Dynamics of tissue optics

during laser heating of turbid media

Wei-Chiang Lin, Massoud Motamedi, and Ashley J. Welch

The dynamics of the optical behavior of tissue during the photothermal interaction of laser radiation
with tissue could significantly affect the optimization of light doses for effective and safe applications of
lasers in medicine. Characterization of the dynamics of tissue optics during laser heating was
performed by means of simultaneous measurements of the total transmittance, diffuse reflectance, and
surface temperature of fresh and thermally coagulated human skin and canine aorta during long-pulsed
Nd:YAG laser heating with a double integrating-sphere system and an infrared camera. Thermally
induced changes in the optical properties of tissue caused a decrease in the total transmittance and an
increase in the diffuse reflectance of both fresh and precoagulated skin and aorta samples. For fresh
tissue, these changes were primarily reversible until photocoagulation occurred, then both the
reversible, as well as the irreversible, changes were observed. However, for precoagulated tissue the
reversible changes in the optical properties were dominant, whereas the irreversible changes were
insignificant. Results from this study indicate the existence of the nonlinear behavior in the optics of
turbid biological media during pulsed laser heating. Possible mechanisms responsible for this

nonlinear optical behavior are discussed.
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1. Introduction

The propagation of light in tissue is often modeled
based on an approximate solution to the transport
equation'~* or a Monte Carlo simulation.” Both
methods use the absorption coefficient p, (in units of
inverse meters), the scattering coefficient 11, (in units
of inverse meters), and the single-scattering phase
function p(cos 0) (in units of inverse steradians) to
represent the optical properties of tissue. Various
groups are investigating and developing methods to
obtain the optical properties of tissue.3® These
properties are usually inferred from reflectance and
transmittance measurements, which are performed
under constant temperature (i.e., room or body tem-
perature) by the use of low light doses. A critical
question is whether optical properties determined
under static conditions could truly describe the
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optical behavior of tissue during intense laser irradia-
tion.

Several groups have demonstrated that thermally
induced coagulation and dehydration irreversibly
alter the optical properties of tissue.®17 An obvious
example is the whitening of transparent egg white
when cooked. The assumption that the optical prop-
erties of tissue remain constant during photother-
mal laser—tissue interactions is therefore inappropri-
ate. Although the effects of photocoagulation and
dehydration on tissue optics has been investigated
for several years, most of these studies were re-
stricted to either static or slow heating conditions.
Therefore, these studies examined only thermally
induced changes in the optical properties of tissue
for a few limited stages in the process of laser—tissue
interaction. Moreover, it has been reported that the
absorption coefficient of water at mid-infrared wave-
lengths, as well as the refractive index of some
transparent biological media, are temperature depen-
dent, and these are often transient changes.18-2!
Hence we believe that photothermal laser interac-
tion with tissue may cause both reversible as well as
irreversible changes in the optical behavior of turbid
tissue.

It is the aim of this study to explore the influence
of laser-induced temperature rise on the optical
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behavior of tissue during laser heating. Transient
changes in the total transmittance and in reflectance
were monitored with a double integrating-sphere
system to investigate the dynamics of the optical
properties of human skin and canine aorta during
high-power pulsed Nd:YAG laser irradiation. An
infrared camera was used to quantify the laser-
induced thermal field in the tissue. Thermally in-
duced reversible and irreversible changes in the
optical behavior of human skin and canine aorta,
which represent two types of tissues of significantly
different structure and static optical properties, are
examined in this work.

2. Materials and Methods

Fresh human skin and canine aorta tissue were used
in this study. These two types of tissue have signifi-
cantly different static optical properties, and each
contains one of the major tissue constituents, colla-
gen and elastin, respectively. Human skin obtained
from the tissue bank at a local hospital were pre-
served in a solution of RPMI 1640 (BioWhittaker)
with HEPES (N'-2-hydroxyethylpiperazine-N'-2
ethane sulfonic acid), L-glutamine, penicillin G potas-
sium, Grutamicin, and 0.9% sodium chloride and
refrigerated at 2-6 °C. These samples contained
both epidermal and dermal tissue (0.6 = 0.2 mm
thick, n = 5). Canine aortas were harvested imme-
diately post mortem (1.2 = 0.2 mm, n =5). The
canine aorta samples were wrapped in saline-
moistened gauze, stored at 2—6 °C, and used within
24 h after the tissue was harvested. Prior to any
measurements, the tissue was cut to 1.5 ecm X 1.5 ecm
square samples. They were then mounted on a

custom-made, U-shaped clamp and placed between
two integrating spheres to conduct the measurement.
Both sides of the sample were exposed to air to
provide an air-tissue—air optical and thermal bound-
ary condition.

For differentiating reversible changes from irre-
versible ones and determining the effect of thermal
denaturation on the dynamics of the tissue optics,
some tissue samples were thermally denatured prior
to the performance of the optical measurements.
In the preparation of these samples, fresh human
skin and aorta were wrapped in water-tight alumi-
num foil packets and then submerged in a 75 = 5 °C
water bath for at least 45 min to fully coagulate the
tissue samples.

