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ABSTRACT

We demonstrate that optical coherence tomography (OCT) is a convenient diagnostic tool to monitor pulse-
to-pulse kinetics in laser interactions with biological tissue. In experiments on laser modification and ablation
of the cataractous human lens and the porcine cornea we have applied this technique in situ to investigate
different modes of preablation tissue swelling, crater formation and thermally affected zone development.
The cataractous lens is an example of highly scattering media whereas the cornea is initially low scattering.
The radiation with different wavelengths has been employed including that of a YAG:Er laser (A
=2.94 um), a glass:Er laser (A=1.54 um), YAG:Nd lasers (A\=1.32 um and A =1.44 um), as well as of the fifth
harmonic of a Nd:YAP laser (A=0.216 um). Pulse-to-pulse OCT monitoring has been accompanied by the
probe beam shielding diagnostics to provide the time-resolved observation of the interaction dynamics. © 1999
Society of Photo-Optical Instrumentation Engineers. [S1083-3668(99)00801-1]

Keywords optical coherence tomography; in situ monitoring; IR lasers; UV lasers; thermal tissue damage;

pulse-to-pulse kinetics.

1 INTRODUCTION

Laser ablation of biological tissue involves many
fascinating aspects of the fundamentals of laser in-
teractions with composite materials.'"™ From the
practical point of view this process is of great im-
portance for creation of a reliable laser scalpel. The
radiation of IR and UV lasers is the most feasible
candidate for that, because of the strong absorption
by biological tissues. In the experiments reported
here, several IR lasers with different wavelengths
corresponding to different initial water absorption
coefficients « are employed: a YAG:Er laser with
the wavelength A=294um (a~10*cm™), a
glass:Er laser with A=1.54 um (a~10cm™), and
YAG:Nd lasers with A=1.32 um (a~1cm™) and
A=144 um (@~30cm™). Strong variation in ab-
sorption by water has been expected to result in a
significant difference in ablation and tissue modifi-
cation kinetics. As a source of the UV laser radia-
tion, the fifth harmonic of a Nd:YAP laser with the
wavelength 216 nm is used.
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The observation of biotissue modification pro-
cesses by means of conventional optical techniques
is difficult because of the high degree of light scat-
tering by the tissue. The advent of a special tech-
nique for monitoring processes in turbid media,
that is, optical coherence tomography (OCT), has
allowed one to study laser-tissue interactions pro-
cesses in situ. It enables one to control the ablation
process as well as to monitor the laser-induced
thermal damage in tissue layers adjacent to the ab-

lation crater.”® The nondestructive observation of
laser treated tissues permits elucidation of the hid-
den features in laser—matter interactions. This
knowledge is of great importance for adequate
modeling and optimization of laser surgery appli-
cations.

In the present paper, along with the ablation ki-
netics, we report the results of our experimental in-
vestigation on different kinds of biological material
modifications, namely, creation of a dent and for-
mation of a hump in a cataract-suffered lens due to
the laser irradiation below the ablation threshold.
An incubation was observed when the laser fluence
was less than the threshold for a hump to appear
after a single pulse. The hump is formed under the
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action of several pulses. The observation of the tis-
sue surface with the temporal resolution of 2 ms,
which is significantly smaller than the pulse train
duration, reveals the evidence of the emergence of a
nonstationary, “transient’”” hump.

2 MATERIALS AND EQUIPMENT

IR laser radiation was generated from a pulse
YAG:Er laser (with wavelength A=294 um and
pulse energy E=1]), a YAG:Nd laser (\=1.32, 1.44
pum, E=800m)]), and a glass:Er laser (\=1.54 um,
E=300m]J). These lasers operate in the free-running
regime with pulse train duration about 300 us. The
radiation of all these lasers is mainly absorbed by
water in biological tissues.

Among the used lasers the YAG:Er laser has the
maximum value of absorption coefficient «
~10* cm™ and minimum thermally damaged layer.
The YAG:Nd (A=1.32 um) and glass:Er lasers are
utilized since their wavelengths and, thus the
depths of light penetration into the material, allow
the observation of laser interaction with the mate-
rial within the bulk of the highly scattering layer,
which is difficult to perform with conventional di-
agnostic optical methods.

The fifth harmonic of a Q-switched YAP:Nd laser
with the wavelength 216 nm, pulse energy up to 10
mJ, and the pulse-to-pulse energy stability within
4% was used as a source of UV laser radiation.”
These IR and UV lasers were specially constructed
at the Institute of Applied Physics of Russian Acad-
emy of Sciences.

