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ABSTRACT

Infrared absorption spectroscopy can be performed at very high resolution by tunable diode laser (TDL) based optical
systems for any gas with well resolved absorption spectra. In a double beam setup atmospheric trace gas concentration can
be measured down to ppb levels. The analysis of trace gases may have usefull applications in detecting chemicals in the
human breath for non invasive medical diagnostic. The capability of TDL based breath analysis was well demonstrated by
monitoring ammonia and methane. In the human body the formation of free radicals does induce oxidative degradation of
polyunsaturated fatty acids (lipid peroxidation) which is a damage for cells and organs in the organism. Specific volatile
hydrocarbons generated as end product by lipid peroxidation (LP) can be found inside circulating blood and expired breath.
TDL based analysis of those specific hydrocarbons (ethane and pentane) in the expired breath can allow a non invasive
assessment of the LP extent.

Keywords: laser spectroscopy, breath alkanes, lipid peroxidation, free radicals

1. INTRODUCTION

The oxidative modification of biological molecules is an essential part of the normal biological activity in the human
organism, but an excess in some oxidant activities does cause injury to cells and tissues. Particular attention is devoted
to the oxidant activity of free radicalic species. It is known that an increased free radical formation in the organism is
involved in the pathophysiology of several diseases, consequently a measurement of the oxidative damage that a human is
undergoing will be helpful in clinical diagnosis. Standardized methods for measuring the fiee radicals activity in humans
are not yet established, so the development of reliable measures is desirable.

To perform such a measure we need a test effect. One of the events generated by free radicals interaction with
bimolecules is the oxidative degradation of fatty acids. The phenomenon of free radical induced peroxidation of fatty acids
is ubiquitous in the organism. Every living cell possesses an active boundary (the cytoplasmic membrane) on which
many chemical and physical phenomena take place. The structure of any biological membrane is based on a bilayer of
lipids which carry fatty acid molecules. Under chemical attack by oxidative free radicals the fatty acids in the membrane
lipids undergo a chemical decomposition working out through many chained chemical reactions. ~ This process is named
lipid peroxidation (LP). The ultimate step in the peroxidative chain reaction is the formation of different hydrocarbons
molecules, depending on the molecular arrangement of the fatty acid involved. In the human body, the fatty acids inside
the membrane lipids are mainly linolenic acid and arachidonic acid. The peroxidation of these fatty acids does produce
two volatile alkanes, ethane and pentane respectively. Both of them are considered in literature to be good markers of fiee
radical induced lipid peroxidation in humans.

Such gases diffuse inside body tissues and are convected through haematic flow towards the lungs. In the lungs they
are excreted in the expired breath. An increase in the free radical activity determines an increase in the lipid peroxidation
which is detectable by an excess in the breath ethane and pentane. So the extent of unrecovered lipid peroxidation may be
estimated by the measurement of ethane and pentane exhaled in the breath, a non-invasive analysis.

In healthy people the normal breath concentration of these alkanes is about 1 ppb (nmoles/liter) as order of magnitude.
Due to their low concentration hydrocarbons in the expired breath can be well analyzed by a spectroscopy of absorbing lines
in the infrared region through an appropriate light source. Single mode tunable diode lasers (TDL) were proved to be
good light sources in the high resolution infrared spectroscopy for gas with well resolved absorption spectra. They have
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Fig. 1. IR Absoprtion spectrum of ammonia (NH;) between 500 cm™ and 2000 cm™ (see Ref. 1)

been already successfully used in trace gas analysis applied to atmosphere and expired breath and may be applied in the just
outlined assessment. In the following the laser based breath analysis and the LP test effect will be described.

2. LASER BASED ANALYSIS

2.1 IR molecular spectroscopy.

Infrared spectroscopy is based on selective molecular absorption of IR radiation when a gas mixture is exposed to light.
The infrared absorption spectrum of molecules is normally determined by transitions between series of vibrational-rotational
energy levels. For every chemical species a well defined set of narrow width absorption lines in the IR spectrum does
exist, differing from each molecular species to other likewise a fingerprint. ~ Besides, when an atom in a molecule is
replaced by another isotope of the same element, there is a shift in the energy levels due to a change in the atomic masses,
and consequently there is a shift in the spectral lines. This resulting frequency shift in the IR absorption spectrum forms
the basis of the isotope laser spectroscopic analysis. An example of an IR absorption spectrum is reported in fig.1 .  The
IR spectrum of ammonia shown in this picture was detected by a classical spectrophotometer based on a black body light
source, so it has a relatively low resolution (around 1 em™).

An increase of several order of magnitude in the resolution can be obtained by using a laser source ! because of its high
brightness, high space-time coherence and monochromatic emission. High sensitivity optical systems have been realized
based on a single mode tunable diode lasers (TDL) as radiation source. The spectral resolution of a diode laser based
system can be better than 10” ecm™, which is smaller than the absorbing linewidth and the line spacing in the IR spectra we
need to acquire, allowing us to resolve a single transition line. By selecting an appropriate spectral region the probability
of interference between absorption lines of different gas species in the same mixture can be reduced greatly, and very low gas
levels are detectable. In fig.2 an high resolution spectrum is reported as recorded by a TDL based system; the fine
structure of a small portion of the NH; absorption spectrum near 937 cm™ (the branch Q in the v, band pointed out in fig.1)
has been resolved. The same portion of ammonia spectrum has been calculated and is shown in fig.3, where a computer
simulation is given by the HITRAN-PC database’.

2.2 TDL sources.

A typical diode laser is a ternary lead salt structure with built in a p-n junction. The IR coherent radiation is emitted
during the charge recombination inside the p-n junction area, the total output power being nearly 1 mW at a work °
temperature lower than 100 K and diode injection current around 1 A. The frequency of the emitted radiation is depending
on the diode temperature and for this kind of laser falls in the wavelength range between 3 and 30 pm (3,300+300 cm™).
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Fig. 2. IR spectrum of ammonia between 937.5 cm™ and 937.8 cm™ as recorded by a
TDL system. The more intense line is named aQ(8,36) and is located at 937.515 cm
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Fig. 3. Fine structure of a small portion of ammonia spectrum as calculated by HITRAN-
PC database

The radiation frequency of a given TDL is continuously tunable for about 100 cm™ by acting on laser temperature and
diode injection current.

The emission mode is selected by fixing the laser work temperature through a cold finger connected to a closed-cycle
liquid nitrogen cooler. The continuous tuning is obtained by modulating the injection current of the diode; the tuning rate
isaround 1 cm'/mA. When the modulating current does increase linearly from a minimum toward a maximum we have a
gradual heating of the laser structure and a related variation in the radiation frequency, the order of magnitude of the
variation being 1 cm™/K. The laser light frequency depends on the temperature following the curve reported in fig.4. The
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current modulation is repeated periodically to fulfil a
periodical scanning of a spectral range centred on the desired
absorption line of the chemical species we are interested.

