beam (Capon, et al, 1988).

In studies of the damage mechanism of plastic optical 
components in lasers, Mannenkov and associates at the 
Institute of General Physics, Moscow, developed a theory 
that microscopic impurities in the molecular structure 
served as localized sites of higher electric fields, and 
these sites would be the locations of eventual failure of 
the plastic after repeated laser exposures (Mannekov et al., 
1983). Those studies would suggest that such internal IOL 
damage would not occur until after a very large number of 
exposures, unless perhaps, significant inclusions existed. 
Most IOLs are selected for clarity and lack of 
imperfections? hence, it would not be expected that this 
damage mechanism would be of clinical significance. 
Nevertheless, it would be worthwhile to confirm this 
assumption experimentally.

Capon, Docchio and Mellerio (1988) found that an IOL 
could be damaged by a large number of Q-switched Nd:YAG 
laser pulses (at least 100) focused repeatedly at the same 
position several millimetres behind an IOL suspended in 
water. Both internal and surface pitting effects had been 
shown to occur from the q-switched laser pulses focused at a 
distance of 1 to 4 mm behind the IOL. However, this study 
by Capon et al. (1988) showed that so many exposures would 
be required to damage an IOL that it was unlikely to occur
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clinically. However, it was considered reasonable to plan a 
follow-on series of tests employing a mode-locked laser to 
determine whether this effect would occur with a mode-locked 
laser as well, and if so would it take less energy or fewer 
pulses, thus becoming clinically significant.
6.1.3 Aims

The aims of this series of experiments were: to
determine whether non-focal damage to plastic IOL's would 
also occur with a mode-locked laser and, if so, to determine 
the threshold for IOL damage with a mode-locked laser 
photodisruptor, and to determine if damage patterns were 
similar or of greater or lessor extent than those produced 
by the q-switched laser.

The working hypothesis was that the mode-locked laser 
damage thresholds would be at a higher energy because the 
damage was presumed to be the result of localized inclusions 
based upon the general studies of Bass, Bloembergen,
Manenkov and others (Bass and Barrett, 1972, 1973; 
Bloembergen, 1973, 1974; Manenkov et al., 1984). In order 
to reliably compare any resulting mode-locked laser damage 
thresholds with the previously obtained q-switched data, the 
same exposure protocol would be followed as that used with 
the Q-switched laser exposure study and identical IOL's 
would be exposed.

6.2 Materials and Methods
The beam from an M-Tec 2000 Nd:YAG, 1,064-nm, 

mode-locked laser photodisruptor as described in Table 3-4 
was used in this study. The same exposure protocol was
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followed as that used with the Q-switched laser exposures 
reported by Capon et al., 1988), and identical IOL's were 
exposed. The laser beam had a convergence angle of 9.3° at 
1/e-points and approximately 13° at 1/e-points. The beam 
was focused at a point 4 mm behind the posterior surface of 
each IOL. By simple geometrical optics, the smallest 
possible beam diameter DL exiting the IOL would bes

Dl = 2(4 mm)(tan 4.65°) = 0.65 mm = 650 urn.
Since the theoretical beam diameter at the focal plasma 
would be of the order of 50 Jim, the beam diameter within the 
IOL would be about 13 times greater than the focal beam 
diameter. Since beam irradiance scales inversely as the 
square of the beam diameter, the beam irradiance within the 
IOL would be approximately 0.6% of the focal beam irradiance 
and certainly far less than the breakdown threshold for a 
single-pulse exposure.

The IOL samples were polished, Allergan commercial-grade 
Model ISP-101 lenses obtained from the same batch used by 
Capon, Docchio and Mellerio, and were rejects for surgery 
because of the presence of some minor, localized surface 
imperfections. Thus, all of the samples were of the same 
model and manufacture and were made of PMMA. Each of the 
four IOL's available were suspended in a transparent PMMA 
test chamber filled with distilled water. In some initial 
tests, saline was used, but sediment appeared in this 
solution as a result of optical breakdown, and it was 
thought that this would provide confounding results; hence, 
only distilled water was used for the reported exposures.
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The laser beam was fired at 1 or 2 Hz repetition rates 
for up to 1000 shots at one test site (a number of pulses 
far in excess of a number used clinically). The cone angle 
of the laser beam was remeasured before the experiment and 
was shown to be 12.8° measured at 1/e points. The energy 
was maintained at 6 mJ by the built-in laser energy monitor 
and the output was calibrated before and after each series 
of exposures with a Gen Tec Model ED-200 Joulemeter 
monitored with a Tektronix Model 2213A Oscilloscope.

An initial energy of 6 mJ was chosen for these 
experiments, because the previous q-switched laser study by 
Capon et al. (1988) had been conducted with that energy 
level. This was above any energy used clinically for a 
mode-locked laser. Therefore, to set the mode-locked laser 
at an energy level of 6 mJ, it was necessary to use internal 
adjustments not accessible to the clinician, since the 
maximum setting of this laser was 5 mJ. An energy setting 
of 1 - 3 mJ would be more typical clinically.

More than one exposure site was used in each of the four 
available IOL's. Because the IOL's already had defects it 
was not generally possible to have more than about three 
exposure sites which were in a large clear zone. Although 
the IOL's were manufacturer reject lenses from the same 
batch employed in the study by Capon, et al. (1988), 
exposure sites could be found without any apparent 
imperfections. The exposure sites were carefully chosen to 
avoid overlap of previously exposed areas and any 
imperfections seen under slit-lamp examination were noted.
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To identify the relative position of each exposure zone, 
the photodisruptor was first focused on the IOL and a plasma 
was created to induce a small pit to mark the 12 o'clock 
position. The system was then focused 4 mm behind the IOL 
and the position of the laser induced optical breakdown (the 
spark) was viewed by a microscope mounted orthogonally to 
the beam axis to assure that the spark remained 4 mm from 
the posterior surface of the IOL. After laser exposure, the 
IOL's were bisected through the centres of each zone of 
irradiation using a backed razor blade, sputter-coated with 
30 nm of gold, and examined under an Hitachi 510 scanning 
electron microscope.

6.3 Results
Table 6-1 presents the exposure sequence in the IOL's 

giving the energy per pulse and the number of pulses at each 
site. In each exposure series, the laser beam created bulk 
damage characterized by a very small central cavity and 
frequently associated with crevices radiating from it. This 
pattern of damage differed from the pitting characteristic 
of IOL damage when a laser beam is focused directly on the 
IOL surface or into the IOL. In some cases, damage was 
detected prior to the conclusion of 1000 shots; in which 
case, further laser exposures were halted and macro 
photographs of the damage site were made.

A train of 1,000 exposures focused 4 mm behind the IOL 
always resulted in bulk damage exhibiting a localized 
cracking characteristic. Damage was always sub-surface, 
i.e. inside the IOL, and was the same as that found in the

218



Table 6-1. Laser Exposure Series in Intra-Ocular Lenses.

IOL # Site # Energy (mJ)
Number of 
Pulses Distance Effect

1 A 6 1000 +4 +++
1 B 6 500 +4 ++
2 A 6 200* +4 ++
3 A 6 492 +4 +++
3 B 6 192 +4 ++
3 C 6 8 -1 +
4 A 3 550 +4 +
4 B 1.2 500* +4 +
5 line 6 1000 +4 -

*Number of shots is approximate because of difficulty in 
precisely timing the length of the pulse train.
NOTES: All exposures with fixed beam except in IOL #5 where
the 1000 pulses were placed in a line across the IOL.
LEGEND FOR "EFFECT": +++ Clearly visible spot, unaided eye.

++ Clearly visible spot, aided eye.
+ Barely visible spot, aided eye.
- No detectable damage.

LEGEND FOR DISTANCE": +4 4 mm behind IOL as seen by eye.
-1 1 mm in front of IOL as seen by

eye viewing IOL in Slit Lamp.

parallel study with Q-switched lasers. The damage was less
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extensive at 3 mJ; and was still present, although more 
difficult to see, at 1.2 mJ. Even after 100 shots at 6 mJ, 
damage was noted. Figures 6-1 through 6-4 illustrate the 
damage patterns obtained in these studies.

To determine if the effect was independent of the exact 
beam position, the beam was moved with respect to the IOL 
and 1000 shots were delivered in IOL #5 over a vertical line 
from roughly the 7 o'clock to 11 o'clock position on the 
IOL. The beam was steadily traversed over the lens at a 
pulse repetition rate of approximately 1 Hz. The focal 
point was moved to just cover the line in 1000 shots. No 
damage was detected. This indicated that the same volume 
had to be repeatedly exposed in order for this cumulative 
damage to occur.

6.4 Discussion
The mechanism of bulk damage in polymers— specifically 

PMMA— was studied by Manenkov and co-workers at the 
Institute of General Physics, Moscow (1983, 1984). In their 
classical studies, they concluded from luminescence and 
damage-site growth measurements that sub-micrometre 
absorbing defects in the polymer matrix evolved to create a 
thermal instability, which then caused enlargement of the 
damage site from the propagation of an ionization-inducing 
absorption wave. In simpler terms, this means that a 
sub-visible defect serves as a damage initiation site (Bass 
and Barrett, 1972) at beam irradiances far lower than the 
normal threshold for immediate damage (e.g., optical 
breakdown and bubble formation in the plastic) at the focal
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Figure 6-1. Example of cumulative damage in a PMMA IOL from 
500 mode-locked NdsYAG laser pulses of 6.0 mJ average energy 
focused 4 mm behind the posterior IOL surface. Three sites 
were exposed: to 8, 200 and 500 pulses; but only the site 
exposed to 500 pulses is clearly visible in viewing the 
entire IOL (IOL #3).

221



Figure 6-2. Scanning electron microscopic view of the 
cumulative damage resulting from continued exposure (500 
pulses) long after the initial pitting was noted in the lens 
shown in Figure 6-1. This was by far the most severe damage 
noted in this study, and was produced only after continued 
pulses at 6 mJ per pulse in IOL #3. The IOL was sectioned 
through the defect to permit scanning electron microscope.
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Figure 6-3. Scanning electron micrograph view of minimal 
type of initial pitting from eight pulses at 6 mJ energy per 
pulse in IOL #3. No cracks have yet begun to radiate from 
the central cavity. The IOL was cut through this induced 
defect to permit the use of the scanning electron 
microscope.
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Figure 6-4. Scanning electron micrograph view of the 
extended zones created by repeated exposure to hundreds of 
exposures at 6 mJ per pulse in IOL #2.
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zone of the beam. Only from repeated exposures at the same 
site can the damage site increase in size, first to a 
spherical zone of some 10-30 \im in diameter, and then to 
cracks radiating out from the centre into the neighboring 
zones. O'Connel and co-workers (1984) confirmed the studies 
of Manenkov et al.

The results of my IOL damage experiments also support 
those earlier basic studies. The photographs presented in 
Figures 6-1 and 6-2 clearly show the two stages of growth. 
Initially a very small cavity forms that is somewhat 
spherical, but if the initiating laser is allowed to 
continue to emit a further train of pulses, small cracks 
begin to radiate outward from the central cavity.

6.5 Conclusions
Damage can be induced within the interior of a plastic 

IOL by a mode-locked NdsYAG laser when the beam's focus lies 
well behind the IOL. This type of damage has not been 
previously reported in IOL's, and is the result of 
cumulative absorption from multiple exposures. The damage 
differs from that created by optical breakdown (plasma 
formation) within the plastic which occurs only when the 
beam is focused within or near the IOL surface. The 
cumulative damage can be avoided by minimizing the number of 
pulsed exposures along the same beam path. However, 
clinically this damage may not be of relevance, because such 
a large number of exposures would never be used in practice. 
Although manufacturing techniques have been developed to 
reduce the vulnerability of PMMA (O'Connel et al., 1984), it
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is not clear that they could be readily applied to IOL 
manufacturing, since IOL PMMA is already selected to be very 
pure.

There were no uniquely different findings in this study 
of mode-locked laser induced IOL damage from those in the 
Q-switched laser study of Capon, et al. (1988). I conclude 
that the bulk damage reported with PMMA by Manenkov, et al. 
(1983, 1984) and O'Connel, et al. (1984) will occur in IOL's 
from clinical radiant exposure levels used in both 
q-switched and mode-locked photodisruptors if the beam path 
is fixed in the same spot on the IOL for an excessive number 
of pulses. The clinician must be warned against continually 
firing from the same position through the IOL. If the 
clinician notes the appearance of a defect cavity in the IOL 
(either prior to a procedure or during the procedure), the 
beam axis (and if possible, the entire beam) should be moved 
away from the defect.

Two techniques: using minimal pulse energy and limiting
the number of pulses will both reduce the chance of IOL 
damage when focusing the beam in the vitreous. The damage 
can be minimal and insignificant to vision if detected as 
soon as it appears, and the clinician alters the laser beam 
path. This effect could cause a more serious impact upon 
entoptic glare levels if repeated exposures are made after 
any initial damage can be first detected. Damage will 
accumulate more rapidly at higher radiant exposure levels.

It is not clear whether this effect could happen to the 
crystalline lens as its organic structure is already quite 
different. Further, procedures using NdsYAG lasers in the
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posterior segment where the eye still retains an intact 
natural lens are rare and do not require excessive numbers 
of exposures. However, it is always wise to follow the 
clinical rule to minimize laser exposure dose levels always.
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Chapter 7

LASER PHOTOABLATION
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7.1 Background
Over the last several years there have been a number of 

reports of studies to explore the potential use of excimer 
UV lasers for photoablative surgery of the cornea. Much of
the interest was originally spurred by a preliminary
scientific publication on this subject by Dr. Stephen 
Trokel, Columbia Presbyterian Medical Center, New York, with 
R. Srinivasan and B. Braren (the latter two from the IBM 
Research Center, Yorktown Heights, NY). They first reported 
on photoablative cutting of the cornea (Trokel, 1983).

Earlier, J. Taboada, R. D. Reed and G. W. Mikesell of
the US Air Force School of Aerospace Medicine (USAFSAM), San 
Antonio, reported on corneal threshold injury and the 
ablative effect by short-pulse KrF excimer laser radiation 
at 248 nm (Taboada, 1981). They reported very clean 
ablative patterns which would be in keeping with ultrashort 
laser exposure and a very shallow optical penetration depth 
(Wolbarsht, 1985).

The use of any laser to incise the transparent (to 
visible light) structures of the eye has long been of 
interest in order to perform surgery upon the cornea and 
lens. The NdsYAG photodisruptor can produce microscopic 
holes in tissue, but is impractical for producing linear 
incisions or large area ablations. Photoablation of 
substantial volumes of nuclear and cortical material of the 
lens was of interest (Mueller-Stoltzenberg, 1990). In 
addition, the production of linear incisions in the cornea 
might permit more controlled and precise radial keratotomy 
(Aron-Rosa et al., 1985) and trephination of the cornea.
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The possibility of surface remodeling of the cornea by large 
area ablation was of particular interest, since it appeared 
to provide a means previously unavailable with any other 
technology. It was hoped that surface scarring of the 
cornea could be ablated and the epithelium would grow back 
over the remodeled stroma.

To be clinically acceptable, a laser procedure intended 
for corneal remodelling must minimize scarring and must 
provide a clear cornea with a predictable and permanent 
refractive change (if a refractive change is intended). For 
areal ablation a predictable and controlled removal of a 
small quantity of tissue was therefore needed. Furthermore, 
ablation through Bruch's membrane would have to produce a 
sufficiently smooth surface to permit a uniform repopulation 
of the corneal epithelium by inward migration from the edge
of the ablated area (Marshall et al., 1986? Tuft et al.,
1987) .

The first studies by Trokel, et al., made use of the 
193-nm wavelength of the argon-fluoride (AF) laser, since 
that laser had shown the greatest potential for 
micro-machining of polymeric materials. These first studies 
demonstrated that very sharply defined cuts could be made in 
stabilized corneas of freshly enucleated calf eyes.

Continued studies by Marshall, Trokel and colleagues 
(1986) further refined these laser ablative techniques. It
became clear that the 193-nm wavelength was superior in
achieving a clean, sharply defined cut with little edge 
effect. Concurrently, Marshall and colleagues (Marshall et 
al., 1986a, 1986b; Tuft et al., 1987), Puliafito and his
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associates (1984) at Harvard Medical School, Boston;
Aron-Rosa of the Rothschild Foundation, Paris; and others 
explored this and other excimer laser UV wavelengths such as 
222 and 248 nm (Marshall et al., 1985, 1986, 1987, 1988; 
Puliafito, et al., 1985). All of these studies appeared to 
be in general agreement, although the quality of the 
published histologic results varied significantly.