The dynamics of tissue optics during laser irradia-
tion were characterized by monitoring of the tran-
sient changes in the total transmittance and diffuse
reflectance of laser radiation from the tissue. Two
integrating spheres (Labsphere, 4 in. in diameter,
time constant <20 ns) were used to collect the total
transmitted 7(¢) and reflected R(¢) light as a function
of time (see Fig. 1). The fluence rate (in watts per
millimeter squared) inside each sphere was mea-
sured with a photodiode (Hamamatsu Model S1087-
01; rise time, ~1 ps) located at the detector port (0.25
in. in diameter). Pinholes and density filters were
used to limit the light flux incident on the photodi-
odes to ensure that the photodiodes operated in their
linear region. For monitoring the temporal profile
of the laser pulse and to provide a reference signal, a
silica-glass microscope slide was placed in the beam
path to deflect a small fraction (~15%) of the laser
beam to a reference integrating sphere (see Fig. 1).
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Fig. 1. Schematic diagram of the experimental setup for the in vitro measurements of the dynamics of optical behavior and the thermal

response of tissue during pulsed laser irradiation.
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With another fast detector, the reference signal Refl¢)
was detected and recorded simultaneously along
with T(¢) and R(¢) during laser heating by use of a
digitizing oscilloscope (Tektronix, Model TDS-520)
with general-purpose interface bus interface. Opti-
cally stable diffuse glasses and microscope slides
were used to calibrate the system prior to each
experiment.

Along (~200-ps) pulsed Nd:YAG laser emitting at
1064 nm (Lumonic Inc.) was used as a heat source.
The laser was operated at 10 Hz producing 900 = 20
mdJ/pulse. After transmission through a micro-
scope slide, the laser beam was focused onto the
tissue surface by means of a long-focal-length bicon-
vex lens (Newport; 0.5 in., f = 50 c¢m) illuminating a
1.5-mm spot.

Through an extra port in integrating sphere 1, the
surface temperature of the tissue during laser irra-
diation was monitored with an infrared camera
(Inframetrics, Model 600L). Although it was not
possible to infer accurately the peak temperature
during laser heating because of the slow temporal
response (33 ms) of the infrared camera, the average
temperature increase and the temperature relax-
ation after each laser pulse were measured.

The time courses of the relative total transmit-
tance T(t)/Ref(t) and the diffuse reflectance R(t)/Ref(z)
were used to analyze the dynamics of the optical
behavior of the tissue samples. Each experiment in
this study was repeated at least five times to exam-
ine the reproducibility of the optical response.
Because Nd:YAG laser radiation provided both pump
(heating) and probe (monitoring the changes in tissue
optics) functions, the optical behavior of the tissue
between laser pulses was not documented.

For facilitation of observation and analysis, a
special sequence of laser pulses was used to charac-
terize the dynamics of tissue optics during pulsed
laser heating (see Fig. 2). The sequence started
with the application of a single laser pulse during
which the temporal distribution of both reflected and
transmitted signals was recorded. The purpose of
this measurement was to establish the initial values,
Tinit and R;;;, needed to determine the optical behav-
ior of tissue following the application of subsequent
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Fig. 2. TIllustration of the irradiation sequence used in the study

of the dynamics of tissue optics during pulsed laser irradiation.
The numbers 1, 2, and 3 that are circled denote the pulses at
which the measurements were taken.

pulses. Ti,;; and R;,; were defined as
Tt inie)
Tt = R ef<tinit) ’ (1>
Rt ;)
init = o o (2)
Ref (t:¢)

respectively, where t;,;; is defined as the time interval
corresponding to the first few microseconds of the
laser pulse applied prior to the observation of any
significant increase in tissue temperature.

For elevating tissue temperature, a few seconds
after the application of a single laser pulse, 20 laser
pulses were delivered at the rate of 10 pulses/s to the
same site of the tissue where the initial values for
reflectance and transmittance were measured. The
number of laser pulses and the repetition rate were
chosen to induce a significant surface-temperature
rise (20-30 °C at least) in the tissue. During pulsed
laser heating, the average surface temperature of
the irradiated site at the start of each pulse in-
creased as a result of the superposition of tempera-
ture fields produced by the previous pulses. The
time-varying total transmittance and diffuse reflec-
tance of laser radiation from the heated sample were
recorded during the last laser pulse (20th). The
minimum value in the total transmittance Tog(tmin)
and the time of its occurrence were recorded. The
maximum value in the diffuse reflectance Rog(tnax)
and the time of its occurrence were also recorded.
The normalized terms Togpmin and Ropmax Were de-
fined as

T20<tmin)

To0min = Refyt.) (3)
R20(tmax)

Rop max = Refyt, ) (4)

respectively, where the subscript 20 implies the
measurement within the 20th pulse and #y,(fmnax)
represents the time of the occurrence of the maxi-
mum change in the transmittance and reflectance,
respectively, within the 20th pulse.