The spectral linewidth of a diode laser emitted radiation is
almost 10 times the line frequency. Both the narrowness of
the emission lines of the laser radiation and the possibility of
a continuous frequency modulation of the radiation itself
determine the spectroscopic capability of a diode laser based
optical system. Allowing the frequency modulated laser
beam to pass through a gas mixture, the fraction of beam
energy absorbed for each frequency can be recorded.

:

2.3 Experimental apparatus.

A schematic view of our experimental setup is reported in
fig.5. The optical system consists of TDL radiation source,
beam transport devices, gas filled cells, radiation detectors
and data acquisition system. The radiation source does
comprise the laser structure, the temperature control system
and the power supply.

The apparatus is a double beam setup. The laser light,
comes out of the cold head through an IR window (ZnSe) and
is divided into two beams by a beam splitter. The first beam
passes through an interferometer (germanium etalon) and a
reference cell and then is focused into an IR detector. The
second beam passes through a sample cell and is focused into

3 T another IR detector.  Both signals are collected by the

840 electronic acquisition system. The reference cell containing
10 30 50 70 90 the pure gas is used for mode selection and for calibrating the
signal amplitude. The other cell (the measurement one) is

Temperature (K) filled with the examined gas sample. The insertion of an

Fig. 4. Frequency of emitted radiation vs diode etalon on the beam line does allow the determination of
temperature for a TDL spectral distances on the spectrum, the distance between two
consecutive fringes being known. The laser light is selected

at the right frequency for the molecular transition to be detected by fixing the work temperature of the thermostate and then,
to record the absorption spectrum, it is allowed to pass through the absorbing gas(inside reference cell) while tuning the
light frequency over the spectral region. The waveform of the pulsed modulating current is a triangular one. The of
intensity the transmitted beam energy versus the radiation frequency is displayed on a CRT. The optical absorbance is
depending on the optical path of the laser beam inside the absorbing gas and on gas concentration. So in a calibrated
system the amount of absorbed energy is a measure of the gas concentration inside the examined mixture. Although the
rate of frequency change is not linear with temperature it does not affect the absorption measurements.

An example of a typical laser mode transmitted through pure ammonia gas is shown in fig.6 together with the
unperturbed laser mode. The two detected absorptlon lines are aQ(8,5) at 933.8260 cm™ and aQ(4,1) at 933.8424 cm™
which means a line separation of 0.0164 cm™ Transm1sswn through a germanium etalon is also reported in fig. 6, the
spacing between two consecutive fringes bemg 0.01631 cm™. The lines aQ(8,5) and aQ(4,1) as simulated by HITRAN
database are reported in fig.7.

Frequency (cm-!)

2.4 Gas trace detection.

The described method may be applied to any gas with a suitable IR absorptlon spectrum. The spectroscopic capablllty
of TDL based systems has been already used to reveal small traces of gases in the atmosphere to very low levels,’ for
example NO, NO,, HNO;, H,0,. In Table I some detection limits are listed for selected molecules that are detectable by
TDL spectroscopy. It is apparent that this method has a very good sensitivity and in reality for many substances the
theoretical sensitivity limit is below 1 part over 10° (1 ppb).
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Table I - Measured (a) and calculated (b) detection limits of TDL absorption spectroscopy
for selected molecules®. 1 ppbv=1/10° volume ratio

Molecular species Minimum detectable concentration (p.p.b.v.)
@ ®)
H:O, 0.1-0.6 0.160
NO 0.1-1.5 0.096
NO, 0.025-0.2 0.032
HNO; ’ 0.35 0.048
N0 0.04-1 0.024
NH; 0.1 0.016
O 0.5 0.230
CcO 1 0.030
CH;O 0.04-0.3 0.128
SO, 0.2-3 0.096
HC] 0.25-50 0.012

Also a TDL based spectroscopic system has been used to detect trace components in the human breath.”” The human
organism makes use for its living processes of chemicals that are introduced with the food or the air and, after sometimes
intricate biochemical processes, they are converted into other chemical species. Such transformations and their products are
assumed as indicators of the body health and used in medical diagnostics.The measure of the naturally produced chemicals,
or the ones produced after the intake of a substance enriched with a particular isotope, may reveal an actual illness or bad
functioning. '

The indicators are currently measured by nuclear methods or mass spectrometry by invasive analysis. Part of them are
gas and are expelled in small amount with breathing. Detection of these gases may be performed directly on the exhaled
breath in a non invasive analysis by the spectroscopic method above described. In our laboratory in Frascati we possess a
good experience of this kind of measurements. The concentration of the expired gas is generally very low (around ppm)
anyway, because of the high sensitivity of the method, useful informations can be derived by collecting only one
exhalation.
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Substances like CO, CO,, CH., NH;, and other gases produced inside human body, have already been detected and
measured in several medical studies. In the next section the origin, the detection and the diagnostic utility of some
hydrocarbons in the expired breath will be discussed.

3. LIPID PEROXIDATION AND TEST EFFECT

3.1 Lipids in living cells.”

Every living cell is borded by a cellular membrane based on a twofold layer of phospholipids which are bonded each
other by Van der Waals bonds. Phospholipids are part of a more general class of organic compounds (lipids) not soluble
in water and working inside human body likewise metabolic fuel storage system, metabolic fuel transport system and basic
components in cellular membrane structure.

In a block diagram (see fig.8 ) the general structure of a phospholipid can be viewed as an assembly of different
molecular groups. They are a glicerol molecule bonding a phosphate-alcohol and 1-3 fatty acids. The alcoholic group
has a strong polarity, while the fatty acid tails are not polar groups. So in hydrated environment like a biological system
the natural arrangement of phospholipids is a twofold layer (thickness 8 nm) with the polar heads directed toward the water
and the fatty acid tails along the opposite direction toward the inner side of the membrane. In fig.9 one of the most
common fatty acid is shown.

Fatty acid molecules are long hydrocarbon chains. Most of carbon in the chain are linked to two hydrogen and two
carbon by simple covalent bonds ( -CH,-CH,- ); sometimes a double bond can be observed between two adjacent carbon
atoms in the same chain (-CH=CH- ). Hydrocarbon chains with one or more double bond are known like unsaturated,
while chains without double bond are told saturated. Many different fatty acids do exist in nature inside living cells, the
chain length ranging between 14 and 22 atoms of carbon.

In principle any fatty acid chain may take part in the structure of a lipid, but in nature the unsaturated species are found
more abundant then the saturated one. In particular the oleic acid, linoleic acid, linolenic acid and arachidonic acid are the
more abundant fatty acids in the human organism. Their molecular composition has been reported in Table.2.

3.2 Lipid peroxidation.

Lipid molecules can be chemically disassembled through peroxidative pathways started by interaction with free radicals.
Free radicals are atoms or molecules possessing one or more unpaired electrons. They are produced either by an
oxidation-reduction process or by transferring sufficient energy to a molecule to cause unimolecular dissociation at a
covalent bond, so that one of the bonding electrons remains with each molecular fragment.