Although the 193-nm ultraviolet excimer laser appeared 
to be clearly superior to other UV wavelengths in achieving 
a sharply defined cut with little or non-existent margins of 
thermal injury, some serious concerns have been expressed 
concerning the potential for delayed effects from UV-induced 
mutagenesis. Conflicting arguments have appeared with 
regard to this question. At the 193-nm (and at other UV-C 
wavelengths), the mutagenicity of cells might be very 
significant and one would probably have to prepare a very 
convincing argument to regulatory agencies (e.g., the FDA in 
the US) that delayed effects from mutagenesis would not be 
of concern in a live cornea. The same problem would exist \
with any UV-C wavelength. In all likelihood there will 
probably have to be some lengthy monitoring of rabbit 
corneas exposed to these wavelengths to look for delayed 
changes before any governmental body would give an approval j

for exposure to such a laser. J
Because of the potential UV mutagenicity issue, it 

appeared worthwhile to compare the potential ablative 
ability of at least two representative infrared (IR) 
wavelengths to determine if a less mutagenic alternative 
existed for laser surgery of the cornea. The two IR
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wavelengths chosen were: the 10.6-jim Carbon Dioxide (CO-2) 
wavelength because of its common availability and the 
Hydrogen Fluoride (HF) wavelengths near the 2.9-|im 
absorption peak of water. Short-pulse IR lasers were 
chosen, since one would not expect ablative action without 
significant collateral thermal injury from CW lasers.
Indeed, others had attempted unsuccessfully to perform 
corneal surgery with the C02 laser previously but were using 
much longer pulse durations (Keates, et al., 1981).

Comparative studies of corneal ablation were performed 
on enucleated canine eyes using ArF, HF and C02 short-pulsed 
lasers. The aim of these pilot studies was to evaluate the 
respective ablative interaction mechanisms. If a very 
sharply defined cut were obtained with a short-penetration 
depth infrared laser wavelength, then arguments of a special 
process of photoablation or "photodecomposition" (i.e., 
photochemical bond breaking of long-chain molecules) would 
probably not be correct. That is, it would be unnecessary 
to argue that such a largely non-thermal photodecomposition 
process was the major factor in the efficacy of the 193-nm 
ArF laser incision, and the 193-nm wavelength was essential 
to achieve this type of clean incision.

7.1.1 Physical Factors in Laser Photoablative Surgery
To date, the only significant uses of pulsed laser 

exposures in ophthalmic surgery have been applications of 
the pulse dye laser and the NdsYAG photodisrupter. In the 
dye laser application, pulses of the order of microseconds 
have been used in glaucoma procedures and depend upon a
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utilization of a thermoacoustic effect. In the more 
ubiquitous YAG procedures the energy is delivered so very 
rapidly that non-linear effects predominate, leading to 
optical breakdown, a microplasma and tissue cutting.

Photoablation with the excimer laser is another 
application of pulsed lasers. In this application, it is 
generally assumed that the best surgical cutting effect 
would be a clean edge with the least thermal, acoustic, and 
photochemical effects to adjacent tissue. Previous attempts 
to make a clean cut with a CW carbon-dioxide laser or a 
modulated pulse (i.e., "super-pulse") carbon-dioxide laser 
had been discouraging as the peripheral spread of damage to 
adjacent tissues had been quite extreme (Keates, 1981).

Therefore, even the early light micrographs published by 
Trokel (Trokel, 1983) initiated great interest in the unique 
nature of the clean cuts produced by the 193-nm wavelength.

7.1.2 Theories of Tissue Interaction Mechanisms in 
Photoablation

It has been the contention of Srinivasan, who worked 
with Trokel on their initial studies of excimer laser 
photoablation of the cornea, that the mechanism for this 
effect is photochemical and not thermal; and this would 
explain why there is so little effect to adjacent cells 
along the edge of the cut (i.e., limited to 300 nm, Marshall 
et al.). The 193-nm ablation was termed photoablative or 
"photodecomposition", that is, photochemical bond breaking 
of long-chain molecules).
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Others who had studied laser bioeffects for many years 
were skeptical that it was only photochemical, and that at 
least the blow-off of material was thermally initiated 
(Wolbarsht, 1984). Indeed, some investigators have thought 
that the principal mechanism was solely thermal, since the 
early experimental findings showed that a very small volume 
of surface tissue was ablated with each pulse due to a very 
shallow penetration depth. If it is a thermal effect, for a 
given penetration depth and pulse duration, the same 
ablative effect should occur regardless of wavelength, but 
this is not the case as was shown by comparisons of cuts 
made at 193 nm and 248 nm (Puliafito et al, 1985; Dehm et 
al., 1986; Marshall et al., 1986).

The concept of laser photochemical decomposition of 
polymers was presented by Barbara Garrison, Department of 
Chemistry, Pennsylvania State University along with T. 
Srinivasan (Garrison, et al., 1984). Their paper is well 
worth reading to appreciate the ablation rates. Some would 
argue that in the end it may not matter much whether the 
mechanism is photochemical or thermal as long as a good 
surgical end point is obtained. The best surgical 
wavelength, pulse duration, pulse repetition rate and 
radiant exposure will have to be determined empirically.

7.1.3 Penetration Depth
One aspect of the desired effect at 193 nm, limited 

spread of damage deep into tissue, is presumably the result 
of the extremely short penetration depth of radiation at 
this wavelength into corneal tissue. To estimate the
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relative efficacy of different wavelengths, one needs 
accurate data of penetration depth. Puliafito, et al.
(1985) reported on efforts to measure spectral penetration 
depths. They were initially unable to achieve reliable data 
at wavelengths below about 250 nm. An earlier study by 
Maher at USAFSAM published in 19^8 provided a far more ^
comprehensive series of measurements across the entire 
optical spectrum (Maher, 1978). He measured the spectral 
transmittance of all important ocular structures of the 
rhesus monkey eye and compared these measurements with those 
of distilled water and saline. The Maher study showed very 
clearly that although water plays the principal absorption 
role in the infrared, the high absorption values in the 
ultraviolet at wavelengths below 350 nm can only be 
explained by macromolecules such as proteins and collagens. 
Unfortunately, the limits of Maher's instrumentation made 
measurements of attenuation coefficients exceeding 167 cm"1 
impossible, i.e., at wavelengths less than 275 nm.

If one could strip away only one cell layer of the 
corneal epithelium or stroma, it would be possible in 
principle to obtain the spectral attenuation coefficients in 
the UV-C region (i.e., 100 nm to 280 nm). Puliafito 
estimated the attenuation length in the cornea to be about 1 
jim at 193 nm, and 3 to 5 nm at 248 nm (KrF). It should be 
remembered that the corneal structure varies with each layer 
(epithelium, stroma, and endothelium) and the spectral 
attenuation coefficient for the excimer UV-C wavelengths 
(193, 222, and 248 nm) could vary significantly at each 
wavelength in each tissue substratum. This lack of data
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showed that biological cutting experiments at each of the UV 
wavelengths were worthwhile.

7.2 Questions of Laser Photoablation of the Cornea
There have been at least four issues relating to the use 

of short-pulse (1-100 ns) laser pulses to modify corneal 
curvature (i.e., radial keratotomy or keratoplasty) using 
193, 222, 246, 308, or 354 nm pulsed excimer laser or 
infrared (e.g., carbon-dioxide) laser pulses to perform this 
procedure. The first issue relates to the primary inductive 
damage mechanism or mechanisms, but wavelength, pulse 
duration and delayed effects in the tissue are also 
important.

7.2.1 Mechanisms of Infrared and UV Laser Photoablation
The 10.6-pirn (10,600-nm) C02 laser wavelength has been

used extensively to study fundamental biological effects in
target tissues. The C02 and other pulsed infrared laser
bioeffects have been included in such research programmes
more recently. Studies of pulsed infrared injury of the
cornea reported by Stuck et al. (1981) at the Letterman Army
Institute of Research (LAIR), San Francisco, show that the

2edges of even threshold lesions induced by a 100-ns CO 
pulse were relatively ragged, and thermal denaturation of 
proteins could be detected histologically at more than 100 
\im from the edge. These findings contrast with the effects 
reported at 193 nm where the collateral edge damage is 
limited to 300 nm (i.e., to 0.3 nm). This large differen
tial in tissue response to two wavelengths, but similar
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pulse duration, suggests different mechanisms of damage 
induction.

The effect at 10.6 Jim would surely be thermal because 
the photon energy at that wavelength is so low. The 
absorption depth at 10.6 pm is 10 - 20 nm. It therefore 
appeared to many that to determine damage mechanisms of both 
IR and UV ablation, and to discriminate thermal from other 
effects, it was very necessary to compare excimer with C02 
damage. However, other infrared wavelengths have far 
shallower penetration depths, e.g., near the water 
absorption peak near 2.8 - 3.0 jim (Wolbarsht, 1984). It 
therefore would be reasonable to use a wavelength in or near 
this spectral band to compare the relative ablative effects 
of two extreme wavelengths but with similar penetration 
depths. A simple morphological study would be sufficient to 
determine whether such an approach warranted further 
attention.

7.2.2 Penetration of UVR to Deeper Ocular Structures
The absorption of radiation at 193, and 246 nm by other 

ocular structures would be minimal for the intact eye. The 
cornea is opaque at these wavelengths, and there is no risk 
to deeper structures. However, at wavelengths greater than 
300 nm, the cornea becomes a window. Hence, the excimer 
lines 308 nm and 354 nm are not as highly absorbed at the 
cornea. Although the crystalline lens absorbs only a few 
percent at 308 nm, it is highly vulnerable to damage (Pitts, 
et al., 1977). A 308-nm laser could even be termed "a 
cataract machine," since the threshold for injury to the
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2lens is only about 1 J/cm and not much greater than corneal 
damage thresholds at this wavelength. The data of Pitts, et 
al. indicate a purely photochemical interaction mechanism.

A trace amount of 308 nm and 354 nm radiation reaches 
the retina in a phakic eye and more than 50 percent reaches
the retina in an aphakic eye. The 308 nm laser wavelength
is near the peak of the action spectrum for skin 
carcinogenesis from terrestrial solar UVR. The 308-nm 
wavelength penetrates and yet has a significant photon 
energy, whereas the 354 nm wavelength is considered far less 
biologically active.

7.2.3 Delayed Effects
There has been much research performed upon cell 

mutagenesis at UV wavelengths from 254 nm to the visible 
spectral range (Smith, 1989). The wavelengths near the peak
absorption of DNA— 280 nm— are often considered the most
dangerous. There has been an endless debate on the 
significance of this absorption peak relative to real 
carcinogenic risk from UVR skin exposure (Van der Leun,
1984; Urbach, 1986; Smith, 1989). Epidermal skin tissue is 
protected by the stratum corneum which is heavily filtering 
at wavelengths less than 290 nm (Van der Leun, 1965). Acute 
damage to the cornea has been extensively studied by Pitts 
at the School of Optometry, University of Houston (Pitts, et 
al., 1971, 1974, 1977). His thresholds for photokeratitis 
show a minimum at 270 nm of about 3-4 mJ/cm . Tests of 
epithelial cell mutagenesis would be easy enough to perform 
at the different UV wavelengths, but their meaning would be
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difficult to assess, since the outermost cell layer of the 
corneal epithelium is replaced approximately every 48 hours. 
Perhaps this is why, with the exception of one particular 
breed of Australian cattle, corneal cancer is unknown.

7.2.4 Pulse Duration
It has long been recognized that there will be no heat 

flow during a laser pulse lasting for durations less than 
approximately 1 us (Hayes and Wolbarsht, 1968). Therefore, 
ablation by laser pulses in the nanosecond regime should 
minimize the degree of heat flow to the tissue remaining at 
the distal margin of the cut. The actual peak irradiance, 
and radiant exposure should also influence the extent of 
adjacent tissue damage and the extent of adjacent tissue 
damage would be expected to be least at the threshold for 
ablation.

Pulse repetition frequency (PRF) could also play a role, 
since added thermal insults from a series of pulses could be 
additive if the PRF is too great. Indeed, the mild 
additivity expressed as the number of pulses N raised to the 
-1/4 power (N"1̂4) should apply (as discussed in Chapter 1).
7.3 Experimental Comparisons of Laser Photoablation at 
Three Wavelengths

The aims of this series of experiments were to directly 
compare the effects of radiant energy at three different 
wavelengths chosen to compare infrared thermal ablation at 
two different penetration depths ( 1 and 20 nm) and the ArF 
UV wavelength (193 nm) where it was argued that 
photodecomposition was taking place. If sharp cuts could be
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achieved by a 2.9-jim laser, a further aim was to pursue the 
optimum wavelength for ablation in this spectral region.

7.3.1 Introduction
Two fundamental questions were tackled in a series of 

pilot experiments with short-pulse lasers: Is penetration
depth the fundamental factor which determines the nature of 
an ablative cut? At a given wavelength, would the pulse 
duration influence the clarity of the cut? Specific 
theoretical concerns were to be tested:

7 . 3 .1.1 The long wavelength of the C02 laser would create 
diffraction problems in the cut. The size of diffraction 
patterns are directly proportional to the laser wavelength, 
and the C02 wavelength of 10.6 \im is &0 times greater than 
green light and more than 5 0-fold greater than the ArF 
wavelength of 193 nm. Diffraction will limit the width of 
the cut to a dimension of the order of the wavelength, and 
edge effects will be close to the wavelength.

The several emission lines of the HF laser in the 2.7- 
2.9-jim spectral band are less than the C02 wavelength, but 
still should produce diffraction edge ripples along the 
focal zone distribution that are nearly thirty times that of 
the ArF wavelength. The edge diffraction pattern should 
extend 10 to 20 Jim from the center of the cut and the energy 
in this pattern, if below the ablation threshold, would 
raise the surface temperature and possibly lead to thermal 
injury. The lateral displacement x of a first order 
diffraction line created by imaging a slit on the cornea
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would be approximately:
x = A, f / a [7-1]

where X is the wavelength, f is the focal length of the 
imaging lens and a is the width of the slit.

7.3.1.2 The volume of material ablated by the C02 
wavelength should be of the order of the penetration depth 
of 10 - 20 pm or greater. With this greater volume of 
ablated material, the cut should be broader and deeper and 
result in a faster removal of material. However, with more 
material blown off per pulse, one should expect that the 
associated acoustic transient produced will be 
proportionately greater and possibly lead to greater 
secondary biological damage. The edge contour of the cut, 
and tissue deep to the floor of the cut, will therefore be 
examined for evidence of disruptive effects.

7.3.1.3 Too much thermal and acoustic damage would occur to 
adjacent tissue if the energy expended is too great, 
resulting in larger fragments, more ragged edges and an 
uneven cut if the penetration depth is relatively large. 
However, use of the ArF or an HF laser wavelength with 
similar penetration depths of the order of 1 - 2 \im might 
ablate so little, that much too much time would be expended 
in the process unless a high PRF were chosen. With a high 
PRF, the additive heat transfer from pulse to pulse could 
lead to thermal coagulation of adjacent tissue. Hence, it 
is desirable to determine an optimum PRF for any ablative 
process.
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7.3.2 Materials and Methods
Four lasers were chosen for wavelength and pulse 

characteristics to attempt to optimize the conditions which 
were thought to control ablation. One of the Lumonics C02 
TEA lasers (Chalk River) had the capability of operating at 
either 2-3 ns or at 40 ns. A second pulsed C02 laser 
(Lumonics Model 920) had a pulse duration of 200 ns, thus 
permitting a range of two orders of magnitude in pulse 
duration. A Lumonics HF TEA laser operating at one emission 
line, 2,744 nm, had a pulse duration of 300 ns.

Freshly enucleated canine eyes were placed in a 
polymethylmethacrylate (PMMA) stabilizing support with the 
cornea facing upward. The PMMA support was placed on a 
three-axis movable mount to allow movement in and out of the 
laser beam focal plane and laterally in two orthogonal 
directions. The laser beam was directed downward by a flat 
gold mirror as shown in Figure 7-1 to impinge upon the 
target.