To monitor laser-tissue interaction, a compact
self-made OCT device with a fiber optical interfer-
ometer flexible optical cable and an integrated pi-
ezoelectric in-depth scanning unit was used.” The
both in-depth and lateral spatial resolution of the
OCT device is 15 um, the acquisition time for 200
X 200 pixels image is several seconds and the work-
ing wavelengths are 830 and 1260 nm. A diagnostic
beam (collimated and focused from a fiber tip) was
coupled with the high-power laser beam using a
dichroic mirror allowing one the in situ observation
of tissue modification.

Samples included the post-surgery human cata-
ractous lens [nuclear 366.16 and total or subtotal
366.17 according to International Classification of
Diseases, 9th Revision, Clinical Modification (ICD-
9-CM)] and porcine cornea. The cornea was pre-
served during six hours, the lens could be kept up
to two days in a normal saline solution. Since the
biotissue surface is quickly drying in the air, mea-
surements were limited to 20 min. While a healthy
lens is optically transparent and quite homoge-
neous, a cataractous nuclear lens is optically
opaque due to high scattering with different coeffi-
cients depending on the severity of the disease and
cannot be observed with traditional optics. Imme-
diately prior to use the epithelium covering the cor-
nea was mechanically removed to expose the
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Fig. 1 (a) Comparison of a tomographical image with (b) a histo-
logical pattern. Cataracted lens irradiated by a YAG:Nd laser (\
=1.44 pm).

stroma. A virgin porcine cornea is fairly low scat-
tering, whereas the laser irradiation can result in a
significant enhancement of scattering within the
thermally affected zone.

A thermally damaged area is formed during laser
modification. The last publications™!’ report an ac-
cordance of the thermally damaged area observed
by OCT and by traditional histological study. This
is also confirmed by our investigations of ablation
of a cataractous lens at wavelength 1.44 um (see
Figure 1).

3 TISSUE MODIFICATIONS

First experimental data on OCT investigations of
effects of laser radiation on retina in monkey eyes
in Ref. 5. In this chapter we perform more compre-
hensive study of tissue swelling occurring due to
laser irradiation below ablation threshold. This is
illustrated in Figure 2 where tomograms of modifi-
cation of a cataractous lens by glass:Er laser at dif-
ferent fluences are presented.

Radiation with fluence over ~250-350]/cm?
causes ablation crater formation [Figure 2(a)]. At
fluences close to threshold the material is swelling
out and a hump is formed [Figure 2(b)]. At fluences
below 100]/cm? required for hump formation, a
part of the surface is slowly desiccated and forms a
dent [Figure 2(c)].

The kinetics of hump formation was studied in
several sets of experiments. The first set was con-
cerned with the single shot response of tissue. Each
laser pulse irradiated only a virgin area of the ma-
terial. The fluence was increased from pulse to
pulse. Figure 2(b) shows the formation of a hump
with the height up to 0.2 mm over the irradiated
surface. For a given sample, the hump formation
occurs within a small interval of fluences. The in-
crease in the laser fluence above threshold value up
to 200]/cm? does not result in a visible increase of
the hump height but rather in some increase in its
width.

The second set of experiments was related to in-
cubation effects. Irradiation of the same part of the
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Fig. 2 Tomograms of a cataractous lens modification due fo irra-
diation by a glass:Er laser at different fluences: (a) laser fluence
40J/cm? after 10 pulses with repetition rate f=0.05 Hz, (b) laser
fluence 250 J/cm? after 1 pulse, (c) laser fluence 400 J/cm? after 1
pulse.

tissue was performed by several laser pulses with
fluences less than the threshold value. The repeti-
tion rate was one pulse per 25 s which was slow
enough to avoid the heat accumulation in the
treated zone from pulse to pulse.

The result is demonstrated in Figure 3. It is seen
that the effect of successive subthreshold pulses
manifests itself by the creation and development of
a cloudy zone beneath the surface with subsequent
formation of a hump. It is worth noting that the
height of the developed hump decreases and the
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Fig. 3 Pulseto-pulse kinetics of hump growth (glass:Er; X\
=1.54 um). Fluence is 60% of the threshold value. (a) no pulse, (b)
1 pulse, (c) 3 pulses, (d) 4 pulses. Scale unit corresponds to T mm.

amount of pulses needed to create the hump in-
creases with the decrease in the fluence. The simple
estimations allow us to suppose that transforma-
tions accounted for the hump formation are con-
nected with heating of the material up to 100°C
and probably with partial vaporization of water.

In this study cataractous lenses are utilized with a
different water mass content (+=5%) and therefore
somewhat different initial optical and mechanical
properties. This may account for the scattering in
data on the threshold fluence from sample to
sample.

The hump growth may be attributed to nonelastic
viscous flow driven by the pressure of water heated
due to the laser irradiation and evaporating at tem-
peratures somewhat higher than 100 °C. The incu-
bation may be connected with the gradual changing
in mechanical and thermophysical properties of
subsurface layers of the irradiated material result-
ing from the partial dehydration of tissue and col-
lagen denaturation. These changes cause the de-
crease of thermal diffusivity due to creation of
pores and the loss of elasticity due to modification
of the material.