Free radicals are generally electrically neutral and often extremely reactive. Their inevitable production in human body
may be endogenous or exogenous as well. A peroxidative degradation takes place when a oxidant radical does react with a
biomolecule. We are concerned with peroxidative degradation of PoliUnsaturated Fatty Acids (PUFA) in phospholipids,
owing to the specific chemical species released as end-product, this process being named lipid peroxidation (LP).
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L
|

. C
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R
8]
L

Phosphate Alcohol

Fig. 8. General molecular structure of phospholipids
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Table I1. Molecular structure of the more abundant fatty acids

linolenic acid

Fatty acid Molecular Structure
oleic acid CH;(CH,),CH=CH(CH,),COOH
linoleic acid CH;(CH,),CH=CHCH,CH=CH(CH.);COOH

CH;CH.CH=CHCH,CH=CHCH,CH=CH(CH,),COOH
arachidonic acid- CH,;(CH,),CH=CHCH,CH=CHCH,CH=CHCH,CH=CH(CH,);COOH

Lipid peroxidation starts when an oxidant radical reacts with a PUFA. As
atom nearest to one of the unsaturated bonds is abstracted from the hydrocarbon

consequence of this reaction the hydrogen
chain leaving a second generation reactive
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radical. The oxidative process of radical formation may be repeated one or more times between adjacent species disrupting
many biological macromolecules in a time as short as a microsecond. This process is catalized both by enzymes and
transition metals and is a major cause of cell and biomembrane disruption in human organism.

3.3 Production of ethane and pentane.

The chain reaction may follow different pathways depending on the molecular composition of the chemical species
surrounding the reaction site. Among them, the peroxidative pathways leading to the formation of alkanes have been well
studied. In fig.10 a simplified scheme of the formation of alkanes by lipid peroxidation is reported, showing the formation
of pentane (CsH),) through the peroxidative degradation of arachidonic acid. Starting with linolenic acid a similar set of
chained reactions leads to the formation of ethane (C,Hs).

The correlation between hydrocarbons production and lipid peroxidation was theoretically discussed in 1961 and it was
experimentally verified in vitro in 1964. In 1974 the production of ethane due to lipid peroxidation in vivo was described
for the first time. In the subsequent years it was experimentally proved that the peroxidation of ®-3 family of PUFAs (i.e.
linolenic acid and its derivative) does end principally with generation of ethane and, by a similar process, the peroxidation
of -6 family of PUFAs (i.e. linoleic acid and arachidonic acid) does end principally with generation of pentane. Today
ethane and pentane are universally accepted as the best markers of in vivo LP.*'

At body temperature these alkanes are volatile gases and not soluble in water because they are nonpolar molecules.
After generation by LP they diffuse easily through the living tissue and enter the circulating blood and then they are
convected to the lungs by the haematic flow and are expelled with the expired breath. A sample of expired breath can be
collected and examined to determine the hydrocarbon concentration.

The process of peroxidative hydrocarbon release could be modelled, but a computer simulation is difficult to achieve
because hydrocarbon production is not the only possibility as conclusion of a LP event and numerical value of branching
ratios are not well known. On the other hand the significant experimental knowledge on alkanes generation by lipid
peroxidation can be summarized through the following statements.

1.In the major part of in vitro processes 1to 10 percent of LP events do end with hydrocarbon release.

2.Low amounts as small as 0.03% of overall -3 fatty acids peroxidation have been detected in vitro by monitoring the
ethane evolution.

3.The hydrocarbon emission is reduced in vivo due to several methabolic factors. Nevertheless the expelled amounts are
still measurable.

4.In rats, pentane as detected in vivo ranges around 0.2 millimoles/liter for one mole of peroxidated lipids.

5.In the man, numerical values are not well defined due to obvious difficulty in performing experimental study; anyway
normal levels of alkanes emission are known. In healthy people normal values for ethane and pentane in the breath are 0.3-
1.7 nanomoV/liter and 0.1-4.9 nanomol/liter respectively.

3.4 Breath test.

The minimum of the above mentioned normal values in healthy people is equivalent to something like 1 ppb which is
the smallest amount that must be well measurable in a breath specimen by any adopted analytical system to appreciate
pathological changes in the lipid peroxidation extent.

Both ethane and pentane show many absorption lines in the infrared spectrum. To check the experimental feasibility of
a TDL based breath alkanes study, we intend to perform experiments on ethane emission. An accurate selection of the
spectral range is necessary in order to reduce the superposition with lines of other human breath components absorbing in
the same region.

The ethane pure gas shows three absorption bands at approximately 825, 1475 and 2950 cm™. ! Many intense lines
are located in the band at 2950 cm™. By first study through the HITRAN database it appeared that the more intense
ethane absorption lines are located near 2973 cm™. This small portion of the spectrum as calculated by HITRAN was
reported in fig.11. Consequently we are performing a feasibility study of the high resolution IR spectroscopy ethane
detection by a TDL emitting at around 3.4 pm.
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Fig. 10. A semplified scheme of the chemical conversion of arachidonic acid to pentane (see Ref. 9)
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Fig. 11. A small portion of ethane absorption spectrum simulated by HITRAN-PC database

4. CONCLUSION

Specific hydrocarbons (ethane and pentane) are breeded as end product of lipid peroxidation in vivo; they are expelled
with the expired breath allowing a non invasive assessment of lipid peroxidation. Alkanes breath test is a promising non-
invasive method for the detection and follow-up of lipid peroxidation involving diseases in clinical practice.

High resolution IR absorption spectroscopy has been applied in detecting trace gases in the atmosphere. TDL systems
have been proved to be reliable to detect ppb of the trace substances. Trace gas analysis in the breath has been proved to
be accurately performed by TDL based spectroscopy. Our experimental apparatus was applied successfully in monitoring
expired methane and ammonia.  Experiments on laser based ethane and pentane analysis in human breath have to be
performed.
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ABSTRACT

This paper presents a comprehensive review of the CO, laser ablation of biological tissue. Based on energy balance
for modelling laser ablation, the thermal relaxation time and the ablation threshold are determined. Laser ablation of
biological tissue is related to the spatial coherence of laser beams, so that the propagation of laser beams, the beam quality
and the focusability of laser beams are taken into consideration. To achieve the ablation threshold, the laser irradiance in the
focal zone is computed as a function of laser parameters. The advantages of pulsed operation of the CO, laser for minimum
residual thermal damage of the tissue are stressed. The strengths and the weaknesses of the CO, laser ablation are finally
discussed.

Keywords: laser ablation, CO, laser, biological tissue, laser irradiance and radiant exposure, thermal damage

1. INTRODUCTION

Laser interaction with biological tissue has been a subject of ongoing research since the operation of the first laser in
the early sixties. Of the various laser systems currently used in medical practice, the CO, laser has proved itself as one of the
most efficient surgical instruments'. The CO, laser has been used for many years in surgery, where laser induced destructive
macroeffects are remarked. When a pulsed CO, laser is used, ablation (explosive evaporation) of the biotissue can be the
decisive physical process, while for a standard surgical continuous wave (cw) CO, laser, the power density reached at the
tissue stays below the threshold for tissue ablation. The necessary condition for laser assisted ablation of biotissue is to make
the substance in the irradiated tissue volume go to an overheated metastable state within a time interval shorter than that
required for heat to diffuse from this volume.