Initially, the output radiant exposure in the beam was 
examined for uniformity and adjusted to just achieve a 
threshold ablation in a thin absorbing film (Kentek "Zap-It" 
black print paper). Then a series of 3 to 12 lines or cuts 
were made in each of 10 corneas. Two further eyes were 
unexposed and kept for histological controls. The exposures 
were performed on two different days.

During most of the series of exposures, a short-focal 
length cylindrical lens imaged the beam passing through a
0.001-inch (0.025 mm) thick beryllium-copper mask with a 150 
jim slit. Initially the mask was placed on the surface of
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Figure 7-1. Experimental Arrangement. The laser beam was 
focused on a slit mask and the mask was imaged upon the 
enucleated eye. The eye was supported upon a PMMA block.



the cornea, but it quickly became clear that a far finer cut 
could be achieved by first directing the laser beam through 
the mask and then imaging the mask on the cornea. Two 
bovine eyes were used initially to develop the technique.
The beam energy was adjusted so that a barely discernable, 
threshold level cut could be made.

Prior to a calibrated series of cuts a marker burn was 
created by increasing the energy and repeatedly firing the 
laser until one line cut could be easily recognized. The 
marker burn would clearly indicate the position of each of 
the controlled, threshold ablations during histology. The 
laser beam energy was adjusted in several ways to achieve an 
optimum range of radiant exposure levels on the target 
surface. The total laser energy was adjustable to some 
extent. Calibrated absorbing optical plates were inserted 
into the beam and the energy on the imaging mask controlled 
to obtain the desired energy on target.

A Lumonics Model 20D101 pyroelectric disk energy meter 
was used to record the total energy output of the laser. It 
was placed in the plane of the cornea after the energy had 
passed through the mask. The mask was situated in the beam 
so that there was a somewhat linear gradation of radiant 
exposure. This would allow the observation of a range of 
irradiance and radiant exposure levels along the same cut.

A series of 1, 10, 100 or 1000 pulses were directed at 
the cornea. The eye was periodically irrigated with saline 
while situated on the PMMA mount. Since water was 
considered by far the dominant absorber, it was assumed that 
a well hydrated cornea was needed to optimize the ablation.

244



Since only pilot studies were being conducted, no account 
was taken of possible variation in the mass ablation rate; 
however, if a further experiment were conducted to measure 
mass ablated, then a highly regular irrigation would be 
required.

After a series of exposures, the biological tissue was 
examined under a light microscope. After a complete series 
of cuts had been made on the cornea, the eye was placed in 
formalin.

Within an hour after the eye had been placed in 
formalin, the eye was dissected and the cornea removed and 
initially fixed in 2.5% glutaraldehyde buffered in 0.15 M 
phosphates with a pH of 7.4 for 6 to 28 hours at 4° C. 
Samples were then post fixated with a 1% phosphate buffered 
osmium tetroxide for one hour. The specimens were later 
post-fixed and examined using electron microscopy at two 
locations following somewhat different final fixation 
techniques: at the Institute of Ophthalmology (London) and
at the National Institutes of Health (NIH) (Bethesda).

At the Institute of Ophthalmology the exposed eyes were 
then initially fixed in 3% glutaraldehyde buffered in Earl's 
buffer at 4°C. After 12 hours in this initial fixative, the 
eyes were post-fixed in 2% osmium tetroxide buffered in 0.1 
M sodium cacodylate overnight. After being dehydrated 
through a series of ascending concentrations of acetone in 
water prior to being critical-point dried using an Emscope 
CPD 750, the corneas were coated with a 30-nm layer of gold 
in an Emscope SC500 sputter coater. The corneas were then 
examined under an Hitachi 510 scanning electron microscope.
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The corneal tissues examined at NIH were initially- 
prepared in a similar manner, and then were dehydrated in 
ascending steps of alcohol and mounted on stubs, sputter 
coated with gold and then examined under a JOEL Model JSM-35 
scanning electron microscope (SEM).

7.3.3 Results
Figures 7-2 through 7-6 show representative cuts made 

with each type of laser. The variation in the physical 
appearance was quite remarkable. The C02 laser cut was 
clearly inferior to the HF-cut, and both were far less 
acceptable than the cut performed at 193 nm. Note the 
appearance of almost a "boiling" effect within the stroma 
for the C02 laser. Only the very superficial cut made at 
the 2.744-jim line of the HF laser showed a very shallow cut 
at threshold without severe disruption. At higher 
irradiances, the disruption (ruptured tissue edges) was even 
apparent with the HF laser as shown in the end section of 
the HF laser cut.

7.3.4 Conclusion
It appears that the 193-nm wavelength is clearly 

superior to the others because the wounds have such limited 
damage to adjacent areas. This may relate to the fact that 
the penetration depth is the least, allowing for more 
careful control of the cutting with the least involvement of 
adjacent tissues. Other UV excimer wavelengths such as 222 
and 248 nm might be worthwhile to study (Puliafito, et al., 
1985, 1987; Marshall et al., 1988) with the other infrared
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Figure 7-2. Scanning Electron Micrograph of Test Surface 
Cut at 19 3 nm ArF Laser Wavelength. Note the extremely 
sharp edge of the cut.
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Figure 7-3. Scanning Electron Micrograph of Canine Cornea 
Control (800 X).
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Figure 7-4. Scanning Electron Micrograph of Canine Cornea 
Cut at 10.6 nm C02 Laser Wavelength (800 X). Edge effects 
are highly marked with significant tissue disruption and the 
appearance of surface melting and "lava-flow" effect.
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Figure 7-5. Scanning Electron Micrograph of Canine Cornea 
Cut at 2.7-3.0-jim HF Laser Wavelength Band. Note the 
boiling and disruptive effects similar to the 10.6 jum laser 
exposure. The bar is 100 pm.
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Figure 7-6. Scanning Electron Micrograph of Canine Cornea 
Cut at 2741-nm Single Line HF Laser Wavelength. The bar is 
100 um.
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wavelengths largely out of consideration for smooth corneal 
ablation (Seiler et al., 1986).

These pilot studies using a pulsed argon-fluoride (ArF) 
excimer UV-C laser and HF and C02 infrared lasers clearly 
showed that a 193-nm laser provided the cleanest cut, 
although an HF 2.7-|im laser was able to make a relatively 
good cut (Figure 7-6). While the incident irradiance and 
radiant exposure were varied to achieve a threshold effect, 
the ablative disruption was clearly greater in the infrared 
than at 193 nm in the ultraviolet region.

These findings support the hypothesis that a photodecom
position mechanism does play a major role at 193 nm. The 
results do not conclusively prove that photodecomposition is 
the key feature of UV photoablation, since the different 
edge effects might still have resulted from the differences 
in diffraction at the two widely different wavelengths. The 
linear extent of diffraction patterns are directly 
proportional to wavelength. However, the disruptive effects 
in the infrared do argue for a far greater acoustic 
component for the IR interaction mechanisms.

7.4 The Effect of Pulse Duration on CO2 Laser Ablation
7.4.1 Introduction.

The previous experiments showed a dramatic effect of 
wavelength upon the morphology of the ablated cut. The 
question of the influence of pulse duration still remained. 
Unfortunately, both the excimer laser and the HF laser could 
not be adjusted for pulse duration. However, by using two 
different pulsed C02 lasers, it was possible to obtain three
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widely different pulse durations with which to explore the 
influence of pulse duration. The aim of this study was to 
determine if energy transport (if rate of change of energy 
at the tissue) could affect the morphology of the cut as a 
function of pulse duration.

7.4.2 Materials and Methods
An unusual, specially-constructed Lumonics C02 TEA laser 

(located Chalk River) had the capability of operating at 
either 2-3 ns or at 40 ns. A second pulsed C02 laser 
(Lumonics Model 920) had a pulse duration of 200 ns, thus 
permitting a range of two orders of magnitude in pulse 
duration. These lasers were used to expose canine corneal 
tissue in the same manner as described in section 7.3.2.
The experimental procedure and fixation of tissue were the 
same as previously discussed.

7.4.3 Results
Somewhat surprisingly, there were no obvious discernable 

differences in the morphological appearance of the cuts 
produced by a threshold radiant exposure from any of the 
three laser pulse durations. The ablation threshold radiant 
exposure did not vary with pulse duration within the range 
of times used in this series of experiments.

7.4.4 Conclusions
From a purely thermal standpoint, one would not expect 

the effects of heat flow to adjacent tissues to really be 
affected by varying the pulse duration below 1 |is. Heat
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flow would not proceed more than 1 pm in 1 ps (See Chapter 
1), hence thermal damage to adjacent tissue would always 
occur from heat flow after the exposure (and diffracted 
energy outside the cut area). Thus the findings should not 
really be surprising in this regard. However, one might 
expect a difference in wall morphology due to a variation of 
the acoustic energy component with higher irradiances. It 
is not clear whether these conclusions would apply to sub
nanosecond (picosecond) exposure duration where the 
principal interaction mechanisms could differ.

Seiler et al (1986) showed morphologically similar 
pictures of corneal ablation by a hydrogen-fluoride laser. 
Again, the appearance of lava-flow patterns suggesting 
melting were demonstrated. It would appear that unless one 
were to use a sub-nanosecond laser where significant heating 
might not occur during the pulse, it appears highly unlikely 
that an infrared wavelength can be found that does not 
create the lava-flow effect.

7.5 Discussion: Future Studies for IR Refractive Surgery
Based Upon Collagen Absorption

Refractive surgery of the cornea presents other 
interesting questions regarding absorbing chromophores. The 
arguments favoring an ArF UV excimer laser have been that 
the 193-nm photon has sufficient energy to sever bonds of 
all of the corneal constituent molecules, especially 
proteins, but also including collagen. Puliafito (1987) has 
shown that ablated particle sizes were much smaller at 193 
nm than at any longer wavelength. Srinivasan has published
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results which claim that selectivity in bond breakage occurs 
and is related to wavelength (Garrison and Srinivasan,
1984). Both of these observations support this hypothesis. 
Also, the superficial nature of the ablation means that the 
primary refractive surface of the eyes is altered directly 
and as a primary tissue reaction. The argument for using 
laser radiation at 2.94 pm (e.g., ErsYAG) has been the 
extremely shallow penetration depth of the order of 1.0 pm 
at this the peak of water absorption (Wolbarsht, 1984).
While this choice of wavelength means that water molecules 
will certainly absorb laser radiation, one should remember 
that the objective of the irradiation is to cut collagen 
fibers cleanly. At 2.94 jim, essentially all of the incident 
laser energy is coupled into water molecules which 
experience a rapid increase in vibrational modes which then 
change to the gaseous phase and blow off sections of 
collagen fibers and other biological molecules. Energy must 
be transferred from the tissue water to the collagen matrix 
by heat transfer which is not at all selective either from 
the properties determined by specific heat and conductivity.

Perhaps an infrared wavelength exists where both water 
and collagen molecules absorb substantially. A resonant 
absorption by the collagen aggregate molecules could be far 
more effective in fragmenting collagen fibers and achieving 
a smooth cut. While a single IR photon would normally not 
have sufficient energy to break a bond, the high irradiances 
available from a q-switched laser might produce sufficient 
multi-photon resonant absorptions to achieve clean cleavage.
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The apparent advantage of the 193-nm laser wavelength 
for a smoothe ablative surface lies in its photochemical 
bond-breaking of long-chain molecules. It is therefore 
relevant to ask whether photochemical bond breaking is 
possible in the infrared spectrum as well. Although 
selective IR photochemistry has been demonstrated in the 
gaseous phase (Oraevski, 1978; Ralyska, 1978), it is not 
clear whether it could be effective in the condensed phase 
since here absorptions are greatly broadened. Nevertheless, 
it can hardly be ruled out as a possibility and is therefore 
worth further investigation. Selective photodesorption of 
adsorbed surface impurities has been demonstrated with UV 
lasers in semiconductors, and even in biological matrices at 
the University of Muenster (Karas, 1987). Unfortunately, 
the heavily cross-linked structure of collagen fibrils 
suggest that resonant absorption would be difficult, 
although the highly ordered structure with many similar 
bonds (Eyre, 1980; Eyre, 1984) might nevertheless offer hope 
that some selective bond breaking might be possible.

The broad absorption spectra obtained for most collagens 
(e.g., Figure 7-7), does not indicate narrow absorption 
peaks, but one should remember that the orientation, and the 
many similar bonds might mislead one into thinking that 
resonant absorption is totally impossible.

7.6 Infrared Spectral Absorption Properties of Collagen
7.6.1 Introduction

Not having available a tunable infrared laser, it was 
impossible to explore the hypothesis that a wavelength in
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the 2 - 4-nm spectral range might be more effective in 
cutting than at the peak absorption wavelength for water 
(2.94 nm). However, by studying absorption spectra, it 
would be possible to explore candidate wavelengths to test 
the hypothesis that collagen absorption of infrared laser 
energy could permit cleaner cuts. I attempted to measure 
the absorption spectra of several isolated collagens in the 
infrared. There are a variety of collagen molecules 
(generally referred to as Types I - VIII) and a few 
commercially are available in the form of gels or in 
solution. Although it would be difficult to isolate the 
absorption properties of the collagen from water absorption 
in the 3.0-jim band, the aim of this experiment was to
determine if strong absorption bands existed outside of the
water peak, but where water still was reasonably absorbing,
i.e., in the IR-B and near IR-C spectral regions. A search 
of available published spectra of collagens provided limited 
results, as much was unpublished and available only in 
laboratory notebooks and sales literature. Therefore one 
commercially available calf skin collagen and one collagen 
shield used in corneal surgery were obtained for a pilot 
study.

7.6.2 Materials and Methods
Two samples were studied by spectrophotometry: (1)

Calf-skin collagen, isolated collagen Type II,
(Polysciences) in a 3% slurry, precipitated in acetone to
remove water and mounted in a gel, and (2) a Bio-Cor 
Collagen Corneal Shield. A Digilab Model FTS-IMX Fourier
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Transform Spectrophotometer was used to obtain a broad 
infrared spectrum from 2.0 to 15 \im. A Perkin-Elmer Model 
Lambda-9 UV/VIS/IR Grating Spectrophotometer was used to 
measure the spectral absorbance from 250 to 3200 nm.

The collagen gel and collagen shield were pressed 
between two potassium-bromide plates and placed into the 
sample chamber of each spectrophotometer. The collagen 
solution was placed in a silver-chloride cell for the 
measurements of solutions, and a reference cell of water was 
used in order to subtract out the absorption of water. 
Because of the high absorption of water near 3.0 nm, the 
data for the aqueous solution was too great to obtain 
reliable absorption measurements of the collagen alone, but 
that was not the primary objective of the spectral 
measurements.

7.6.3 Results
At least twenty different scans were made with slight 

variations in collagen concentration. The variation in 
spectral absorption properties were marked. There were 
clear absorption peaks at several points in the infrared. 
Most notable were peaks at 1925 nm and 2250 nm in the 
precipitated collagen gel, at 1450 and 1660 and at 3300-3600 
nm in the 0.75 mg calf-skin collagen and at 1925 and 2600 nm 
for the 3% collagen in solution in 0.012N HCl. The collagen 
shield had a very non-descript absorbance spectrum, with 
only one broad peak from 2800 to 3000 nm. One of the more 
marked spectra is shown in Figure 7-7.
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7.6.4 Conclusions
The spectra of collagen samples employed in this study 

clearly show the presence of absorption peaks where ablation 
of collagen-rich tissues could be more effective. 
Unfortunately, thin samples of corneal stroma could not be 
processed in a dehydrated form while maintaining a large 
enough surface for spectrophotometry. This would have 
provided more specific spectral information from which to 
proceed to optimize surgical systems.