To observe the laser modification dynamics with
the temporal resolution, which is comparable to the
pulse train duration, the changes in transmission of
the probe radiation from the single transverse
mode (TEM,,) stabilized cw 0.83 um diode laser
are measured. The cw laser radiation is transported
perpendicular to the beam of the high-power
glass:Er laser and close to the tissue surface. The
oscillograms (see Figure 4) show the effect of block-
ing of a cw beam by a cataractous lens material,
which is swelled out due to interaction of the high-
power radiation with the lens. When the laser flu-
ence was smaller than the threshold, the emergence
of a “transient hump” which disappears after sev-
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Fig. 4 Oscillograms of shielding of cw laser probe radiation by
hump. Iy, initial intensity of probe cw laser. Free-running glass:Er
laser irradiation of cataractous lens. F—fluence. 1,2—transient
hump, 3—stationary hump creation, 4—pulse shape (arbitrary
units).

eral milliseconds was observed. (See curves 1 and 2,
Figure 4.) When the fluence is higher than the
threshold value, the probe radiation is blocked off
according to the oscillogram 3 (Figure 4). After ir-
radiation the remaining hump can be visually ob-
served. To prove that this effect does not occur as a
response of the whole object to the blowing up of
decomposition products, the transmittance of the
probe radiation 1 mm aside from the treated zone
along the lens surface was studied. The probe ra-
diation is not blocked in this case.

The swelling of cornea due to heating is well
known and widely used in photothermal kerato-
plasty treatment,'! where YAG:Ho laser radiation is
commonly employed. This effect is usually associ-
ated with denaturation of collagens.! The above
experimental data on formation of a hump on the
cataractous lens under the effect of a glass:Er laser
allow us to suggest that thermal denaturation of
proteins may not be solely involved in this process.
The temporal swelling, or “transient hump,” does
not correlate with the irreversible thermal denatur-
ation. Mechanical stresses are implicated here and
the irreversible hump may be attributed to the non-
elastic viscous flow driven by the pressure of water
heated by laser irradiation and evaporating at tem-
peratures somewhat higher than 100 °C.

It should be noted that hump formation due to
irradiation of the surface of artificial polymers be-
low the ablation threshold has been studied, e.g., in
papers from Refs. 12 and 13. The nature of preabla-
tion swelling is still controversial. In the above con-
sidered case of irradiation of the cataractous lens by
a glass:Er laser, hump formation is much more pro-
nounced and can be studied in more detail. We be-
lieve that this facilitates establishing the similarity
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Fig. 5 Kinetics of pulseto-pulse layer-by-layer crater growth due to
irradiation by YAG:Er laser (repetition rate 3 Hz, pulse train energy
—15mJ), (a) initial, (b) 20's, (c) 50's, (d) 100s, () 150 s, (f) 200

s. Scale unit corresponds to 1 mm.

between the resembling phenomena in different
materials.

4 ABLATION REGIMES

In experiments at higher fluences OCT clearly
records the pulse-to-pulse kinetics of the ablation
crater growth. Figure 5 represents the pulse-to-
pulse kinetics of the crater growth due to YAG:Er
laser irradiation of tissue. Because of the high value
of absorption coefficient (~10* cm™) the formation
of the crater is a step-by-step process. Using the
OCT technique can, in principle, follow not only the
depth of crater but also the rise and development of
a thermally damaged layer adjacent to the crater
surfaces.'*'® As it can be seen in Figure 5, in the
case of ablation of a lens by the YAG:Er laser, the
thickness of the thermally damaged layer is compa-
rable with the OCT resolution limit, which is 15
pm.
A different ablation kinetics is observed when us-
ing a YAG:Nd laser with the wavelength of 1.32
pum. The corresponding absorption coefficient is
about 1 cm™. In this experiment, the repetition rate
was 20 Hz, the pulse energy was 40 m], the laser
beam was focused onto the surface of the lens in a
spot with the diameter of 80 wum, the Rayleigh
length was estimated to be about 2 mm. The evolu-
tion of tissue during irradiation, lasting for approxi-
mately 12 min, is shown in Figure 6. It can be seen
that the laser heating causes the essential tissue
modification which manifests itself in a scattering
enhancement [compare Figures 6(a) and 6(b)], cav-
ern formation [Figures 6(c) and 6(d)], and an essen-
tial swelling of the lens surface [Figures 6(d) and
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Fig. 6 Effect of heat accumulation. Modification and swelling followed by blow up elimination of material. (YAG:Nd, A=1.32 um,
repetition rate 20 Hz, pulse energy 40 mJ, laser spot diameter 80 um.) Scale unit corresponds to 1 mm.