During the pulsed laser ablation of biological tissue, the following fundamental phenomena were experimentally
observed: (1) the presence of an ablation threshold for the laser pulse fluence; (2) the formation of shock waves; (3) the
gasdynamic sputtering of the ablation products with supersonic velocities; and (4) the dependence of the ablation efficiency
and threshold fluence on the attenuation coefficient of the tissue?. The ablation of tissue by pulsed laser radiation can be
explained by the photochemical, photothermal or photomechanical mechanisms.

One of the most important problems in laser ablation is that of maximizing ablation rates, while simultaneously
minimizing collateral damage, enhancing selectivity and improving precision of the interaction process. The ablation
threshold plays an important role in characterization of tissue effects. Below threshold, there is heating of the tissue resulting
in sequence denaturation of enzymes and losing of membranes (40 - 45°C), coagulation and necrosis (60°C), drying out
(100°C), carbonization (150°C), and finally, pyrolysis and vaporization (above 300°C). In contrast to the cw CO, laser, the
pulsed CO, laser vaporizes tissue water instantly, involving minimal thermal injuries. In this case, the heating is strong
enough and is accompanied by a substantial pulsed pressure rise. Above ablation threshold, the exploding water vapor
consumes thermal energy, suppressing heating of the surrounding tissue. So, the ablation threshold, depending on the laser
fluence and the time of exposure, will determine whether the thermal energy will be transported to surrounding tissues or not.

In real experimental conditions, the ablation threshold can be surpassed by adjusting the laser parameters, such as
power or energy, spot size, pulse duration, pulse repetition rate, and total delivery time. By focusing the laser beam, the
irradiance may vary enormously, depending on the distance of the lens to the tissue. Also, the irradiance in the center of a
laser beam may reach the ablation threshold, while the flanks stay below. In the following, we shall clarify all these aspects,
and we shall establish the conditions when the ablation threshold is reached, resulting a charless crater in the tissue surface.
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2. LASER ABLATION MODELLING
2.1 Energy balance

One widely used approach for modelling laser ablation uses energy balance®. In this model, the ablation rate is:
R =pA(F-F,)/H 1)

where R is the ablation rate expressed in mass ablated per pulse, p is the density of the target, A is the area irradiated by the
laser, F is the delivered radiant exposure (fluence) per pulse, F, is the threshold radiant exposure, and H is the heat of
ablation (specific evaporation energy). Ross et al.* have investigated the in vitro effects of a pulsed CO, laser on pig skin
using pulsewidths of T, = (0.25 - 10) ms. Mass loss was measured with an analytical balance over a range of radiant
exposures and pulse durations. The slope of the mass of pig skin removed per pulse vs. the incident radiant exposures varies
between 3.0 and 2.4 pg - cm?J, when the pulse duration is increased from 0.8 to 10 ms. Using Eq. (1), H and Fy can be
derived. The ablation threshold increases from 5 J/cm? at 1, = 0.8 ms to 15.2 J/cm® at 7, = 10 ms, while the heat of ablation
using the average of the calculated heats of ablation from mass loss experiments isH,=3.4 kJ/cm’.

The increase in ablation threshold at longer pulse durations is caused by thermal diffusion during the pulse.
However, the heat of ablation did not change as a function of pulse duration since once the threshold was reached, the
ablation front outpaced thermal diffusion.

2.2 Thermal relaxation time

The complex tissue optical properties can be predicted from the component contributions of cellular chromophores
(absorption) and cellular structures (scattering). In the infrared spectrum, at the CO, laser wavelength (A = 10.6 pm), the
scattering coefficient is enough small and can be neglected.

The definition of the absorption coefficient a [cm™] is based on the transmission through a pathlength L in a
medium:

T, = exp(—al), al << 1 [9)

and T, is the probability that a photon will transmit through a pathlength L without any interaction with the medium.
Absorption occurs due to coupling photon energy at a particular frequency with the energy of electronic or vibrational
transitions. In the near-infrared and mid-infrared spectrum, the strong absorption is due to water. Jacques® has summarized
some of the major absorbers in biological tissues. At the CO, laser wavelength, he indicates o = (450 - 560) cm™ for skin
with 75% water. The absorption coefficient is related to the optical penetration depth, & [em™], by:

8=1/a _ 3)
For the CO, laser wavelength and skin, 3 is approximately 20 um.

The absorption characteristics of biotissue leads to a spatially nonuniform distribution of heat released inside as a
result of absorption of pulsed CO, laser radiation. Prahl® has generated charts that allow to make rapid estimates of the spatial
and temporal thermal distributions following laser irradiation for arbitrary pulse durations and absorption coefficients. In our
case, the following three characteristic times are of importance:

a) 1,- the laser pulse duration;

b) 1, =38/ v, - the time it takes for sound to propagate with a velocity v, beyond the optical penetration depth &
(thickness of the heated zone), i. e. the relaxation time of the pressure resulting from the pulsed local heating;
C) 1z = 8/ 4k - the time it takes heat to propagate by diffusion beyond the optical penetration depth, i.e. the
thermal relaxation time of pulsed heating; k is the thermal diffusivity. For skin, k has been estimated to be 1.3 - 10 cm?/s, so
that the thermal relaxation time is 600 - 950 ps. '
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2.3 Ablation threshold

An ablation threshold can be established in terms of the ablation and heat conduction velocities. The velocity of
ablation, v,, is simply:

vV =

I
* T H, )

where I is the local irradiance and H, is the experimentally determined heat of ablation. For an usual irradiance of

10 kW/cm?, the velocity of ablation is 3 cms.

The effective heat conduction velocity, v, is given by:

[4

Vv, = i 5
td

where d is the minimum depth of histologically identifiable thermal damage (~ 80 pm) and t, is the time required for heat
conduction over this distance: t, = d*/4k (12.3 ms). By introducing t, in Eq. 5, the term for v, reduces to: v, = 4k / d, which
has a value of 0.65 cm/s.

To assure minimal thermal damage, the velocity of ablation must exceed the heat conduction velocity. In other

words, for any CO, laser that achieves v, > v,, minimal thermal damage will be observed. The threshold irradiance for
achieving ablation with minimal thermal damage, 1,,, is reached when v, = v.. This gives:

=(5—JH,. ©)
td

Inserting the experimentally determined values for H,, d an 1,, we obtain: I, = 2.2 kW/cm?. This value of the
ablation threshold compares reasonably well with the values measured experimentally by Ross et al.* for Fy (I = 2F, /1)),

Ith

We can explain the different aspects of the laser-produced craters in biotissues, when the irradiance varies over a
large range. During high irradiance ablation (>2.2 kW/cm?), tissue is removed at a rate that is higher than the thermal
diffusion rate, regardless of pulsewidth, and therefore residual thermal damage approaches a theoretical minimum of 50 pm.
Usually, the thermal damage at the centers of craters is independent of pulse duration, because the irradiance is higher than
the ablation threshold. At the crater edges where lower irradiances are effective (irradiances under the ablation threshold),
experimental results showed that thermal damage increased with pulse duration.