7.5.5 Discussion
Before discarding the idea that a complex aggregate of 

molecules could be affected by resonant absorption, one 
should consider the historical example of searching for an 
action spectrum for cataractogenesis from acute UVR 
exposures. Many assumed that the strong absorption of the 
mammalian lens near 370 nm (Figure 1-12) argued for an 
action spectrum near that absorption peak (Maher, 1978), but 
experimentally it was shown by Pitts (Pitts, et al., 1977) 
that the peak of the action spectrum was near 300 nm as 
shown in Figure 1-12. Certainly in a complex structure, one 
should not assume that the bulk spectral absorbance of the 
material will correspond with the action spectrum for a 
specific photochemical event. Regrettably, the only way to 
test this hypothesis may require a search with a tunable 
laser, such as the titanium sapphire laser, the alexandrite 
laser or the fosterite laser with a Raman cell, or even a 
free-electron laser.
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Without the use of a readily tunable near-infrared laser 
with sufficient power and energy to study ablation, one is 
left with studies of laser-corneal interaction at discrete 
wavelengths, such as those studied by Stuck, et al. (1981), 
Avdeev, et al. (1981, 1987), and other groups (e.g., 1.54, 
1.96, 2.06, 2.744, 2.94, 10.6 Jim, etc.).

7.7 General Conclusions
In searching for means to optimize the laser wavelength 

and other exposure parameters to develop new laser 
applications and to improve those now in use, one should not 
rule out the value of less known, or as yet unknown, 
chromophores. Selective photochemical or photoablative 
interaction mechanisms may be exploited. Selective 
absorption at specific wavelengths will generally have less 
impact for photocoagulation because of heat flow during and 
after the exposure. However, for pulsed photoablative or 
for photochemical interaction mechanisms, specific 
chromophores become much more important; heat flow is far 
less important, and non-linear effects alter the picture, 
making resonant absorption more likely (Goldman, et al., 
1977). Future applications in retinal therapy and in 
corneal surgery are possible results from a careful line of 
investigation of these effects.
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Chapter 8

Photokeratitis from 19 3-nm Arqon-Fluoride Laser Radiation
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8.1 Introduction
Questions of mutagenesis and concerns for other potential 

delayed side-effects have been raised regarding the future 
use of the ArF 193-nm pulsed laser for corneal refractive 
surgery. Several groups have attempted to study mutagenesis 
at this wavelength using both in-vivo and in-vitro methods 
(Trentacoste, et al., 1987; Seiler, et al., 1988; Kochevar, 
1989). However, one short-term approach to explore a degree 
of photochemical damage at the 193-nm wavelength would be to 
attempt to obtain a threshold for photokeratitis. Although 
this represents damage to the corneal epithelium rather than 
damage to the stroma, it does result from photochemical 
processes. Therefore the threshold, degree and depth of 
photokeratitic lesions would provide some insight into these 
questions.

Laser induced corneal refractive surgery, whether 
performed by linear cuts or surface ablation, requires 
short-pulse, high irradiance exposures which achieve an 
extremely rapid ablation of a thin layer of tissue. By 
contrast, photokeratitis is characterized by epithelial cell 
injury and corneal pain after an asymptomatic latent period 
following single or multiple UVR exposures of the cornea, 
normally at low irradiances. Exposures are additive over a 
period of minutes or hours.

The aim of this series of experiments was to use 
subablative threshold exposures to attempt to produce 
transient threshold photokeratitis at 19.3 nm, and if 
obtainable, to determine a photokeratitis threshold.





Furthermore, by studying the depth of tissue involvement in 
the absence of tissue fluorescence, one would obtain a 
confirmation of the penetration depth of 193-nm laser 
radiation. If transient photokeratitis appeared only in the 
most superficial cells which would normally slough off in a 
matter of hours, it would confirm that the 193 photop£ were 
largely absorbed in one cell layer.

Since no one working with the ArF laser had previously 
reported the classical signs of a photochemical lesion in 
the stroma at this short UV wavelength, but only stromal 
ablation, a reasonable working hypothesis was that ablation 
must occur at a level below that required for classical 
photokeratitis. If so, it would be necessary to expose the 
cornea to a lengthy series of low-energy sub-ablative 
exposures which could add to achieve a photokeratitis 
threshold. Based upon the work of Pitts et al. (1977), 
which showed that short-wavelength UV-C photokeratitis 
appeared in less than four hours, it was assumed that 193-nm 
photochemical injury of the epithelium would be transient 
and hopefully within the lifetime of the surface cells.
8.2 Background

Argon-fluoride (ArF) excimer laser photoablation of the 
cornea at 193 nm requires radiant exposures as low as 25-30 
mJ/cm2 per pulse (Krueger, et al., 1985; Puliafito et al., 
1987), although clinical photorefractive keratectomy (PRK) 
is performed at radiant exposures exceeding 100 mJ/cm2.
From extrapolations of photochemical (photokeratitis) injury 
thresholds in the 210-320 nm spectral region, one would



expect the threshold for photokeratitis at 193 nm to be 
substantially greater than 100 mJ/cm , and quite possibly 
more than 1 J/cm2 (Pitts and Tredici, 1971; Pitts, 1974; 
Pitts et al., 1977). Hence, photokeratitis should only 
appear following repeated, subablative threshold exposures. 
Depending upon how high this threshold may be, and the depth 
of epithelial injury, one should have an insight into 193 nm 
tissue transmittance, and by using artificial tears between 
pulse groups, one should also be able to estimate the 
protective factor of the tear film— which could be 
considerable. This study could also provide insights into 
the potential for photochemical side-effects of a clinical 
procedures.

If classical photokeratitis involving deeper corneal 
lasers were to occur, it would suggest that all previous 
studies of the shallow (less than 3-to-5-iim/penetration 
depth^ were in error, or the photokeratitis would have 
resulted from the fluorescence emitted at the corneal 
epithelial absorption site. Indeed, an intact tear film 
would presumably help to protect the cornea from low-level, 
scattered 193-nm laser radiation, and this would also be 
studied.

8.3 Materials and Methods.
Adult, 3-4 kg, Dutch Belted rabbits were anesthetized 

intramuscularly with ketamine-hydrochloride (Parke-Davis, 
Morris Plains, NJ) at a dose of 25 mg/kg and xylazine- 
hydrochloride (Mobay Corp., Shawnee, KS), and exposed to



193-nm laser radiation. The animals were maintained 
anesthetized throughout the experiment and were wrapped to 
maintain warmth. No signs of discomfort were noted during 
any of the exposure series. Initially, each eye undergoing 
laser exposure was proptosed to stabilize the eye for long 
series of exposures, but this was later determined not to be 
necessary. For each series, four exposures were made in 
each exposed eye; although each eye was exposed and examined 
at different times. Each quadrant of the cornea was exposed 
to repeated pulses at a pulse repetition frequency (PRF) of 
1, 2, or 5 Hz at radiant exposures ranging from 
approximately 3 to 10 mJ/cm2 per pulse (i.e., at 
approximately 10% of the ablation threshold). This exposure 
regimen was chosen to minimize the possibility of any 
thermal or ablative effects. All exposures were kept at a 
level to preclude permanent corneal injury based upon 
previous experience with ablative corneal exposures. In 
most experiments, nearly identical exposures were made in 
one eye with an artificial tear film and contrasted by 
exposure of another eye without a strong tear film.

Three series of exposures, at intervals of at least 15 
days, were made in one rabbit (#081) and two series were 
made in a second rabbit (#083). Since no findings more than 
transient changes were made in the first series and the 
corneas were observed to be clear prior to and following 
each exposure series, it was concluded that there would be 
no additive effects from repeated exposures so far apart in 
time; this conclusion was also supported by previous studies
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of photokeratitis (Cullen, 1980).
Figure 1 shows the experimental arrangement. The 

emergent beam from the laser (Lambda Physik Model EMG102) 
was focused to expand and diverge the beam. A 1-cm (and 
later a 2.5-mm) diameter segment of the beam was selected to 
obtain a reduced beam of good uniformity. The average 
energy-per-pulse of this reduced beam ranged from 7 to 14 
mJ. The energy could be measured accurately by the 
pyroelectric laser energy meter (GenTec Model ED-500) and 
was monitored between each exposure series. Although the 
beam radiant energy-per-pulse varied by as much as 50%, the 
averaged value of ten pulses remained consistently within 
only 5%.

The radiant exposure at the last (3-mm diameter) 
aperture was calculated by dividing the area of the uniform
beam at that point into the average beam energy per pulse.
The cornea was placed 1 mm behind the 3-mm aperture and
exposed to a predetermined number of pulses.

The corneal exposure size was selected to be 3 mm, since 
a smaller spot size would create problems of controlling the 
exposure to the designated area. A larger size would have 
precluded multiple sites of exposure in any given cornea and 
decrease the number of data points. This approach kept the 
number of animals used to a minimum.

One objective of the first and second series of 
exposures was to determine if artificial tears altered the 
threshold for photokeratitis. The lids of each animal were 
manually closed and one group of eyes was irrigated by
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Experimental Arrangement

2nd APERTURE (3m m )
LENS

3

LASER L ________

BEAM

LOCATION OF 
CORNEA OR 
ENERGY METER

OPTICAL TABLE

Figure $1. Experimental Arrangement. The emergent beam of 
the laser was expanded, and a 2.5-mm diameter segment of the 
beam was selected to obtain a reduced beam of good 
uniformity. A final aperture immediately in front of the 
animal's eye defined a 3-mm zone for exposure.
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normal saline solution between each exposure series for all 
exposed eye of each animal. However, a subset of exposed 
eyes were irrigated more frequently, at 5 s intervals. In 
the third through fifth series of exposures, the objective 
was simply to determine a threshold for photokeratitis and 
all eyes were irrigated every two minutes.

8.4 Results
8.4.1 First Series.

Animals were examined using a slit-lamp biomicroscope at 
approximately 1 hour, 6 hours, and 12 hours post-exposure. 
All corneas were clear at 1 hour immediately post-exposure 
with one exception. One exposed eye (eye with less 
irrigation) exposed to 800 pulses at 2 Hz had a slight 
corneal depression at that exposure site.

Fluorescein staining was used only after a detailed 
slit-lamp examination searching for any altered light reflex 
or the presence of vacuoles. A slight epithelial haze and 
corneal stippling was seen at 6 hours post-exposure in 
rabbit 080 at the site of highest exposure (2.3 and 2.6 
J/cm2); however, the zone of exposure was not a clearly | 
defined circle, indicating that the effects may only have j 

been the result of small hot-spots in the beam profile. 
Figure 8-2 is a photograph of that exposure site.

Mild, superficial corneal lesions were noted after 6 
hours and 12 hours in Rabbit # 080 at the site of exposure 
of 1.2 J/cm2 from 400 pulses at 5 Hz and 2.3 J/cm2 from 800 
pulses at 2 Hz, the latter being the more severe lesion.
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Figured. Slit-Lamp Photographs of Threshold Photokeratitis 
Obtained at 193 nm in the Rabbit Cornea. Left panel shows 
characteristic photograph of epithelial devitalization 
(exfoliation) in exposed area as viewed by retroillumination 
taken at least 7 hours post-exposure. The right panel shows 
a full-thickness devitalization as demonstrated by staining 
from an uptake of fluorescein.
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The lesions at each exposure level were slightly more severe 
in the eyes not receiving drops, indicating a slight 
protective value of the tear film. These findings clearly 
indicated that the threshold for photokeratitis was between 
1 and 2.0 J/cm ; however, the non-uniformity of the lesions 
indicated that this figure may be too low— the result of 
more intense localized areas of higher irradiance. It was 
therefore necessary to perform further series of exposures. 
The exposures given are listed in Table 8-1. There was an 
indication that there might be some reduction in the 
threshold for higher PRF's, but this would be shown by later 
series to be an experimental artifact.
8.4.2 Second Series.

In two eyes, a slight superficial epithelial haze was
2seen almost immediately after the exposure of 1.5 J/cm . At 

seven hours post-exposure, there was no evidence of corneal 
damage. At 17 hours post-exposure, there was noevidence of 
haze; however, a diffuse staining by fluorescein was noted 
superiorly in the right eye. Since the stained area was not 
uniform and circular, doubt existed that the laser exposure 
caused this effect.
8.4.3 Third Series.

Although one eye which received exposures up to 4.0
2J/cm was clear as seen under the slit lamp immediately 

post-exposure and at two hours, another eye at slightly 
higher exposure levels showed barely perceptible superficial 
epithelial haziness in the upper and lower right and lower 
left quadrants (6.2, 11.4 and 19.5 J/cm ) even though there
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was no staining by fluorescein. At 14 hours post-exposure, 
a well defined haziness was noted in the left upper and 
lower quadrants exposed to 3.6 and 11.4 J/cm . There was a 
mild epithelial staining by fluorescein only in the lower 
right quadrant, with punctate areas and a few linear areas 
of staining in the area of highest exposure at 19.5 J/cm .
8.4.4 Fourth Series

In this brief series of exposures in one eye, immediate 
epithelial haze was noted in all four exposure sites, but at 
19 hours post-exposure, there was no fluorescein staining or 
signs of epithelial haze, indicating that the keratitis seen 
in earlier series was relatively short-lived.
8.4.5 Fifth Series

After the first four series, it was decided that a 
careful time-course of the corneal effects was required, and 
that a more sensitive stain to show epithelial cell injury 
(rose bengal) was needed. Immediate (within one hour) 
examination of the cornea under slit lamp with both rose 
bengal and fluorescein revealed no staining, but a slight
haze was seen in well defined circles at exposures of 7.3

2 2 J/cm and above, but not at 1.4 J/cm . The other exposed
eye was clear. At 3-1/2 hours post-exposure, the same three
quadrants that had shown a haze in the former eye stained
with rose bengal, and this picture remained with the
disappearance of the stain in the site of exposure at 7.3
J/cm at 6-1/2 and 14 hrs post-exposure. Fluorescein
staining was only noted in the lower two quadrants in the
left eye at 14 hours post-exposure. At 26 hours post-
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Table 8-1. Corneal Exposure Series for Each Eve*
Loc. Laser Time Number of Radiant Exposur^ Integr. 2 
Odnt and PRF______ Pulses Per Pulse mj/cm Ex p . J/cm

Rabbit #084 fist Series}: oUL 17 s, 1 Hz 17 3.4 0.058 J/cm
UR 33 s, 1 Hz 33 3.4 0.11 J/cm
LL 66 s, 1 Hz 66 3.4 0.22 J/cm
LR 120 s, 1 Hz 120 3.4 0.41 J/cm

Rabbit #081 fist Series}: oUL 60 s, 2 Hz 120 3.1 0.38 J/cm
UR 400 s f 1 Hz# 400 3.1 1.2 J/cm
LL 120 s, 2 Hz 240 3.1 0.74 J/cm
LR 200 s, 2 Hz 40 3.1 1.2 J/cm

Rabbit #080a fist Series}: 9UL 8 s, 1 Hz 8 2.9 0.023 J/cm
UR 400 s, 2 Hz 800 2.9 2.3 J/cm
LL 40 s, 5 Hz 200 2.9 0.58 J/cm
LR 80 s, 5 Hz 400 2.9 1.2 J/cm

Rabbit #080b f1st Series}: oUL 8 s, 1 Hz 8 3.2 0.026 J/cm
UR 400 s / 2 Hz 800 3.2 2.6 J/cm
LL 40 s r 5 Hz 200 3.2 0.64 J/cm
LR 80 s, 5 Hz 400 3.2 1.3 J/cm

Rabbit #081a Eve Without Saline f2nd Series}: 9UL 50 s, 5 Hz 250 3.4 0.85 J/cm
UR 80 s, 5 Hz 400 3.4 1.4 J/cm
LL 65 s/ 5 Hz 325 3.4 1.1 J/cm
LR 100 s, 5 Hz 500 3.4 1.5 J/cm

Rabbit #081b Eve With Saline f 2nd Series}: 9UL 50 s, 5 Hz 250 3.3 0.83 J/cm
UR 80 s, 5 Hz 400 3.3 1.3 J/cm
LL 65 s, 5 Hz 325 3.3 1.1 J/cm
LR 100 s, 5 Hz 500 3.3 1.5 J/cm

Rabbit #083a Eve Without Saline f2nd Series}: 9UL 65 s, 5 Hz 300 2.8 0.84 J/cm
UR 75 s, 5 Hz 375 2.6 0.94 J/cm
LL 90 s, 5 Hz 450 2.5 1.1 J/cm
LR 225 s , 2 Hz 450 2.5 1.5 J/cm