6(e)]. The incremental swelling is followed by an
abrupt blow up process of crater creation (Figure 6).
The pictured crater has been created for a few
pulses after more than 12 min of irradiation at a
rate of 20 pulses per second.

Irradiation of the lens results in substantial inte-
grated heating not only of the irradiated area but
also of the great part of adjacent material. The
simple estimations of absorbed energy are in gen-
eral agreement with the assumption that the reason
for crater formation is the pressure induced by
evaporated water with the temperature somewhat
higher than 100°C. This overheating may be
caused by the resistance to water elimination ren-
dered by the dried and strongly modified outer
part of the tissue. It should be noted, however, that
the mechanism of the described explosion has not
yet been completely understood. As can be de-
duced from tomograms in Figure 6, the drying of

the irradiated area may result in essential changing
of properties of modified material including a de-
crease in thermal diffusivity. The latter may cause
the heating confinement. Thus, the temperature in-
volved may appear to be essentially higher than
100 °C. The surface of the crater walls was covered
by the black residue which could be related to
products of protein pyrolysis.

Figure 7 exhibits the hump transformations dur-
ing multishot irradiation by the glass:Er laser with
the wavelength of 1.54 um in free-running mode
with a fluence somewhat higher than the ablation
threshold. The corresponding absorption coefficient
of water is 12cm™. The spot diameter was 200 xm.
The laser beam was focused onto the surface of the
material. It can be seen that in this case the hump
growth is followed by the ablation crater digging
inside the swollen zone.
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Fig. 7 Pulseto-pulse kinetics. '‘Self-oscillatory’’ ablation-hump formation. The beam was tightly focused on the surface (glass:Er;
=1.54 pm). (a) Initial, (b) 10 pulses, (c) 22 pulses, (d) 30 pulses. Scale unit corresponds to 1 mm.

It is interesting to note that the ablation process
itself may have a complex kinetics when the forma-
tion of an ablative crater is changed by a hump
growing and vice versa. A “self-oscillatory”” pulse-
to-pulse kinetics during irradiation of a lens by a
tightly focused beam was observed. The focus was
located at the very surface of the sample. This re-
gime is illustrated in Figure 7.

Figure 8 exhibits the pulse-to-pulse kinetics of ab-
lation crater formation in the porcine cornea during
UV irradiation. The UV radiation is absorbed by
protein chromophores. The thermally damaged
zone is not seen here. This is in agreement with the
hystological investigation of the superficial layer of
the ablated crater formed during irradiation by an
ArF excimer laser.” Tt should be mentioned, how-
ever, that the absorption coefficient of collagen at
wavelength 193 nm is higher than that at the wave-
length of the fifth harmonic.'® The latter is close to
the value of the absorption coefficient at the wave-
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Fig. 8 Kinetics of ablation crater growth under the effect of
YAP:Nd laser fifth harmonic radiation (repetition rate was 10 Hz,
pulse energy was 0.7 mJ). (a) Initial, (b) after 10's, (c) 30's, (d) 70
s. Bar corresponds to 1 mm.



length of a YAG:Er laser. This fact stimulated us to
study the combined effect of IR and UV radiation
on cornea,’ which will be addressed in detail in
our forthcoming publication.

5 CONCLUSION

OCT is a convenient technique to follow the pulse-
to-pulse transformation kinetics of superficial lay-
ers of turbid biological tissues under the action of
the laser radiation. This was proved by monitoring
of the response of the cataractous human lens and
the porcine cornea to irradiation by several mid-
infrared and UV lasers.

The features of hump formation on the surface of
the cataractous human lens under the action of
mid-IR laser radiation were studied in detail. These
observations allow us to propose that hump cre-
ation can be attributed to elastic (“transient” hump)
or nonelastic viscous flow of the material driven by
the pressure induced by heated and partly evapo-
rated water.

Besides layer-by-layer ablation by the highly ab-
sorbed radiation YAG:Er laser with wavelength \
=2.94 um and the fifth harmonic of a Nd:YAP laser
(A=216nm) we follow also ablation with incuba-
tion at slow absorption (a YAG:Nd lasers with A\
=1.32 um) and ablation accompanied by hump for-
mation for the intermediate case (a glass:Er laser
with A =1.54 um).

The OCT technique is suitable to estimate in situ
the size of the thermally damaged layer adjacent to
the ablation crater created due to laser irradiation at
different wavelengths with different initial values
of the absorption coefficient of water.

The advantage of OCT monitoring in these inves-
tigations is the capability to follow the transforma-
tions of layers that are hidden for usual optical ob-
servation. The behavior of these layers precedes the
subsequent events on the surface of irradiated tis-
sue.
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