The importance of the calculation of laser irradiance in the focal zone on both longitudinal and transversal directions
and its dependence on laser parameters now becomes evident.

3. SPATIAL COHERENCE OF LASER BEAMS

3.1 Propagation of a gaussian beam

To understand the focusability of laser beams and hence the irradiance in the focal zone it will be useful to recall
first the free-space propagation formulae for an ideal lowest-order or TEM,, gaussian beam. The spot-size propagation
formula for a gaussian beam is well known’ (the square of the beam diameters increases linearly with the square of the
distance away from the waist):

wz(z) = w;‘;[l + (z / zR)z] )



Zp = — ®

where w, is the beam waist, z is the propagation distance measured from the waist, z; is the Rayleigh range and A is the
wavelength. w(z) and w, are the radii of the laser spot (the beam diameter is the distance between the points where the
intensity falls to 1/¢? of peak value). The Rayleigh range (the range over which the beam is considered to be collimated) is
the propagation distance from the waist location in which the beam diverges to twice the area at its waist.

The beam contour of a gaussian beam as it propagates from its waist is a hyperbola, with asymptotes inclined at an
angle 0 (far-field, half-angle divergence, in radians):

0= —— ©
This relation shows that there is a minimum possible product of waist diameter times divergence, corresponding to a

diffraction-limited beam (uncertainty principle).

3.2 Beam quality

The laser beams often are not pure modes (gaussian beams), but mixtures of transverse modes, in a superposition of
multiple-peaked profiles. Higher-order mode components produce a larger divergence than a single-mode beam.

To characterize multimode laser bearhs, the constant M? (coefficient of beam quality) was introduced®, defined as
the product between beam’s minimum diameter and divergence angle:

2 T
M2 = Sl (10)

where the index R stands for “real” beams. This constant is a measurable quantity describing beam propagation as well as
beam quality (beam’s mode content and focusability). For a gaussian beam, M* = 1; beams with larger constants are
described as being “several times the diffraction limit”. M? increases for modes of greater divergence or greater focal area.
The inverse of M? constant is the propagation factor (K = 1/ M?).

The spot-size propagation formula for an arbitrary real laser beam is:

2

M2z
wr(2) = Wor 1*{'—2] {an

TWoR

Putting:
Wor = Mw, (12)
there follows:

wfi(z) = Mzwz(z) (13)

(14)
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These relations show that a high order mode that has a waist radius M times larger than the waist of the fundamental
mode of the same resonator, will have a beam M times larger everywhere.

3.3 Focusability of laser beams

Laser ablation of biological tissue requires a minimum spot-size. There are a number of factors that affect the spot-
size of focused beams, the most important being the laser mode (M?), diffraction and spherical aberration.

Diffraction is a natural and inescapable result of the wave nature of light. It causes light beams to spread
transversely as they propagate. The spot size (radius) due to diffraction, wyy, is given by the following formula:

2Af
W = 15
o =1 (15)

where f is the lens focal length and D is the beam diameter at the lens (at the 1/e? points). The spot size due to diffraction
increases linearly with focal length, but is inversely proportional to beam diameter. Thus, the spot size decreases due to lower
diffraction as the input laser beam diameter increases for a given lens or as the focal length decreases for a given laser beam
diameter.

Spherical aberration causes rays impinging near the edge of the lens to cross the optical axis closer to the lens than

those going through the center of the lens. It has the effect of increasing spot size. The spot size (radius) due to spherical
aberration, wyg, is:

aD3
WOS =

a a9

where a is a function of the index of refraction. For a ZnSe plano-convex lens which focuses a CO, laser beam (A = 10.6um),
a is 0.0286, while for a meniscus, a is 0.0187.

The spot size radius due to diffraction and spherical aberration is:
Wy = Wop + Wio a7
The minimum spot-size for a given lens is obtained by balancing the increase with f/D of the spot-size due to diffraction and
its decrease with f/D due to spherical aberration. For a plano-convex lens with f = 127 mm (5”) and a CO, laser beam with
D=7 mm, w,= 122 ym.
For a lens with fixed focal length, the optimum input beam diameter is:

avzed) |
(2229

In this case,

1/4
8kf( 31ra) (19)

wOopt = WO( Opt) = _3? 4)\«f3

For the same plano-convex lens with f = 127 mm, we get an optimum input beam diameter d,,, of 9.8 mm, which

provides a 191.8 um focal spot diameter (2w, ). If the input beam diameter obtained from this calculation does not closely
match the existing beam diameter in the system, then we can expand or contract the laser beam to this size.
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Conversely, when lens input beam diameter is fixed, the optimum focus length can be determined:

o Dt 13 i
opt | a2 (20)

For D =7 mm, f, is 21.6 mm.

As can be seen from the preceding discussion, there is a limit on the focal spot size which can be achieved when
either focal length or input beam diameter is imposed, which is the usual case in laser surgical applications. At any rate, one
can calculate and choose the right focusing lens to obtain a minimum focal spot diameter and consequently, a higher
irradiance.

4. LASER IRRADIANCE IN THE FOCAL ZONE

4.1 Irradiance, brightness and radiant exposure

The irradiance (sometimes called intensity) of a gaussian beam that propagates along the z axis is given by:
I(x,y,2) =1, exp[—- 2(x2 + yz)/ w2(z)] ¥3))

where I, is the maximum irradiance and w(z) is given by Eq. (7) or (11). The integral of I(x, y) over all area is the power in
the beam. At beam waist (z = 0), we have:

nwg
P= -~ I, (22)
Therefore,
2P
I, == 23
0= (23)
where A = nw,? is the beam area.
_For a real beam, w, is replaced by Wy, and the irradiance is inverse proportional to M2,
Brightness is defined as the ratio between the intensity and the solid angle:
I 2
§=— [W / (m . sr)] (24)
Q
2 2
where Q = A /(2w0) .
Radiant exposure (or laser fluence) is the product of laser power times pulse duration over beam area:
Pt
F=—C 25
N (25

Radiant exposure is related to maximum irradiance simply by
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F=—2P 26)

4.2 Distribution of the irradiance

In the following, we shall discuss the longitudinal and transversal distribution of the irradiance in the focusing
region, using Eq. 21 in one transverse coordinate (x). One can see that the irradiance depends on laser power, beam area and
beam divergence. The last two parameters also depend on the coefficient of beam quality.

The transversal distribution as a function of z axis near the waist location, for lines of constant irradiances and the
spot-size propagation of the gaussian beam (dotted line) are presented in Fig. 1. We have used the parameters of our surgical
CO, laser unit BILAS-10% '°, namely P = 10 W, M = 1, D = 7 mm and a focusing lens of 127 mm. There results:
W, =0.122 mm, A = 0.046 mm? and I, = 42.8 kW/cm®. Responsible for laser ablation is not the Rayleigh range (4.4 mm),
nor the gaussian beam distribution, but an area with a constant beam irradiance. The contour of the beam where the power
density exceeds the ablation threshold (I, = 2.2 kW/cm’) is defined as the “ablating beam™"". This means that the spot-size of
the laser beam near the focus is not representative for the actual area of the ablated tissue. The ablating beam area will be
larger if the power of the laser pulse is higher. The shape of this beam depends on laser parameters.

x [mm] A
~ Lt w(z)

- -

- 4
- -

04 — -+ 1=1000 Wiem?