Rabbit #083b. Eve With Saline f2nd Series}: 9UL 65 s, 5 Hz 325 2.5 0.85 J/cm
UR 80 s, 5 Hz 400 2.5 1.0 J/cm
LL 100 s, 5 Hz 500 2.3 1.15 J/cm
LR 250 s, 2 Hz 500 2.3 1.15 J/cm
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Table 8-1 (Cont.K Corneal Exposure Series for Each Eve*
Loc. Laser Time Number of Radiant Exposur^ Integrated
Odnt and PRF Pulses Per Pulse mJ/cm Exp. J/cm

UL 75 s, 5 Hz 375 4.0 1.5
UR 100 s, 5 Hz 500 4.0 2.0
LL 170 s, 5 Hz 850 3.6 3.1
LR 220 s, 5 Hz 1100 3.6 4.0

Rabbit #08lb Eve Without Saline (3rd Series)s
UL 70 s, 5 Hz 350 10.4 3.6
UR 120 s, 5 Hz 600 10.4 6.2
LL 220 s, 5 Hz 1100 10.4 11.4
LR 360 s, 5 Hz 1800 10.8 19.5

Rabbit #08la. Eve Without Saline (4th Series)s
UL 200 s, 5 Hz 1000 11.5 11.5
UR 300 s, 5 Hz 1500 11.0 16.5
LL 400 s, 5 Hz 2000 10.3 20.6
LR 500 s, 5 Hz 2500 9.5 24

Rabbit #08la. Eve Without Saline (5th Series):
UL 20 s, 5 Hz 100 14.3 1.4
UR 100 s, 5 Hz 500 14.3 7.3
LL 300 s, 5 Hz 1500 14.3 21.9
LR 1000 s, 5 Hz 5000 14.3 71

Rabbit #08lb Eve Without Saline (5th Series)s
UL 40 s, 5 Hz 200 14.8 3.0
UR 100 s, 5 Hz 500 14.1 7.0
LL 300 s, 5 Hz 1500 13.4 20.1
LR 1000 s, 5 Hz 5000 12.7 63.5

Rabbit #080a Eve Without Saline (6th Series)s
UL 35 s, 5 Hz 175 8.0 1.4
UR 60 s, 5 Hz 300 8.0 2.4
LL 100 s, 5 Hz 500 7.1 3.6
LR 150 s, 5 Hz 750 6.8 5.1

Rabbit #080b Eve Without Saline (6th Series)s
UL 200 s, 5 Hz 1000 6.7 6.6
UR — possible artifact; not used
LL 300 s, 5 Hz 1500 6.5 9.8
LR 400 s, 5 Hz 2000 5.5 11.0

J/cm
J/cm
J/cm
J/cm

J/cm
J/cm
J/cm
J/cm

J/cm
J/cm
J/cm
J/cm

J/cm
J/cm
J/cm
J/cm

J/cm
J/cm
J/cm
J/cm

J/cm
J/cm
J/cm
J/cm

J/cm
J/ciil
J/cm

Notes The position for each exposure series in each eye is 
sequenced as upper left (UL), upper right (UR), lower left 
(LL), lower right (LR) as the values are presented in the 
table.
*Each exposure series was repeated in both the left and 
right eye.
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exposure, there was no evidence of the UVR injury.
In the eye of b, the lesion areas were not well defined 

and tended to overlap, with the entire central cornea 
exhibiting staining. A general haze was noted immediately 
post exposure and rose bengal and fluorescein staining was 
present at 7 hours, with only a slight rose bengal staining 
at 20 hours.
8.4.5 Sixth Series

Immediately post-exposure (within one hour), 
left and right areas of the eye b showed a slight epithelial 
roughening before the application of rose bengal, but after 
its application, a diffuse punctate stippling was seen in 
the lower two sites and in the upper right against a 
background that was characteristic of "dry eye." There was 
no effect of fluorescein staining in the right eye. An 
epithelial roughening was noted with Rose Bengal in the left 
eye (O.S.) in the upper left, lower left and lower right 
quadrants and fluorescein staining revealed only a slight 
penetration in the center of the lower left quadrant 
(certainly spurious).

Two to 2-1/2 hours post-exposure, the roughened zone in 
the lower left of eye b had disappeared and only a mild rose 
bengal staining was noted in the lower right quadrant. The 
eye of a showed epithelial roughening in all exposure sites 
except the upper right quadrant. Rose bengal staining 
showed the sharply demarcated circular exposure sites in the 
upper left, lower left, and lower right quadrants and the 
roughened epithelium was seen more clearly.

the lower
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After 3 to 3-1/2 hours post-exposure, epithelial 
roughening was seen only with rose bengal staining in the 
lower right (LR) quadrant of eye b. Again the upper left, 
lower left and lower right quadrants of the eyeb showed 
staining with rose bengal— and for the first time—  

fluorescein staining appeared in all of the visible lesions 
of both exposed eyes.

After 4-1/2 to 5 hours post-exposure, eye b again 
stained with rose bengal, but this lesion in the LL quadrant
appeared to be deeper. Eye b also showed no further changes
other than a faint staining by fluorescein in the three 
previous sites of rose bengal staining.

After 12-1/2 to 13 hours post-exposure, both corneas 
were clear prior to staining; however, the lesions were 
visible after staining with rose bengal in the LR site of 
the eye b and the lower right and lower left quadrants of
eye a. The lower right disc of the left eye showed
fluorescein staining.

After 14-1/2 to 15 hours post-exposure, the changes were 
the same as the 13-hour examination, with the exception that 
both sites in the exposed eyes showed fluorescein staining 
in small punctate centers of the exposure sites (lower 
right, b; lower right, lower left, eye b). The fact that 
the fluorescein staining was not at all uniform over the 
exposure sites, but was in each case a highly localized 
area, suggested a hot-spot in the 3-mm diameter exposure 
profile.
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8.5 Discussion
The slight epithelial haze that was seen in exposed 

areas was considered a threshold effect. Unexposed sites 
were considered as controls to the exposed sites in the same 
eye. This approach was necessary to discriminate against 
drying of the cornea by exposure to air. Only well defined 
areas of haze in the exposed quadrants were considered as a 
lesion. Since in almost all cases the unexposed areas of 
the cornea remained clear, the level of irrigation was 
considered adequate.

Pitts, et al. (1969) studied photokeratitis in the 
rabbit eye and followed this with studies of the primate and 
human eye over the UV-C and UV-B spectral range using broad 
band sources from 210 to 315 nm (Pitts, 1974). They 
described threshold photokeratitis as the presence of 
increased vacuoles in the corneal epithelium as seen with a 
slit-lamp biomicroscope. Additional signs used in the 
clinical diagnosis were tearing, stippling, hyperemia, haze, 
discharge and exfoliation, accompanied by symptoms of 
photophobia, pain, and blepharospasm. They looked for the 
presence or absence of a lesion at the cessation of 
exposure, at one hour, 4 hours and 12 hours post-exposure. 
The latent period was always less than 24 hours, typically 6 
to 12 hours although sometimes as short as 30 minutes. The 
latency for the development of a lesion in any given 
exposure varied inversely with the degree that the exposure 
exceeded the threshold. Pitts and colleagues also noted 
that photokeratitis at wavelengths less than 250 nm differed
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from that resulting from exposure to longer-wavelength UVR. 
At the shorter wavelengths there was always a large increase 
in the amount of surface debris as the wavelengths 
approached 210 nm.

From the previous threshold studies, one would 
extrapolate a threshold at 193 nm that would exceed 1 J/cm 
as can be seen in Figure 8-3. The threshold reported by 
Pitts, et al. (1971) for the shortest wavelength band they 
studied in the rabbit (215-225 nm) was over 0.7 J/cm . They 
noted the extremely superficial nature of the lesion at 
those shorter wavelengths. Thus, the experimental 
thresholds determined in this study are in agreement with 
these earlier findings obtained with an arc-lamp 
monochromator.

If vacuoles had appeared at 1.5 J/cm in deeper layers, 
rather than in the first cell layer, it would suggest that 
the penetration depth of 193 nm was indeed greater than 3-5 
jim or less . Since the vacuoles could only be detected in 
the surface cells, this suggests a very shallow penetration 
depth of less than 10 jim. If a threshold photokeratitis was 
detected, then at ten times threshold (or at 20 X or 30 X, 
etc.) the vacuoles first appeared in the superficial 
epithelial cells. This was also found to be the case at 270 
nm. In theory, from the depth of cellular damage, one could 
calculate the approximate penetration depth for that 
wavelength in the cornea. Previous studies of the 
photobiological effects at the 193-nm wavelength indicate 
that the penetration depth is so shallow, that cellular
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Figure 8-3. Thresholds for Photokeratitis Reported from 
Previous Studies. Note that the threshold obtained in this 
study is consistent with an extrapolation from the earlier 
studies reported by Pitts, et al. (1971) for the rabbit 
cornea. The shortest wavelength band previously studied in 
the rabbit (215-225 nm) provided a threshold value of 0.7

oJ/cm . For comparison, the occupational exposure limit of 
ACGIH (Sliney, 1972) is also provided.
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damage is greatest at the cell membrane (Kochevar, 1989).
This suggests that the threshold epithelial haze detected in 
this study showed that epithelial cell wall damage resulted 
in dehydration of the sub-surface superficial wing cells.

Since deeper corneal involvement occurred at exposures
of 15 - 20 J/cm2, the logical explanation is that  ̂ ^  \------ _____ ------- 1_______  d. j0 0  <?£/L
photokeratitis resulted from the fluorescence from the 193-

<p

nm irradiation of corneal tissue. In this study, the 
fluorescence was always visible as a weak bluish glow during 
the exposure. The absence of any evidence for a deeper 
involvement indicates that the fluorescence efficiency of 
epithelial tissue is far less than 1% (which is reassuring), 
since the longer-wavelength fluorescence emission in the UV- 
B band would certainly have produced more classical
photokeratitis if the radiant exposure from the fluorescence

2had been of the order of 20 - 50 mJ/cm . The spectral 
distribution of the fluorescent emission from 193-nm 
irradiation of the cornea has been shown to be largely in 
the visible and UV-A spectral region, peaking at 
approximately 330 nm (Loree, et al., 1988; Tuft, et al., 
1990; Mueller-Stolzenburg, et al., 1990).

Delayed mutagenic effects from 193 nm exposure of 
corneal tissue which remains in situ has been a source of 
concern with the advent of ArF UV laser keratoplasty (Seiler 
et al., 1988; Kochevar, 1989). However, the photokeratitis 
experiments reported here confirm the extremely shallow 
penetration depth of 193 nm radiation (Marshall et al.,
1985; Puliafito, et al., 1987), thereby reducing the
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significance of this concern. Furthermore, by demonstrating 
that the radiant exposures required to elicit significant 
acute injury are of the order of 20 J/cm and the signs are 
characteristic of longer-wavelength UV-B photokeratitis, the 
exposure of deeper tissue layers during corneal surgical 
treatment will be at wavelengths where the cornea is exposed 
to sunlight, welding arcs and ultraviolet lamps (Sliney,v— "
1972; Sliney, 1980; Mueller-Stoltzenberg, et al., 1990). In 
the longer-wavelength region, the acute effects of UVR 
exposure have been studied extensively, and the cornea has 
good regenerative capacity ( Ringvold et al., 1980, 1983; 
Ringvold et al., 1982, 1985; Riley, et al, 1987; Zuclich, 
1989). Indeed, the human cornea is typically exposed 
outdoors to levels just below the threshold for 
photokeratitis (Sliney, 1986).

The threshold data all support the theory that the 
corneal haze and keratitis observed in this study were the 
result of a photochemical rather than a thermal mechnanism 
of injury. By altering the PRF and the radiant exposure per 
pulse, one can see that the biological effects were 
dependent upon total radiant exposure dose and not dose 
rate. Only in the 5th exposure series, where the individual 
radiant exposures were approximately 14 mj/cm , were there 
any indications of more rapidly appearing signs that may 
have occurred because the individual pulsed exposure 
approached the ablation threshold.



8.6 Conclusions
The rabbit cornea has been used to serve as a 

photobiological dosimeter of the effects of 193 nm radiation 
on corneal tissue by using non-ablative exposure doses. The 
threshold for a very mild form of photokeratitis 
characterized by a mild superficial corneal haze in the 
rabbit cornea has been found to lie between 1.0 and 1.5 
J/cm at 193 nm. The extremely superficial absorption of 
193-nm laser radiation reported previously suggested that 
photokeratitis, if possible would have such a high threshold 
and furthermore, that the lesions would be extremely 
superficial. These hypotheses were confirmed by the 
experimental results. Figure 8-4 illustrates the dose 
relations for the subablative experimental technique.
These results also imply that potential side effects and 
safety hazards from scattered 193-nm laser radiation during 
ArF laser corneal surgery will be minimal because of the 
extremely limited penetration depth. Furthermore, there was 
an indication of photokeratitis from the fluorescent 
emission of longer UVR wavelengths only at the highest (10 - 
20 J/cm ) exposures delivered in this study. If this 
observation holds true, then during the clinical procedure 
of PRK the major potential hazard to adjacent tissue would 
be this secondary UV flourescence.

It is difficult to determine the exact UVR exposure of 
the underlying stroma of the PRK patient, since much of the 
absorbing tissue is ablated during the procedure. However, 
the findings of this study support previously published
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1 93-nm Laser Interaction with the Cornea
Radiant Exposure (J/cm2)
3000 ---------------------------------------------------------------------------------------------------------

2500

Pptical Plasma Threshold (est)2000
Repeated Low Exposures

1500
Photokeratitis Threshold

1000

Below Ablation 
Threshold

Ablation Threshold

plasma ablation photochemical ablation single pulse multiple pulses
(no effect) photokeratitis

EXPOSURE MODALITY

Figure 8-4. Concept of Additive Pulsed Exposure. Through 
the use of repeated, low-dose exposures, tissue ablation was 
avoided and the threshold for photokeratitis could be 
determined. The vertical scale is relative, but the 
threshold for ablation is approximately 25 mJ/cm .
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estimates that the 193-nm radiation penetration depth is 
less than 5 Jim; therefore, the 193-nm exposure dose to the 
remaining stroma is limited to that thin layer [probably 
contributing to a photochemical alteration of the surface 
collagen described in the transmission electron micrographs 
reported elsewhere (Marshall, et al., 1986)]. Since the 
measurements of emitted fluorescence spectra show a peak 
near 330 nm, the accumulated UV dose to cornea and lens 
tissue during PRK, while possibly exceeding 10 - 20 J/cm 
during a procedure, should be of no greater concern than a 
photokeratitis produced by the characteristic broad-band UVR 
from a welding arc which produces corneal injuries 
frequently in welders (Sliney and Wolbarsht, 1980).
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Chapter 9

Computations of Retinal Effects
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9.1 Introduction
Questions of side-effects from laser retinal photo

coagulation have generally centered upon wavelength, the 
poor choice of lesion size, degree of coagulation, excess 
laser power, placement of lesions and possible damage to 
the lens or cornea. Two issues of collateral laser 
damage that were of biophysical interest were explored by 
computational methods: phototoxicity from scattered
light and photocoagulation from repetitive pulses.

Exploration of these two issues by animal studies was 
considered neither necessary nor particularly useful to 
answer the basic questions. Animal studies of laser 
retinal photocoagulation are not simple to execute and 
many animal studies have been preformed in the past. The 
collection of these studies, reviewed in Chapter 1, 
pointed to two biophysical questions of possible clinical 
interest: collateral photomaculopathy from the argon
laser, and additive effects of repetitively pulsed 
lasers.

9.1.1 Photomaculopathy During Laser Treatment
There have been several reports of retinal injury in 

conjunction with argon laser iridotomy (Berger, 1984; 
Bongard and Pederson, 1985; Lederer and Lewis, 1986; 
Anderson, et al., 1989), but it was not always clear 
whether this was the result of scattered light or the 
direct beam. Birngruber (1984) performed some initial
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estimates of the photomaculopathy problem associated with 
panretinal photocoagulation, and estimated a uniform 
light scatter within the globe to determine that a 6000 s 
exposure duration would be required to produce blue-light 
photic maculopathy during use of a 1-W photocoagulator, 
but he assumed a uniform veiling glare over the entire 
retinal area of 10 cm2. This ignores a large literature 
on intra-ocular light scatter which shows that 
intraocular scatter varies dramatically with scatter 
angle. Birngruber suggested that the use of longer- 
wavelength lasers would eliminate this potential problem. 
However, even in lasers designed to emit at longer 
wavelengths (e.g., krypton or dye lasers), some short- 
wavelength laser lines might be present, albeit at weaker 
intensities. It was therefore decided to take a closer 
look at this problem.