0.2

0.0

" w(z)

Fig. 1 The transversal distribution of the laser beam near the focus, for lines of constant irradiances

Another two features can be remarked from this representation. First, the transversal dimension of the ablating beam
is much smaller than the axial one near the waist location (0.4 mm compared to 38 mm in the above case). This means that
surgeons have the possibility to adjust the distance between the handpiece of the CO, laser surgical instrument and the tissue
in a range which is not very critical. Second, the ablating beam can be larger than the theoretical shape of the gaussian beam.
In contrast to the gaussian beam shape, the ablating beam depends on laser power. This is evident from Fig. 2, which is a
close-up picture of Fig. 1 near the focus, for different power levels.

Another interesting characteristic is the fact that the maximum extension of the ablation beam in the transversal
direction is not at the waist location (x.-), but at an axial distance of + (10 - 20) mm (x,,,,), depending on laser power. This
situation is depicted in Fig. 3. If the surgeon will use a defocused beam, he will obtain a maximum ablated area per pulse.
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Fig. 2 The ablating beam for different laser power levels Fig. 3 The transversal dimensions of the ablating beam as a
compared to gaussian beam (dotted line) near the focus function of laser power, at the waist location (x,-)

and at its maximum (X,,,,)

Nevertheless, one must be careful of the following consequence. If we have, for example, 2 laser power of 10 W and
we are working with a defocused beam at z = 15 mm, three regions can be discriminated in Fig. 2: a) a region between x =0
and x = 0.2 mm where there is the ablating beam (full ablating beam region); b) a region between x = 0.2 mm and
x = 0.43 mm, that is between the ablating beam and the gaussian beam, where the ablation threshold is not reached and the
gaussian beam will induce carbonization; c) a region with x > 0.43 mm where no effect is encountered. From the point of
view of the residual thermal damage of the tissue, this situation is disadvantageous. At the beam focus (z = 0), the ablating
beam is usually higher than the gaussian spot in the waist and scarring will be avoided.

4.3 Dependence on laser parameters

Focusing handpieces used for beam delivery in CO, laser surgical systems allow to modify the irradiance in a large
range, depending on the distance to the tissue (z near focus) and the beam waist at the focus (depending on the lens focal
length, f, and beam diameter at the lens, D). Alternatively, collimated handpieces (with a telescope lens system) can control
the beam divergence, 6, and the beam diameter, D, but offer less flexibility in changing tissue effects (the residual thermal
damage is usually higher).

The power threshold is simply related to the irradiance threshold by Eq. (22). We must recall here that laser power
in this case is the peak power of a pulsed CO, laser. The dependence of power threshold on lens focusing length and on beam
diameter are presented in Fig. 4. By changing the beam diameter or lens focal length, it is possible to reach the power
threshold easily.
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Fig. 4 The power threshold dependence on lens focusing length (Fig. 4a) and on beam diameter (Fig. 4b)
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There are several laser systems that produce pulses useful for ablation. The so-called super-pulsed systems generate
pulses with a steep rise and a slower decay and a length of 50 ps to several ms. The ultra-pulsed systems produce pulses with
peak-power of 200-800 W and duration of 1 us to 1 ms, which are block shaped. Another approach is to use a computer-
assisted laser scanner'. In this case, the focused CO, laser beam is swept over a tissue area from several mm? to several cm?,
with a dwell time on each tissue point of less than 1 ms (smaller than the thermal relaxation time). The key for homogeneous
vaporization in this case is to keep a constant tangential linear velocity.

We have calculated the laser power dependence of z,, (maximum axial distance of the ablating beam) and x_,,
(maximum transversal spreading of the ablating beam), for different input beam diameters and lens focal lengths. The results

are presented in Fig. 5.

P[VV] A D=15mm D=7mm D=7mm
= f=127om f=127mm f=254mm

» ] ABLATION

(@
Fig. 5 The laser power necessary to reach the ablation threshold as a function of z,,,,, (Fig. 5a) and x,,, (Fig. 5b)

One can distinguish two important zones: the ablation zone (at the left of the curves), where the irradiance is higher
than the ablation threshold and the carbonization zone, where the irradiance is below the ablation threshold. The power
necessary to reach the threshold is minimum when the beam waist is located at the surface of the tissue (z=0). If the surgeon
works with a defocused beam, the ablation threshold can be reached even at a distance of 30-50 mm from the beam waist,
depending on power and lens focal length. Also, by choosing a set of given f and D parameters, one can modify the diameter
of the crater burned in the tissue with an ablating beam by changing the beam power.

Sometimes, it is easier to use the radiant exposure or laser fluence (Eq. 25 and 26), instead of laser power or
irradiance. The threshold radiant exposure function on laser pulsewidth is given in Fig. 6.

F [Jer?) PW Pul‘se‘s with a duration qf 0.1 tq .10 ms are
characteristic for the laser ablation of biotissue. As a
comparison, the power threshold is also depicted and it does
not depends on laser pulsewidth. Experimentally, a radiant
exposure threshold of 3 J/cm? was measured''. Here is an
example. A commercial ultra-pulsed CO, laser system
(Coherent 5000) produces pulses with a peak power of

10 -
8 |
6l

4|

2 F P 800 W and a rise time of several microseconds. For a pulse
i ] duration of 1 ms, an energy of 250 mJ can be reached. If the

b . 190 beam is focused with a 119 mm handpiece at a preset spot-
o1 1 ' ® size of 1 mm, then the radiant exposure is near 8 Jcm?

%, (] which is over the ablation threshold. When the collimated

handpiece with a particular diameter of 3 mm is used, the

Fig. 6 The dependence of the threshold fluence and the radiant exposure is under the threshold (0.9 Jem?) and
power threshold on laser pulsewidth (f = 127 mm, D=7 mm)  residual thermal effects are expected.



The collimated handpiece is sometimes advantageous, because it allows the surgeon to change the distance from the
target tissue without varying the spot-size or power density.

5. DISCUSSION

The pulsed CO, laser can lower or eliminate the risk of burning and therefore scarring, and has been shown to cause
minimal thermal injury, because the high energy pulses produce laser ablation. This is accomplished by removing a specific
amount (depth) of about 100 - 150 pm of tissue on each pass as determined by the irradiance on the surface. As we have
already shown, the irradiance can be modified over a wide range by the delivery mode of the particular laser and handpiece.
To control all these parameters precisely, the surgeon must be intensive and properly trained.