Because it was not clear what argon laser lines were 
actually delivered through the slit-lamp delivery system, 
measurements were made of ultraviolet and blue laser 
lines in an argon and an argon-pumped dye laser. These 
measurements indicated a potentially greater problem than 
might have otherwise been suspected, since the presence 
was detected of shorter wavelength lines than the 488-nm 
blue argon line.

Photomaculopathy could be expected from scattered 
short-wavelength light collectively added from repeated 
panretinal photocoagulations. Although only a very small 
fraction of light is scattered from each paramacular
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laser exposure, these small doses are linearly additive 
because the phototoxic injury mechanism is photochemical. 
For short-wavelength phototoxicity, it has been shown 
that reciprocity between irradiance and exposure duration 
is linear for exposure durations of at least one hour or 
less (Ham et al., 1983). Figure 9-1 illustrates how 
scattered light would expose the retinal tissue 
surrounding the laser burn.

In a diabetic patient as well as other patients 
undergoing photocoagulation, the ocular media are 
frequently more hazy than in a normal eye —  certainly 
more scattering than the media of young adults or 
experimental animals (i.e. rhesus monkeys). Hence, it is 
reasonable to assume that the effect should be more 
dramatic in disease compromised eyes. Not only increased 
scattering has been noted in patients undergoing 
photocoagulation, but also absorption in cloudy media 
sufficient to lead to thermal injury to anterior ocular 
structures (Pfister, 1971; Kanaski. 1975; Nash, 1978; 
Lakhanpal, 1982; McCanna, 1982). These reports indicated 
that argon laser (488 nm, 514.5 nm) and xenon-arc (white 
light) photocoagulators with small-diameter (1 mm - 1.4 
mm), high-irradiance beams could injure the cornea, lens 
and iris.

Using published mathematical expressions of 
intraocular scatter functions (Vos, 1984), and threshold 
injury data for the argon laser, it should be possible to 
calculate the number of photocoagulation burns that could
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NO SCATTER INTRAOCULAR SCATTER

SCATTER

ARRAY OF RETINAL LASER EXPOSURES

Figure 9-1. Illustration of scattered light exposure to 
untreated areas. Even a small amount of scattered light 
from each laser exposure could add to a significant dose 
after 1,000 exposures in one eye.

289



be safely administered in one session.

9.1.2 Repetitively Pulsed Laser Photocoaqulation
As noted in Chapter 1, pulsed lasers, although 

initially used for photocoagulation, were abandoned in 
favor of CW lasers. One advantage given in the past for 
using CW lasers for photocoagulation was to minimize the 
chance of collateral damage (i.e. haemorrhage) from the 
thermomechanical wave produced by a laser pulse. Two 
models of argon laser photocoagulators formerly produced 
for some years in the U.S.A. (by Britt Corp., Los 
Angeles, CA, now out of business) were repetitively 
pulsed with a PRF of either 750 Hz or 3 kHz, but 
clinicians whom I interviewed who had used the Britt 
laser had the clinical impression that the laser 
coagulations were equivalent to those produced by the CW 
argon lasers. The Britt laser is still in use, and 
refurbished units are still marketed in the USA (e.g., 
Carson Laser, Carson City, NV, and Laser Dynamics, 
Moorpark, CA).

One reason to explore the repetitive-pulse laser 
question is that far less expensive and far more 
efficient solid-state crystal and semiconductor laser 
systems could be employed if the question of mechanical 
disruption could be minimized. The argon and krypton 
lasers currently used in photocoagulators are both ion 
lasers. Ion lasers are notoriously inefficient (of the 
order of 0.1% efficiency) and therefore require special

290



high-current electrical service mains and cooling water. 
The Britt argon lasers were pulsed at 750 Hz (120 \ls 
pulse duration) or at 3000 Hz (30 |is pulse duration) in 
order to operate air-cooled. These lasers are still 
rebuilt and remain in clinical use. Furthermore, at 
least one manufacturer (Laserscope, San Jose, CA, USA) 
markets a frequency-doubled (KTP) NdsYAG laser with pulse 
width of approximately 1 \ls and a high repetition rate of 
the order of 10 kHz. Currently available diode laser 
photocoagulators are CW. However, if higher optical 
powers were required, or were needed to achieve a visible 
wavelength by second harmonic generation (SHG), then a 
repetitive-pulse laser could be required. An updated 
look at the possible benefits as well as the potential 
for collateral damage appeared to be of value.

Although single-pulse coagulation thresholds approach 
the thresholds for haemorrhage for pulse durations in the 
nanosecond and millisecond time domain, this is less true 
for repetitively pulsed lasers. Unfortunately, there are 
no published mathematical models of retinal 
photodisruption by the mechanical wave arising from the 
rapid thermal expansion in the RPE. By consulting the 
safety standards (e.g., ANSI, 1986) which are based upon 
threshold retinal injury studies, a repetitive-pulse 
laser becomes indistinguishable from a true CW laser at 
approximately 15 kHz. Certainly, there is no evidence 
that such high PRF lasers produce haemorrhages. 
Hemorrhagic lesion are normally reported in studies with
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very low PRF exposures (less than 100 Hz) where the 
energy delivered per pulse is relatively large (of the 
order of a millijoule, rather than ten's of microjoules), 
but there has never been a study designed to clearly 
answer the question of what ranges of PRF and pulse- 
duration combinations have a high risk of producing 
haemorrhages. It is clear from the experience with the 
Britt and LaserScope lasers that high repetition rate 
lasers do not pose a significant risk of retinal 
haemorrhage. It was therefore necessary to explore the 
question of optimum coagulation by repetitive-pulse 
lasers.

For pulse repetition frequencies (PRFs) less than a 
kHz, there is little physical reason to expect that the 
thermomechanical impulse that produces haemorrhages would 
be additive in any way between pulses. Hence, the 
studies of suprathreshold retinal lesions performed by 
Gibbons and Allen (1978) should show a worst-case lower 
limit for hemorrhagic lesions, since they used a minimal 
retinal spot size of about 20 Jim; whereas, clinical 
photocoagulation is performed with a typical spot size of 
200 \im. Gibbons and Allen reported that their lowest 
thresholds were of the order of 30 jxJ. It should be 
noted that Smart et al. (1970) produced retinal 
haemorrhages with a very high frequency train of sub
nanosecond mode-locked pulses from a He-Ne laser.

Because of the slight additivity of thermal injury 
from pulse-to-pulse with nanosecond-to-millisecond
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pulses, it may be possible to achieve photocoagulation at 
high PRF's without running a significant risk of 
thermomechanical disruption. It is generally accepted 
that thermal injury thresholds scale as the number of 
pulses N raised to the negative 1/4 power (i.e., N"1̂4) per 
pulse (Ham, et al., 1988). This means that the threshold 
energy per pulse will be only 10% of the single-pulse 
threshold for N = 10,000 pulses. This is clearly a 
subtle effect for a few pulses, but could be highly 
significant for some diode lasers or the frequency- 
doubled, 532-nm Nd:YAG laser.

9.2 Phototoxicity during Photocoaqulation
9.2.1 Background

Studies of the residual vision amongst patients 
treated by argon laser photocoagulation show permanent 
decrement in blue-green colour vision (Birch, et al,
1989). This led to a series of computations to determine 
the degree of light scatter resulting during retinal 
photocoagulation with an argon laser. The aim of the 
present study was to test the hypothesis that scattered 
short-wavelength light during retinal photocoagulation 
could produce photic maculopathy.

As is well documented, photochemical retinal injury 
depends upon the total radiant exposure over a period of 
hours, which is quite unlike thermal injury which has a 
very^limited additivity from pulse to pulse (N"1̂4).  ̂

Hence, the total scattered short-wavelength light falling
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on the macula during one treatment sitting for macular 
grid photocoagulation or pan-retinal photocoagulation 
will add to produce a cumulative macular dose. A series 
of computations were therefore made of this scattered 
light to determine the number of safe retinal 
photocoagulation exposures per sitting. Two types of 
patterns of retinal photocoagulations were examined: 
panretinal photocoagulation and macular grid 
photocoagulation.

In panretinal photocoagulation for the treatment of 
proliferative diabetic retinopathy (PDR), well over 
1,000, and typically 2,000-3,000, laser burns are placed 
in the treated eye. The clinical approach differs 
between various centres, in terms of the number and exact 
positioning of the coagulations in each treatment 
session. But, a typical pattern of 2,000 to 3,000 burns 
(200 to 500 nm in diameter), would be placed outside the 
vascular arcade in an annulus with an inside diameter of 
approximately 15°, or 4,500 anc* an outside diameter 
of 30°, or 9,000 nm to treat PDR.

In macular grid therapy, about 200 smaller spots of 
50 to 150 jim diameter would be placed in the area of 
diabetic macular edema. In the focal treatment of 
neovascularization associated with histoplasmosis or age- 
related macular degeneration (AMD), up to 200 exposures 
may be placed on and around the neovascular membrane.

In discussion with a number of clinical 
ophthalmologists on the procedural aspects of grid
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therapy, it appeared that it was customary to reduce both 
the size of the lesions and the grid separation as the 
central macula was approached. These smaller lesions 
would typically be of the order of 100 \im in diameter and 
would be placed in rows out to a zone slightly larger 
than the extent of the macula lutea. The outer 
peripheral lesion patterns are less finer than in the 
paramacular zone. The lesion diameters in this outer 
zone would typically be of the order of 200-500nm.
Figure 9-2 shows the pattern that was used in such 
calculations of scatter. Macular grid exposures were 
assumed to be up to 180 mW for 0.2 s; whereas, pan- 
retinal exposures were taken as 300 mW for 0.15 s to 
produce 2000 spots of 200 - 500 \im diameter.

Fewer photocoagulations are typically placed in or 
near the macula. Macular photocoagulation is a more 
recently developed clinical procedure used to attempt to 
slow the progression of neovascularization in age-related 
macular degeneration (AMD), cystoid macular edema (CME) 
and diabetic macular edema (DME). In all cases the 
clinician attempts to
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Figure 9-2. Laser Retinal Burn Pattern. Panretinal 
ablation patterns vary, but, in general, the greatest 
number of burns are made in the area adjacent to the 
macula.
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avoid placing burns within the foveal avascular zone.
9.2.2 Methods of Calculating Intraocular Scatter.

Vos (1984) and Adrian (1989) have both summarized the 
available data on disability glare produced by the 
veiling luminance resulting from intraocular scatter.
The intraocular scatter is described mathematically by a 
scatter function. The scatter function expresses the 
effective luminance perceived by the retina at an angle 0 
off-axis from the light source. Both Adrian and Vos 
argued that the scatter function varied inversely as 02 
and was directly proportional to the illuminance. The 
scatter function has been determined by both 
psychophysical measures of glare luminance and by 
physical measurements of scattered light in enucleated 
human eyes. Adrian also reported on how the glare 
function varied with age. His data showed that the 
retinal irradiance would increase twofold between the 
ages of 20 and 65 and would be approximately fourfold 
greater than at age 20 by age 75. Although Adrian and 
Vos presented their formulae in photometric units, the 
expressions are readily converted to radiometric values. 
The formula reduced from the photometric equation of 
Adrian (1989) can be expressed in terms of an effective 
radiance L perceived by the retina at an angle 0 produced 
by a corneal irradiance E (in W/cm2) from a "point" source 
(such as a laser) would be:

L = k E / 02 [ 9-1]
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where s
k = (0.0752 Age - 1.883)2 + 9 . 2  [9-2]

Adrian states that equation [9-2] is applicable for ages 
between 25 and 80 years. As an example, equation [9-2] 
gives a value for k of 12.7 for an age of 50 years.

The retinal irradiance Er is related to the perceived
source (glare) radiance L by:

Er = 0.27 L t de2 [9-3]
where t is the transmittance of the ocular media (about 
0.9 in the visible; Geeraets and Berry, 1968) and de is 
the pupil diameter (in cm) which should be replaced by 
the laser beam diameter in this instance (Sliney, 1984). 
Equation [9-1] then reduces to:

Er = 0.27 t de2 k E / 02 [9-4]
Since the total radiant power $ (in watts) entering the 
eye is the beam irradiance multiplied by the beam area, 
or rcde2E /4, the term, de2 E, in Equation [9-4] is 
equivalent to: 4$/t:, and Equation [9-4] becomes :

Er = 0.34 t $ k / 02 [9-5]
Using Equation [9-5], it is now possible (knowing the
exposure time t) to sum up the retinal irradiance 
contributions from each exposure fljt = Q. to achieve a 
total radiant exposure Hj. in the central macula if we know 
each individual angle 0i between the exposure spot and the 
central macula:

Hr = E 0.34 t Qi k / 0i2 [9-5]

298



9.2.3 Clinical Exposure Patterns and Calculated Dose
As previously noted, panretinal photocoagulation may 

result in over 1,000, or as many as 2,000, laser burns in 
one eye. Using equation [9-5], and assuming a concentric 
series of 2,000 burns placed in circles outside of the 
vascular arcade at a radius of 15° to 30°, one can 
compute the total macular exposure from scatter in a 
normal eye. As a first approximation of worst case, it 
was assumed that 2,000 exposures were only 15° from the 
centre of the fovea. For exposure energies Qi of 0.045 J 
per exposure (e.g., 300 mW at 150 ms), and an age of 50, 
equation [9-2] yields a value of 0.77 mJ/cm2 per pulse; 
hence, for 2000 pulses, the total radiant exposure in the 
centre of the fovea would be 1.6 J/cm2. This is less than 
10% of the 20 J/cm2 threshold for photomaculopathy 
published by Ham (1977) for the most dangerous visible 
wavelength of 442 nm. This suggests that for reasonably 
clear ocular media, there is no real risk of 
photomaculopathy from pan-retinal laser treatment.
However, one must recognize that a ten-fold increase in 
scatters would not be a surprising increase for somewhat 
hazy ocular media.

Using equation [9-5] to calculate scattered-light 
exposure to the central fovea for macular grid treatment 
gives a much higher value for scattered exposure because 
the angle of the typical spot from the fovea is far less. 
For example, by using an angle of only 1°, a peak radiant 
power of 180 mW for 0.15 second gives 0.1 J/cm2 per pulse,
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and 200 exposures would raise the total exposure to 21 
J/cm2. But of course the average angular displacement of 
the 200 spots in the macular grid would not be only 1°. 
Indeed, if typical spots were only 3° from the 
functioning macular area of concern, then the above total 
exposure would be reduced to 2.3 J/cm2. This is 
significantly less than the lowest photochemical injury 
threshold of 20-30 J/cm2 (at 442 nm) .

9.2.4 Measurements of Extraneous Laser Lines 
9 . 2.4.1 Background

Argon and krypton lasers are capable of emitting at a 
number of different wavelengths than those normally 
specified by the manufacturer. Wavelengths in the near 
UV spectrum are frequently measured in commercial, 
research ion lasers. For example, the argon laser has 
more than one emission line near 350 nm and more than one 
other visible line in the blue and violet region of the 
spectrum. If these lines were present, in even small 
powers, in photocoagulators, potential phototoxic effects 
could be of concern. Even though steps are normally 
taken by manufacturers to optimize the output at longer 
wavelengths, total rejection of shorter wavelengths may 
not be possible with conventional laser filter 
technology. The aim of this experiment was to determine 
if such lines were present in a commercial argon laser 
photocoagulator and a commercial dye laser 
photocoagulator, and if present, to measure the relative
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power.
9 .2.4.2 Materials and Methods

An EG&G Model 580 Radiometer with Model 580-23A 
Visible Detector Head was used to measure the lasers.
Two commercial laser photocoagulators located at the 
Manhattan Eye and Ear Infirmary were measured by using a 
right-angle quartz prism and a ruled diffraction grating 
to split up and deflect the treatment beam across the 
room to detect and measure the laser lines. Narrow-beam 
laser line filters were used to corroborate the 
determination of wavelength. Ultraviolet laser lines 
were detected by detecting the fluorescence from a white 
paper card.