Ross et al.# have measured the depth of residual thermal damage at edge of the ablation crater through histology. By
varying the CO, laser pulsewidth between 0.25 and 10 ms and the radiant exposure between 7.5 and 14 J/em?, they measured
a depth of residual thermal damage between 83 and 124 pm (a smaller range if the radiant exposure is higher). Irrespective of
radiant exposure or pulsewidth, the depth of the residual thermal damage were equal at the centers of the craters. The edges
showed significantly increased thermal damage for pulsewidths longer than 1 ms. It is thus clinically advantageous to restrict
laser pulsewidth to less than the thermal relaxation time (), so that thermal damage is consistent for both the ablation center
and the crater edges.

For pulses langer than Ty, a larger zone of thermal damage is observed because significant thermal diffusion occurs
during the pulse. Consequently, the efficiency of ablation is not controlled by the total energy deposited, but rather by the
total energy deposited, but rather by the energy deposited per unit time, i.e., the power'>. In order to predict the width of the
zone of thermaly altered tissue, one must always specify the particular target tissue and its thermodynamic properties. For
example, the zone of thermal damage for aorta and myocardium is less than that for skin and comnea'® (the major constituent
for skin and cornea is collagen, while for aorta and myocardium the major constituents are elastin and muscle, respectively;
the denaturation temperatures of elastin and muscle have been measured to be 90°C and > 90°C, respectively, compared to
65°C for collagen).

Thermal damage produced by continuous wave CO, laser ablation of tissue was measured to be thinner than 100 pm
by using single laser pulses'. Multiple pulses can lead to increased damage. The damage-zone thickness was approximately
constant around the periphery of the cut, consistent with a model of thermal damage in which a liquid layer, produced by
laser heating, stores heat, and displaced to the sides of the cut by radial pressure gradients, acts as a thermal reservoir which
mediates damage.

In practice, the pulsed CO, laser uses pulse duration from 0.5-1 ms and radiant exposures from 3.5-7.1 J/em?. The
ablation threshold could be easily determined just by listening to the sound (a very discrete snapping) coming from the tissue
(explosive evaporation). Usually only 2-3 passes of the laser beam are used to eliminate a defect (e.g. a wrinkle). Besides
ablation, another potential mechanism is the contraction of irradiated areas (desiccation and collagen shrinkage).

We can now discuss the strengths and the weaknesses of the CO, laser ablation. Where there is ablation, energy can
be deposited in a small area of tissue with minimal scarring due to heat conduction to the surrounding tissue. The pulse
duration is not critical in this case, since there is a rapid temperature drop just below the moving ablation front. Without
ablation, the temperature profile under the tissue decays more slowly and can extend unacceptably deep into the adjacent
structures, resulting undesired charring that leads to scarring.

Layer by layer peeling of the tissue can be achieved by laser ablation without leaving extensive thermal necrosis and
resultant scarring with profound pigmentary changes. Another benefit of CO, laser-assisted surgery is less bleeding during
and after surgery, because small blood vessels are sealed, resulting shorter surgical time. Post-operative crusting may also be
minimal or non-existent, improving post-operative appearance. The expense of pulsed CO, laser techniques appears to be the
main drawback.
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In conclusion, we have shown that irradiance can be used as an independent parameter in predicting the effects of

pulsed CO, lasers and in determination of the ablation threshold. Thanks to the development of safer and more effecnvc laser
instruments, tools and techniques, a revival of CO, laser surgery is underway.
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ABSTRACT

This paper reports a laser method for corneal structure investigation which allows to obtain images of corneal
layers as well as information about dimensions of the endothelium and basal epithelium cells. The method’s principle is
based on the laser radiation reflection at the interface between ocular media having different refractive indices. So, the
laser incident beam on the cornea is multiply reflected and refracted within it, since the cornea is a superposition of several
transparent layers with different refractive indices. If observed on a screen, the radiation reflected by a certain corneal layer
forms on it the image of corneal cell structure. Because of cornea curvature, the reflected beam which contains information
about corneal structure- becomes strongly divergent; therefore the experimental set-up forms the cell images big enough to
be seen directly by eye.

There were used both a HeNe (632.8 nm) and a Ar* (488.514 nm) lasers at a power level less than 0.1 mW. The
reflected beam, strongly divergent because of the corneal curvature of the rabbit eye, allows to obtain the corneal cell
images on a screen mounted at a variable distance with respect to the eye. The observed images were recorded either
photographically or using a video-camera.

The reflection corresponding to epithelium and endothelium leads to a superposition of images originated in these
two corneal layers. In the central zones of the images, the epithelial cells prevail, showing a less regular structure. Towards
the peripheral zone of the image, the endothelial cells replace the epithelial ones, but the intracellular membrane may be
seen less intense.

Using a model of image formation which takes into account the optical phenomena appearing within the cornea,
we have calculated the magnification factor of the system, and finally, the typical values of 35 pm for endothelial cell
dimensions were obtained. _ »

The great advantage of this method for corneal structural study is, besides its simplicity, the capacity to provide
images from a large surface of a corneal layer (limited only by laser beam cross section ), without asking an electronic
reconstruction of these images.

Keywords: laser, cornea, epithelium, endothelium.

1. INTRODUCTION

This paper reports a laser method for corneal structure investigation which allows to obtain images of corneal
layers as well as information about dimensions of the endothelium and basal epithelium cells.

The endothelium is the most profound corneal layer; it is in direct contact with the aqueous humour and
represents the most important component to mentain corneal transparency. At the other surface (towards the exterior of the
eye ) it is limited by Descemet membrane. The endothelium is a monocellular layer with a refractive index of 1.376 which
for an young adult contains about 500,000 plat, regular, hexagonal cells 6 um high and 18-20 pm long [1]; at the
peripheral zone, the cells become progressively irregular.
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From the point of view of the clinical medical practice, the study of the endothelium has a great importance since
it is a cellular puzzle of hexagonal cells without replication power, so that with age a gradual diminishing of the cell
number is observed, with implications on eye health state; an image of this layer allows to obtain information about the
shape of cells and their density.

The principle of method is based on the laser radiation reflection at the interface between ocular media having
different refractive indexes. So, the laser incident beam on the cornea is multiply reflected and refracted within it, since the
cornea is a superposition of several transparent layers with different refractive indexes. If observed on a screen, the
radiation reflected by a certain corneal layer forms on it the image of corneal cell structure. Because of cornea curvature,
the reflected beam -which contains information about corneal structure- becomes strongly divergent; therefore the
experimental set-up forms the cell images big enough to be seen directly by eye.

Using a model of image formation which takes into account the optical phenomena appcaring within the cornea,
we have calculated the magnification factor of the system ( the diameter of image cell reported to that of real cell ) as a
function of incident beam divergence. Thus, measuring the diameter of an image cell, it can be deduced with a good
approximation the diameter of the corresponding real cell.

2. EXPERIMENTAL SET-UP

The experimental arrangement used to obtain the images is shown in Fig.1.
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Fig.1 Experimental set-up

A HeNe laser (632.8 nm, cw) was the first light source utilised; the laser worked on fundamental mode TEM,,
and the radiation was attenuated until the beam power was less than 0.05 mW, assuring a non-invasive eye exposure. A
diaphragm of maximum diameter 2 mm was mounted at the laser output to allow working with gaussian beams, since the
experiments have shown that the intensity distribution within a cross section of the laser beam has a significant influence
on the obtained image contrast.



The lens system L ; /L , made the HeNe laser beam parallel. For further divergence variation, a set of convergent
lenses L ; with focal distances ranging respectively from 4 mm to 150 mm was used; L; was mounted to atlow placing the
focal spot in front of the cornea in order to obtain a laser beam maximum divergence of 0.4 rad.

The reflected beam, strongly divergent because of the corneal curvature, atllowed to obtain the corneal cells images
on a screen mounted at a variable distance with respect to the eye. The arrangement made possible adjusting the distance
cornea-screen to obtain the best image quality. The studies were performed on rabbit eye in vivo, anaesthetising the rabbit
in accordance with the standard procedure used in such experiments. The observed images were recorded either
photographically or using a video-camera {2].

Another light source introduced in the experimental arrangement was an Ar*
laser from which the 514 nm (green) radiation and 495 nm-514 nm (blue-green) radiation were used at power levels lower
than 0.05 mW. The images obtained in this case exhibited, in average, a better contrast than the pictures obtained with the
HeNe laser beam.

3. THEORETICAL APPROACH

The reported measurements and the obtained images are based on the reflection of the laser radiation at the
interfaces between ocular media with different refractive indexes.

The laser beam incident on the cornea is multiply reflected and refracted within the cornea; this may be
considered, in general terms, as a sandwich of several transparent layers with different refractive indexes. The radiation
reflected by a certain corneal layer forms on the screen the image of its cell structure. Because of the cornea’s carvature (for
the rabbit eye, the measured radius of a vertical section throngh the cornea, at epithelial level is 8.08 mm and the same for
the horizontal section is 8.36 mm) the reflected beams which contain information about corneal structure become strongly
divergent.

The magnification depends on the depth the light is reflected from and the divergence of the incident beam. It is
known that the reflection coefficient corresponding to a reflection from an interface between two media of refractive
indexes n, and rn, , respectively, is:

2
n,—-n
r= (———2 : ) »
n, +n
Thus, the greater the difference between the two indexes of refraction, the higher laser beam intensity will be reflected.

For in vivo cornea, the images of greatest interest we obtained originated from lachrymal film-epithelinm and
endothelium-aqueous humour interfaces. Thus, the best images we obtained were those of epithelium and endothelium.

In order to find a theoretical formula for the optical magnification (the diameter of an image cell to the real cell
diameter) we considered the cornea as an homogeneous spherical shell with concentric inner and outer surfaces which is a
good enough approximation if one considers only the corneal central region.

The optical path of the laser radiation within the experiment is shown in Fig. 2 where the outer surface has the
curvature radius R and the inner surface the radius r=R-e (e is the cornea thickness). In Fig. 2, one considers a light ray
incident on the corneal surface and its optical path within the cornea, showing only the ray obtained after the reflection on
the inner corneal surface; O is the point in which the incident ray intersects the eye optical axis and, in the same time, the
origin of a rectangular co-ordinate system XOY (the eye optical axis is the abscissa of the system); C is the curvature
centre of both inner and outer corneal surfaces.
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Fig.2 Optical scheme for image formation

The points where the incident ray intersects the two surfaces are noted (Fig. 2) A, B and D, the angles are noted
O, , k=1..4 for the angles between the rays and optical axis, i ;» JF1..5 for angles between rays and the normals at the

surfaces and @, , i=1..3 for the angles between the surfaces normals (in the in the incident points) and optical axis. The
values y, , k=1..3 are the ordinates of the incident points.

Our first aim is to determine -within the approximation of small angles- a relationship between the tilt angle of
the incident ray (0, Fig. 2) and that of the emergent ray (o ,). From the refraction low applied in point A, B and D it

can be deducted:
64=0;+2-0-Py-(n-1)-(p, +p3) (¥3)]
Within the small angles approximation and assuming e<<R and e/R=1, the relation becomes after differentiating:
do,=do,+2-dg, 3)
Integrating equation (3) over an interval corresponding to a single cell, on the inner surface:

Ao, = Ao, +2-Ag, @
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| Keeping the small angles approximation:

A
Ap, :';X
5
AY &)
Ao, =—
L

where Ay is the real diameter of cell and AY is the diameter of image cell; Ao, is the divergence of the beam that
illuminates a single cell and it can be expressed as a function of the divergence of the incident beam, ¢ :

Ao, =—Al-a ©)
(0]

where @ is the diameter of the incident beam at the cornea surface.

The second aim of these computations is to find the expression of the optical magnification /7. By definition,

AY
=— 7
B A ™
and, consequently, for the endothelial cell, the magnification f,, is:
L 2-L
B =—a+== ®
w r
An analogue expression is found for epithelial cells:
L 2-L
op = X+ ®
& @ R

The equations (8) and (9) show the dependence of the magnification on both the distance L between the screen and the
cornea and the divergence of the incident laser beam.

4. EXPERIMENTAL RESULTS
Fig. 3 represents the image obtained using a HeNe laser with collimated beam.

The reflection corresponding to epithelium and endothelium lead to a superposition of images originated in these
two corneal layers. In central zone of the image, the epithelial cells prevails, showing a less regular structure. Towards the
peripheral zone of the image, the endothelial cells replace the epithelial ones, but the intracellular membrane may be secn
less intense. The reflected light comes predominantly from endothelium at the peripheral zone because here the incidence
angle is greater, closer to the limit reflection angle. From our computations, this angle is approximately 78°.

In Fig. 4, it can be seen more clearly the endothelial image obtained using an Ar" laser beam of the 84 mrad
divergence. In this case, the incidence was made at a greater angle leading to a better image of the more profoundly located
cells. Nevertheless, one observes a central superposition (epithelial and endothelial cell images) zone.

Figure 5 shows the result obtained with an Ar* (514 nm) laser beam.
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Fig. 3. Corneal endothelium; image obtained with a HeNe collimated laser beam

Fig. 4 Image obtained using the radiation of 488 nm from an Ar" laser
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Fig. 5 Superposition of corneal layers obtained with 514 nm Ar* radiation

It was not accounted a great difference between images obtained using either of the two laser sources ( HeNe and
Ar"), but with the Ar" laser, the images obtained have a slightly better contrast because the interference patterns that
inherently appear are more confined.

The dimensions of cells was determined projecting the reflected beam on the screen covered by scaled paper.
Thus, the diameter of any image cell could be measured with a reasonable accuracy. This operation was developed for
several values of incident divergence and distance. For any configuration we considered the average value of cell diameters
calculated as an arithmetical mean of several cell diameters randomly chosen .

The data are summarised in Table 1.

Table 1.
Distance Divergence Magnification Image diameter Real diameter
D(cm) o mrad ) B AY( mm) Ay(pm )
40 0 114 2 18
40 86 149 2.5 18
40 400 247 55 20
50 0 143 3 21
50 86 186 4 22
50 400 342 8 23

An important source of errors is the lack of good enough precision in measuring e