The two lasers tested were a Coherent Model 920 argon 
laser and a Biophysic Medical dye laser photocoagulator.
9.2.4.3 Results

The actual measured values of the Biophysic Medical 
dye laser operating in the argon laser mode. The 
measurement technique employed did not collect all of the 
power at one time, and I measured the ratios of optical 
power in one order of the dispersed beam from the 
diffraction grating. I shall now convert this to a 
percent of total power which would be meaningful to the 
clinician. For example: the percentage at the 0.5-W
setting/G is 0.46 % at 488 nm. This was almost the same 
for another commercial laser measured manufactured by 
Coherent, Inc.
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9.2.5 Conclusions
Short-wavelength blocking filters would reduce the 

potential photochemical side effects of scattered blue, 
violet and ultraviolet laser radiation. This may be of 
greater interest for dye lasers, but even some argon 
lasers may emit ultraviolet laser lines if the 
manufacturer has not taken steps to effectively filter 
out short wavelengths. Nevertheless, the calculations of 
intraocular scatter do not indicate that these lower 
powers would be of any real concern in a transparent eye. 
Photic maculopathy was shown to be a concern only if the 
eye had a heightened sensitivity to photic injury or if 
the eye appeared to be cloudy and therefore scattering 
much more than normal.

Despite the above calculations, the above conclusions 
may be understating the real risk. In many disease 
conditions, patients show a loss of blue-green colour 
vision (known as "Kollner's Rule). This general finding 
is also true amongst diabetic patients who are the most 
common group to undergo photocoagulation. However, after 
photocoagulation they show a dramatic loss in blue-green
colour vision. This may be due to the presence of fewer

(     >blue cones prior to treatment; hence, the loss of a 
fraction of cones would lead to a greater change in 
visual performance than might occur in a healthy eye.

A possible related effect of visual loss has been 
reported in ophthalmologists who view the repeated flash
back of the argon laser aiming beam from the contact lens
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used during argon laser pan-retinal photocoagulation 
(Gunduz and Arden, 1989).
9.3 Repetitive-Pulse Laser Exposures.
9.3.1 Background

As noted in Chapter 1, all of the repetitive-pulse 
injury thresholds show slight additivity for pulses 
separated by several microseconds, to even a second, and 
the additivity has been shown empirically to follow a 
function of the number of pulses N raised to an exponent 
(-1/4) (Stuck, 1978; Ham et al., 1988). The function has 
puzzled many, since the duration of the interval between 
pulses does not appear to affect the result. Indeed, 
current mathematical models of heat flow suggest that the 
elevated temperature in a 20-nm diameter irradiated area 
will return to normal within a few milliseconds 
(Wolbarsht, 1968; Clarke, 1969; Mainster et al., 1970; 
Vassiliadis, 1971; Hayes and Birngruber et al., 1985).

As a first hypothesis, one could argue that pulse 
exposures that raise the cellular temperature to even a 
degree will denature a very small, and normally 
insignificant number of proteins. The fraction of 
denatured molecules remains insignificant unless a very 
large number of pulses occur which steadily add. The 
repetitive pulse threshold data demonstrate that thermal 
denaturation of cellular proteins must occur marginally 
at levels of one-tenth or even one-hundredth of the 
single-pulse threshold (Ham, et al., 1988). The N-l/4 
additivity would suggest the absence of a quick repair
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mechanism, and normal cellular repair would influence the 
result only if exposures continued over several hours or 
more. This "sub-threshold" injury is apparently repaired 
only after a period of several hours to a day. The sub
threshold injury can accumulate over a period of minutes 
and hours in the same way that the thermal injury during 
a single-pulse exposure occurs in a very brief time.
Note that the thresholds for single exposures (for 
microsecond pulses to 10-s exposures) expressed in Joules 
varies as the pulse duration t raised to the 3/4-power. 
That corresponds to radiant power raised to the minus 1/4 
power! Therefore, at least for pulses greater than 18 jis 
in duration, the N'1̂4 formula provides the same result as 
if all the individual pulse durations were summed 
together and the threshold computed for the sum of the 
pulse durations (i.e., for the total on-time pulse).

Using the Arrhenius equation for thermal injury, one 
computes the fraction of biological molecules denatured 
(Mainster, 1970). It appears that the subthreshold 
changes predicted by this equation are real and are 
confirmed by the experimentally determined small-spot 
retinal injury thresholds where rapid cooling permits 
only partial injury.

Since the retinal irradiance threshold reduction for 
a train of very many pulses and for very large spot sizes 
(greater than 1 mm) are similar, these lowered thresholds 
may be the lower asymptote for retinal injury thresholds. 
The higher thresholds for the appearance of a single,
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small-image exposure or intermediate exposures appears to 
be the result of a more rapid cooling process for the 
smaller images. Studies of very large retinal image 
sizes and very long trains of pulses are lacking, and 
such a study would be needed to show the N-1̂4 relation is 
truly universal, since cooling times are quite long for 
large spot sizes. A study by Greiss, et al. (1980), 
shows that thresholds for repeated exposures of the 
retina at 1064 nm (non-photochemical process of injury) 
for 0.9-mm image diameters in the rhesus monkey retina 
were not reduced from a single-pulse threshold as shown 
in Figure 1-7, but there exists another earlier study 
which somewhat contradicted the Greiss data. Walkenbach 
found a reduction in the threshold with additional pulsed 
exposures for image sizes of 200 Jim to 800 nm diameter 
(Walkenbach, 1972). The large volume of studies of laser 
damage to nonbiological materials does not show the N"1̂4 
relation, which further suggests a biological answer. 
Surgeons who frequently use the laser may argue that 
these subtle additivity effects do not appear. However, 
one must remember that surgical applications of the laser 
require suprathreshold tissue injury, and scaling effects 
can be different as additional interaction mechanisms 
become involved.

A puzzling change in the appearance of the retina has 
been reported by Beatrice, et al., following exposure of 
the rhesus monkey retina to trains of Ga-As (904-nm) 
laser pulses with average power levels entering the eye
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of only 22 jiW to 260 nW (Beatrice, 1977; Lund, 1982).
This effect, which sometimes fades, and has not been 
correlated with morphological changes using histology, is 
not always seen and it is difficult to relate to pulse 
repetition frequency. Attempts to duplicate the finding 
have not always been successful, although a retinal 
change appearing as a darkening was observed at an 
average power of only 300 pW by Ham and Mueller for a 
high-frequency pulse train. In the UV spectral region, 
Zuclich et al (1976) observed a darkening of the exposed 
retinal area when exposed to a He-Cd (325-nm) laser beam. 
The UV damage may have been a direct photochemical 
injury, or an indirect effect from mitochondrial damage 
by absorption of UVR by cytochromes, as histology showed 
damage to the inner segments of photoreceptor cells.

The above findings with diode lasers have never been 
explained, and one might speculate that a non-thermal or 
photochemical mechanism may be responsible. Since some 
emissions of blue light at 452 nm were noted as a result 
of frequency doubling in those specific diodes that 
caused some of the "changes,” it appeared reasonable to 
speculate that the alteration at such low levels (well 
below thermal injury thresholds) could have been due to a 
frequency shift induced by self-oscillation found in most 
semiconductor diode lasers. The self-oscillation 
typically occurs at frequencies of 250-500 MHz, and 
individual pulses are less than 100 ps (Dixon, 1980). A 
measurement of the 452 nm emission showed that it could
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not directly have been responsible for the effect, since 
the power was less than a pW. This would lead one to 
examine the repetitive-pulse nature of the diode laser 
exposure.

This ultra-short pulsing behavior of diode lasers and 
self-mode-locking of most He-Ne (Smart, et al, 1970) 
lasers may point to an explanation of the two curious 
experimental findings for lowered thresholds for trains 
of exposure lasting several seconds. Besides the Ga-As 
laser thresholds for 10-1000-s, the threshold reported 
for 1000-s He-Ne exposures may be slightly lower due to 
this effect.

Curiously, the wavelengths frequently mentioned in 
reports of laser biostimulation (which is presumably 
photochemical— at least non-thermal) are also at 632 nm, 
850 and 905 nm. There may be a common group of 
photochemical reactions in biological tissue that are 
currently not understood.

All of these observations suggest an hypothesis that 
a retinal repair process is insufficient to influence the 
observed thresholds for an ophthalmoscopically visible 
lesion for pulsed laser exposures (Sliney, 1980). Recent 
studies by Ham, Mueller, Wolbarsht and Sliney show 
additive effects to over one million pulses (Ham et al., 
1988) .

One is left with one remaining hypothesis that is at 
threshold, thermal coagulation of retinal tissue is the 
dominant mechanism from about 1-10 ns to 10 s. However,
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for pulsed exposures less than approximately 10 jis the 
current mathematical models of thermal injury are 
inadequate because they do not incorporate a further 
concept. One could conceive that there is a limited time 
necessary over which proteins must coagulate, and undergo 
sufficient structural alteration to lead to thermal 
injury. For this reason, heat flow affects the result 
even for short exposures. A time-limited coefficient of 
thermal injury should therefore be added to the classical 
Arrhenius integral for thermal injury. Indeed, I would 
interpret that the present data argue strongly for this 
model.

Since clinical photocoagulators may employ Ga-As 
laser diode arrays, and He-Ne lasers are used in 
diagnostic instruments, the study of the repetitive pulse 
phenomena as they affect retinal injury is clearly 
important.

9.3.2 Retinal Thermal Model Calculations
Several mathematical models have been developed to 

compute the fraction of biological molecules denatured by 
using the Arrhenius equation for thermal injury. This 
mathematical expression for thermal denaturation of 
proteins has been in use for decades to predict the time- 
temperature history of thermal injury. The Arrhenius 
equation in one form or another has been reasonably 
successful in predicting thresholds of retinal injury 
(Henriques and Moritz, 1947; Barnes, 1974; Welch, et al.,
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1979; Allen, 1980; Welch, 1984; Birngruber, et al., 
1985). Other investigators have limited themselves to 
calculating heat flow from the RPE to other retinal 
layers as a function of time and retinal spot size and 
then calculating the peak temperatures in each layer 
without considering the rate-process of thermal injury 
(Mainster, et al., 1970; White, et al., 1970; Gabay, et 
al., 1988). The Arrhenius integral takes the form of:

where 0 is the fraction of molecules denatured for a 
temperature T over a period from the initial time ti to a 
final time tf and as a function of the radial distance r 
from the centre of the retinal image along the axis z of 
the laser beam.

Generally, most investigators have solved equation 
[9-6] to obtain a value for Q of 0.5, i.e., for 50 % 
denaturation of the proteins. It has never been shown 
what fraction of proteins were critical to cause cell 
inactivation (Barnes, 1974; Hillenkamp, 1989) and the 50% 
figure has been used for lack of a known value.

The aim of this study was to use the Arrhenius 
equation to analyze the rate-process of injury for small 
temperature-step, sub-threshold exposures (i.e., much 
less than 50 % denaturation). There are two specific 
goals:

[9-6]
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A. To study the degree of protein denaturation resulting 
during multiple-pulse exposure, where temperature steps 
would be small.
B. To explore the predictability of the thermal model by 
varying the fractions of cellular protein denaturation 
and estimate more accurately the fraction of protein loss 
required to lead to coagulation.

The working hypothesis was that any sub-threshold 
laser pulse (even at one-tenth the single-pulse injury 
threshold) denatures a vary small fraction of proteins, 
but after a train of pulsed exposures, a sufficient 
fraction is denatured that cell death ensues.
9.3.3 Materials and Methods

Two forms of the mathematical model of retinal 
thermal injury were used on an IBM personal computer 
fitted with a mathematics co-processor. One model was 
developed by Thomas White of the US Air Force School of 
Aerospace Medicine, San Antonio, TX. Another, was a 
modification of this program which had a different form 
of the Arrhenius integral as developed by A. N. Takata of 
the Illinois Institute of Technology Research Institute 
(IITRI) and revised by A. J. Welch, Department of 
Electrical Engineering, University of Texas, Austin, TX 
(Welch, et al., 1979). Constants for heat conductivity, 
heat capacity, etc. used in the temperature calculations 
were those used successfully for a number of years to 
predict injury thresholds for single-pulse exposures.

To a large extent, the past use of thermal models has
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been an effort of trial-and-error curve fitting. This is 
particularly well illustrated by examining the rate 
constants Cx and C2 in Equation [9-6]. Clf the pre
exponential constant, has units of s"1 and is a very large 
number; the value of 3.1 X 1098 s"1 given by Henriques 
(1947) is most frequently used. By contrast, the 
exponential term is always an extremely small number 
because the exponential rate constant C2 is a very large 
number; the value of 1.5 X 105 cal/mole, i.e., 6.28 X 105 
as given by Henriques (1947) is also frequently used. 
Therefore, by small changes in an estimate of the 
temperature, or a change in one of these constants, one 
can calculate total tissue denaturation or virtually the 
fraction of proteins denatured. Hence, the real value of 
the mathematical model is to study the relative effects 
of time and temperature as affected by heat flow and 
light absorption and subsequently the thermal 
denaturation of proteins leading to cellular damage.

Figure 9-3 provides an example of the abbreviated 
printout obtained with the FORTRAN program developed for 
each input of intraocular power, retinal image radius, 
pulse duration varied in this study. The optical 
transmittance of various layers, heat conductivity and 
other thermal constants were not varied during the study. 
The abbreviated output obtained for each calculational 
run was the maximal temperature elevation, VMAX and the 
grid element (e.g., I = 19, J = 3) and time that it 
reached the maximal temperature. The value for Q in
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'743 1.000 .923 .900 .900 .900

CORNEAL POWER TIME EXPOSURE
(WATT) (SEC) (JOULE/CM**2)
1.000 .1000E—04 .9460E-01
.0000 19.00 » 9460E-01

MAXIMUM IMAGE RADIUS- 50.0 MICRON NO OF SPACES IN PROFILE®11
VMAX® 4.033 DEG C AT 1=19, J= 6 AND TIME= .1000E-04 
MAXIMUM DAMAGE® .0397. AT 1 = 12, J= 1 AND TIME= 19.00 
DAMAGE ACCORDING T(T~WEL^H= j3. 487E-Q5 

? Errors LN o-f non-positive argument 
Error Code 2105 

PC = 265E s 00B 1; SS = 2845, FP = C03E, SP = C040

(shell) Ds\FORTRAN>EDLIN EVEi.DAT 
End o-f input -file 
*56

56s* 1.0 .00001
56:*15.34 .00001

*E
(shell) D:\FORTRAN>LASTEST
Welcome to Laserpc thermal model of the eye 
Enter Input Data Filename 
EYE 1.DAT
Enter Printed Results Filename 
DATA
Beginning main calculations 

TRANSMITTANCES
RETINA PE CHBLOOD CHOROID SCLERA SOCKET

.743 1.000 .923 .900 .900 .900
CORNEAL POWER TIME EXPOSURE

(WATT) (SEC) (JOULE/CM**2)
15.34 .1OOOE-04 1.451
.0000 19.00 1.451

MAXIMUM IMAGE RADIUS= 50.0 MICRON NO OF SPACES IN PROFILE®11
VMAX® 61.367 DEG C AT 1=19, J= 3 AND TIME= .1000E-04 
MAXIMUM DAMAGE® J51.2727. AT 1=20, J= 1 AND TIME= 19.00 
DAMAGE ACCORDING ~TcT WELSH® 3.485E-05

Figure 9-3. Example of abbreviated printout of laser 
thermal model program as used in this study. VMAX is the 
maximum temperature rise at the location coordinates 
specified.
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percent and the grid location and time where the 
denaturation was maximum was also printed out.
Beginning with published retinal injury thresholds, a 
large series of calculations were made, and the input 
laser power was varied with all other parameters 
remaining constant. The power was varied to obtain a 
plot of the damage integral Q (as fraction of denatured 
proteins). This was then compared with the N"1̂4 multiple- 
pulse injury function. By comparing the computed 
results, the rate function could then be redrawn to 
better fit the actual biological injury thresholds for 1 
and 10 tis exposures.

9.3.4 Results
As shown in the example printout in Figure 9-3, the 

resulting values for the damage integral were far less in 
the model of Welch than in the White formulation. The 
general trends were the same. Welch had already 
recognized that the form of Equation [9-6] needed to be 
modified, such that the rate constants were altered for 
lower temperature elevations, and this resulted in very 
small values of 0 for the same power.

Figure 9-4 shows a plot of fl as a function of input 
power for a 100 jim diameter image using the White 
calculation. Note that for a relatively small change in 
optical power from 12.2 W to 16 W, the damage integral 
goes from 0.7 % to 84 %. The damage integral has a 
trailing value between 0.01 and 0.1 % for greatly reduced
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powers and any power below 10 W. Interestingly enough, 
the function has a slope in that region that would 
account for the N"1/4 function. If laser pulse energies 
below 8 W in this example are repeated, the fraction of 
molecules denatured with each pulse will add to produce 
this dependence and also the injury threshold dependence 
of power raised to the 3/4 power. If this is not a 
mathematical coincidence, one could interpret the result 
as suggesting that only 0.4 % of the molecules need to be 
denatured in order to produce cell death, since exposures 
which result in less than 0.4% add as N"1̂4 to reach the 
value of 0.04 %. This may not be too unrealistic, since 
there are some molecules that are more thermally labile 
than others and such proteins or enzymes may be the 
critical molecule to cause cell death (Chan et al., 1963; 
Barnes, 1974). White's rate constant actually 
consists of an exponential term plus a constant value 
which provides the dependence as shown in Figure 9-4.

After calculating and plotting the data shown in 
Figure 9-4, it became clear that a modification of the 
rate process constant was probably required to predict 
thermal injury from repetitive pulses. Figure 9-5 shows 
the result from empirically modifying the rate constants 
which were needed to achieve a better prediction of 
repetitive-pulse laser induced retinal injury. The rate 
constant for small-fraction denaturation was modified 
several times empirically until the thermal model would
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Figure 9-5. Plot of Q expressed as percent "retinal 
damage" as predicted by the Arrhenius equation for laser 
peak powers of 50 to 100 W, corresponding to pulse 
energies of 50 to 100 [iJ in 1 [ls pulses. The solid curve 
represents the original rate constants used by Welch et 
al. (1979), and the dashed curve represents the rate 
constants which were modified to match the N-1̂4 threshold 
retinal burn data.
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predict an N-1̂4 additivity from pulse-to-pulse.
The two sets of constants provided in the 

model used by Welch et al. (1979) are shown in Table 9-2 
for temperatures given in degrees Kelvin. A normal body 
temperature of 37° C corresponds to 310 K. Since these 
numbers could not be directly substituted into a computer 
program without using double-precision notation, the 
constants were converted to exponentials before computing 
the damage integral. A very sharp threshold was found 
for 1 \ls exposures and a 50 p  image size as plotted in 
Figure 9-5. A value of 1/5 the power necessary to cause 
50 percent denaturation, indicated a reduction of 10 
million in potential damage. In reality, a repetitive 
pulse exposure of 625 pulses should cause a factor of 5 
reduction in threshold by the N"1̂4 formula. Therefore, 
the value of Cj and C2 were modified for the temperature 
range between 316 K and 323 K, in order to lessen the 
slope for subthreshold exposures. The value 
of Cx was chosen as 91.6 and C2 was chosen as 10. The 

fraction of denaturation computed by this modified 
formula is plotted as the dashed line in Figure 9-5. The 
dashed line does not match the N"1̂4 slope very accurately, 
but could be improved with further modification of the 
rate constants.
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Table 9-2. Rate Constants used in the Welch Thermal 
Model.

ci c2 T (°K)

4.322 X 1064
9.389 X 10104

50,000
80,000

316<T<323
323<T

9.3.5 Conclusions
As with most medical and surgical procedures, 

optimization requires that a balance be struck between 
the therapeutic agent and the risk of adverse side 
effects. The greatest efficacy is achieved when the 
therapy is most effective with the least side effects.
Two adverse side effects were examined in this study: 
photochemical and photomechanical. Mathematical models 
and experimental work both indicate that repetitive-pulse 
lasers can be used for retinal photocoagulation at levels 
below mechanical disruption, but the nature of the rate- 
process of thermal injury requires that the lesion be 
near threshold and not be a deep burn. The best way to 
achieve this is with a repetitively pulsed laser.
Indeed, Gabay et al. (1988) showed effective coagulation 
without haemorrhage in their animal studies of 
photocoagulation with the repetitively pulsed copper- 
vapour laser.

It appears that the subthreshold changes predicted by 
the modified rate-process equation are real and are
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confirmed by the experimentally determined small-spot 
retinal injury thresholds where rapid cooling permits 
only partial injury with each pulse.

The clinical implications of these thermal model 
calculations are that by irradiating the retina with a 
high PRF repetitively pulsed laser to just initiate a 
threshold burn, more localized thermal injury might be 
achieved at the location of highest temperature rise and 
greatest protein denaturation, that is in the RPE.
Further model studies and laboratory studies with 
histology of the retina and choroid would be needed to 
prove this point. Unfortunately, without a better 
understanding of why retinal photocoagulation really 
works, in a given situation (Mainster, 1987), it is not 
clear whether localized RPE damage would be desirable. 
However, most current theories of the underlying 
mechanisms in retinal photocoagulation involve an RPE 
component. With pan-retinal ablation to counter new 
vessels in diabetics, Wolbarsht has suggested that the 
major disruptive element is the destruction of the 
photoreceptor cell thereby reducing the oxygen available 
to the ischemic inner retinal layers. However, all laser 
photocoagulation of the retina must induce its primary 
effect in the RPE. Recent studies have shown that 
factors released from this tissue have both stimulating 
and inhibitory effects on retinal vascular endothelial 
cells (Wong et al., 1988). The inhibitory factors 
released by the RPE diffuse into the retina and vitreous
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and may be the major therapeutic agent in this form of 
treatment. In contrast, until recently the only 
postulated mechanism for laser action on subretinal new 
vessels was the direct closure of the new vessel by focal 
lesions creating thermal damage of sufficient magnitude 
that blood stasis was induced. The work of Stephen Ryan 
and colleagues (Los Angeles, CA) using the monkey model 
of subretinal neovascularization has elucidated a second 
putative mechanism in which pigment epithelial cell 
proliferation is thought to "wrap up" or re-enclose the 
new vessel, thus establishing a new blood retinal 
barrier.

If RPE damage and responses are the fundamental 
events in all laser therapy of the retina, then damage to 
photoreceptors is redundant and the usual loss caused is 
unnecessary. A discrete lesion in the RPE without 
collateral damage to the neural retina may also 
facilitate treatment of the sub-retinal new vessels much 
closer to the fovea. This would be a very significant 
advance in that currently most disciform lesions present 
for therapy too late and the vessels are already grown 
too close to the retina for treatment by conventional 
laser systems without massive loss of central vision. 
Multiple pulse lesions confined to the RPE may also be of 
help in treating macular oedema in that the creation of 
newly formed RPE cells without gliosis of the neural 
retina may result in a revitalized outer blood retinal 
barrier subsequent to an established overlying retina.
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Fluid drainage from retina to choroid should ensue and 
photoreceptor function should be maintained.

Further research is needed to explore the actual 
clinical advantage of using a repetitively pulsed laser 
to achieve "soft" retinal burns. Furthermore, one cannot 
completely rule out the possibility that the shorter 
wavelength scattered light produced during argon laser 
photocoagulation may actually benefit the therapy rather 
than pose an adverse side-effect.

Wavelengths in the blue end of the spectrum should be 
avoided, since the calculations shown here indicate a 
real risk of producing photomaculopathy in disease- 
compromised eyes where intraocular scatter is 
significantly increased. The calculation show that in a 
normal eye with clear media, the scattered light should 
not produce photochemical injury of the macula.
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Chapter 10

Conclusions
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10.1 General
The effective application of any modality in surgery and 

medicine generally requires the balance of a desired effect 
against potentially dangerous side-effects. This balance is 
also a challenge in the development of any new laser appli
cation in medicine and surgery. This trade-off was under
scored repeatedly in this study of pulsed laser use in 
ophthalmic surgery. The experimental and theoretical inves
tigations reported in the previous chapters, as well as the 
background review in Chapter 1, show that most applications 
require an optimization of one of several competing interac
tion mechanisms while minimizing the effects of the others.

The principal mechanisms that are almost always present 
ares thermal coagulation (thermochemical), thermomechanical 
disruption, photochemical, and— in very short-pulse domains, 
non-linear effects, such as optical breakdown, acoustic 
effects and stimulated Brillouin scattering.

The use of pulsed lasers in ophthalmic surgery began 
with the use of pulsed (200-500 jis) ruby laser 
photocoagulators. These were abandoned many years ago in 
favor of CW argon-ion laser photocoagulators because of the 
reduced chance of retinal haemorrhage, greater control of 
retinal spot size and an assumption that it was advantageous 
to match the blue and green wavelengths of the argon laser 
with the greater absorption of haemoglobin and melanin in 
that part of the spectrum.

The introduction of the NdsYAG laser photodisruptor in 
the early 1980's was the first attempt to exploit the
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thermomechanical, disruptive or ablative characteristics of 
laser-tissue interactions created by short-pulses. Short- 
pulse lasers have now been applied to photoablative corneal 
surgery, and may be applied to phakoablative cataract 
surgery as well.

The value of a general study of the biophysical 
interaction mechanisms of pulsed lasers has been to more 
clearly define those factors and mechanisms that may have 
clinical importance in current and future laser 
applications. By alerting clinicians planning clinical
studies to the potential for side-effects from competing 
mechanisms and by defining, as appropriate, the importance 
of wavelength, pulse width, spot size and repetitive pulse 
effects, the chances are improved for minimizing 
complications in relation to a desired clinical outcome.

In a biophysical study of interaction mechanisms, one 
must be careful not to rely too heavily upon the physical 
factors and lose sight of the clinical and biological 
factors. While some physical factors may appear initially 
to be important or alter an effect by 20 or 30%, these 

yjT factors may be irrelevant or "in the noise region" as they ^  

affect the clinical result. This was clearly shown in the 
studies of photodisruption, where the apparent physical 
differences between mode-locked and Q-switched laser pulses 
were not judged to be of sufficient clinical value (if any) 
to warrant the greater expense and complexity of mode-locked 
laser machines in the clinical setting.

In a study of biophysical interactions, the means of
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assaying the biological effect may very well influence the 
conclusion. This was well illustrated by the difficulties 
encountered in studying corneal tissue photoablative 
mechanisms and photokeratitis resulting from exposure to 
pulsed ultraviolet laser radiation. Subtle changes in the 
corneal epithelium or stroma near threshold were difficult 
to detect by light microscopy and direct observation. 
Delayed biological effects such as photokeratitis must be 
looked for after a delay of several hours, whereas thermal 
effects appear almost immediately. While thermal effects 
can be simulated to some degree by organic and inorganic 
non-biological materials, the same is not true for 
photochemical effects. Normally, the photochemical
interaction mechanisms occur at the level of the individual 
molecule, and detection by physical means is usually not 
possible prior to the observation of macroscopic changes 
resulting from phototoxic reactions inside biological cells 
and organelles. This made it difficult to study the 
distinction between thermomechanical ablation and ablative 
photodecomposition (which is thermally assisted), since it 
was not possible to see the subtle surface changes by light 
microscopy.

The calculations of the potential collateral effects of 
phototoxicity from retinal photocoagulation illustrated that 
theoretical phototoxic hazards to the patient's retina can 
sometimes be discounted by carefully analyzing the available 
biological data, although such studies do not always answer 
related questions, e.g., possible colour vision deficits
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following laser treatment (Birch and Hamilton, 1981). The 
study of repetitive-pulse laser exposure indicated a means 
of minimizing thermomechanical effects of pulsed lasers.

Surgical and therapeutic laser intervention in 
ophthalmology depends upon the biological sequellae 
following exposure. Any biophysical study necessarily 
examines the initial events of energy deposition and energy 
transfer from the site of exposure.
10.2 Photodisruption

The experiments performed to study the physical factors 
of optical breakdown created by Q-switched and mode-locked 
NdsYAG photodisruptors showed clearly the importance of both 
improved focal-spot quality and high peak power in reducing 
the zone of disruption and any side effects from the 
acousrtic (mechanical) transient and cavitation effects. 
Morphological studies showed clearly the importance of 
accurate positioning of the focal spot to achieve localized 
damage at the desired point.

The experiments designed to determine the amount of 
laser radiation transmitted through and scattered by the 
plasma aided in assessing the potential side effects of 
laser irradiation of the patient's retina. The effects of 
plasma shielding aided significantly in protecting the 
retina— particularly at close approach distances to the 
retina. The experiment with a black-emulsion physical model 
to simulate the retina showed that a mode-locked pulse group 
should be significantly safer to retinal tissue in close 
proximity to the site of optical breakdown. Unfortunately,
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an animal study did not arrive at this same conclusion 
(Bonner, 1984), which perhaps shows some of the limitations 
of physical models. In any case, all studies and 
calculations showed that a very substantial safety factor 
exists for retinal exposure to direct and scattered laser 
radiation for posterior capsulotomy.

None of the biophysical experiments shed any light upon 
the cause of the transient rise observed in intra-ocular 
pressure (IOP) associated with the use of the photodisruptor 
for posterior capsulotomy— a rise generally deemed very 
undesirable. The lack of any obvious distant acoustic wave, 
Brillouin backscatter or other non-linear effect away from 
the optical breakdown focal zone, would suggest that non
biophysical mechanisms are more likely candidates to study. 
The pressure rise may really be attributed to a general 
tissue response rather than any biophysical effect upon the 
ciliary body in that the pressure rise is observed even with 
conventional surgical intervention in the anterior segment 
(Schubert, 1985).

An obvious conclusion of these experiments was that the 
use of minimal energy to achieve the desired tissue cutting 
effect would minimize the potential for unwanted side- 
effects related to either mechanical or thermal effects upon 
other structures. Low-energy disruptions could be seen at 
levels well below 1 mj, and well below levels routinely used 
clinically. Mode-locked thresholds and mechanical 
transients were lowest. However, the clinical value of very 
small disruptions has never been clearly shown (although,

329



< 7

V/

Odsft̂UA. 
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one possible exception noted by Prof. Leeds Katzen, 
University of Maryland, Baltimore, was the removal of debris 
from an IOL without damaging the IOL surface, if that 
procedure were ever to be needed).
10.3 Corneal Ablation.

The experiments with ultraviolet and infrared lasers to 
ablate corneal tissue revealed a clear advantage of the ArF 
excimer laser wavelength of 193 nm in achieving a clean 
incision with little adjacent thermal or mechanical damage. 
This has been borne out by many other recent studies 
reported in the literature. Several questions related to 
potential side-effects from UVR exposure of adjacent corneal

r ■ 1

tissues were addressed in a study of photokeratitis at 193 
nm in the rabbit cornea. The results of these experiments 
strongly suggest that there is little if any risk of -- ------ - "   f—
photochemical injury to adjacent tissues from either the < 
direct 193-nm radiation or its fluoresce.^

Thresholds for photokeratitis were well above levels 
used clinically for corneal refractive surgery. Inasmuch as 
the threshold for injury of the lens is greater than for the 
cornea, one can conclude that the level of UVR fluorescence 
originating from the cornea and incident upon the lens 
should not pose a significant risk to the lens. Since the 
cornea is occasionally subject to photokeratitis from 
welding arcs or snow reflections of sunlight without

" x -----
apparent delayed effects, the UVR insult from excimer laser 
surgery should not pose a significant risk to other corneal 
tissues.



10.4 Retinal Photocoagulation.
Laser retinal photocoagulation has been studied 

extensively and no clear experiments with pulsed lasers were 
indicated. However, calculations of scattered light upon 
the macula from repeated retinal exposures and the impact of 
repetitive pulses upon the same retinal tissue appeared to 
be in order. These calculations clearly showed that a 
significant adverse side-effect upon the macula was possible 
from photochemical retinitis.

The calculations of retinal injury from repetitive 
pulses showed that highly localized photocoagulation of the 
retinal pigmented epithelium may be possible with a 
carefully titrated exposure, should there be a clinical 
advantage in doing this. Unfortunately, the lack of a clear 
understanding of the biological changes that make 
photocoagulation an effective treatment for different 
retinal diseases hampers progress in developing a more 
effective form of photocoagulation.
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