After the tissue was permitted to cool off and
return to room temperature, another single pulse
was delivered to document the optical behavior of
tissue following laser heating. To assess the optical
properties of tissue at this stage, Tsna and Rg,, were
defined by

T Tt init) 5)
fnal ™ Ref (t,n:)
Rlt;nit)
Rﬁnal - Ref(tinit) ’ (6>

respectively. For quantifying the dynamics of the
tissue optics during laser heating, the percent tran-
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sient change in optical behaviors was first deter-
mined by

T20,min - Tinit
AT, % = |22 Zt3 600, (7)
Tinit
R20,max - Rinit
AR, = |—22= 1009, 8)
Rinit

respectively. Furthermore, differentiating the re-
versible and irreversible components of the ther-
mally induced changes in the optical behavior of the
tissue was accomplished by the use of the following
equations:

ATI.V% _ 20m1n - ﬁnal)loo% <9)
AT 0% = [Fim~ Tini) 0 (10)
T AT [
R max 'R na.
AR % = 20—‘“)100% (11)
AR, % = [Fina — Binid)y 00 (12)
ir’0 — ARmax o,

where values of ATy, = Toomin — Tinit and AR, =
Ropmax — Rinit Wwere used. The reversible and irre-
versible changes are represented by the subscripts
rv and ir, respectively.

3. Results

We observed that, in general, the total transmittance
decreased and the diffuse reflectance increased
gradually as surface temperature of skin or aortic
specimens was elevated during pulsed laser heating.
A typical profile of the time-varying total transmit-
tance of laser radiation through fresh human skin
samples at different pulses (i.e., the 1st, 5th, 10th,
and 20th pulses) is shown in Fig. 3. The optical
behavior of skin exhibited both reversible and irre-
versible changes during high-power pulsed Nd:YAG
laser irradiation (510 mJ/mm?. The maximum
changes in both the total transmittance and diffuse
reflectance were observed at the end of the 20th
pulse. When the skin sample returned to room
temperature after laser heating, its optical behavior
had partially recovered. Figures 4(a) and 4(b) illus-
trate the time-resolved optical behavior of fresh
human skin irradiated with the pulse-irradiation
sequence described in Fig. 2. The difference be-
tween the initial values (T},; and R;,;) and the final
values (T, and Rg,,) of the total transmittance and
reflectance represents the irreversible modification
of the optical properties of skin. The maximum
surface-temperature rise observed during laser heat-
ing of skin after the 20th laser pulse was approxi-
mately 71 = 2 °C (see Table 1). The corresponding
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Fig. 3. Dynamics of the total transmittance of fresh skin (thick-
ness of 0.6 mm)irradiated with a sequence of Nd:YAG laser pulses
(510 mJ/mm?). Changes in transmittance within the 1st, 5th,
10th, and 20th pulses are presented. The solid curves are the
third-order polynomial least-squares fits to the data. Zero on the
time axis represents the start of each laser pulse: Inverted solid
triangles represent the 1st pulse, open triangles the 5th pulse,
crosses the 10th pulse, and open circles the 20th pulse.

maximum decrease in the total transmittance AT, %
was 36% * 3%. This change contained both revers-
ible AT,,% and irreversible AT;% components, of
which the irreversible part was approximately one
third of the maximum change. Under the same
conditions the maximal increase in the diffuse reflec-
tance AR ,,,% was 58 = 7%, of which approximately
36% = 5% of this change was irreversible AR; %.
However, for the precoagulated human skin samples,
the changes in optical behavior during laser heating
were mainly reversible (at least 90%). In this case
the deposition of 20 laser pulses raised the surface
temperature to ~72 £ 4 °C and caused a 21% = 5%
decrease in the total transmittance AT,,;,%, as well
as a 30% = 10% increase in the diffuse reflectance
AIgmax%)-

For aortic specimens the total transmittance de-
creased, but the diffuse reflectance remained approxi-
mately constant when the samples were heated by
laser radiation. Typical profiles of the time-re-
solved transmittance and reflectance during pulsed
laser heating are shown in Figs. 5(a) and 5(b). The
close correlation between the initial states (T%,;; and
R;.;) and final states (T, and Rg,.) of the optical
behavior indicates that the changes in aorta optics
observed during laser heating were nearly fully
reversible. For the fresh canine aorta samples, the
surface temperature reached 58 *= 1 °C at the end of
laser irradiation, and there was not any visible sign
of coagulation such as blanching. The maximum
decrease in the total transmittance AT, % was
~23% * 3%. This change was mainly reversible
(AT.w% > 90%). Under the same conditions, the
maximum increase in diffuse reflectance AR, ..%
was approximately a 7% * 2%, of which two thirds of
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Fig. 4. Example of the dynamics of (a) the total transmittance
and (b) the diffuse reflectance of a fresh human skin sample
(thickness, 0.8 mm)irradiated with a sequence of 20 Nd:YAG laser
pulses (510 mJ/mm?). The inverted solid triangles represent the
time-resolved optical behavior of human skin within the first
single laser-pulse application (0), the open triangles the last pulse
(20th, O) in the irradiation sequence, and the crosses the last
single laser-pulse application (0). The solid curves are the third-
order polynomial least-squares fits to the data. Zero on the time
axis represents the start of each laser pulse.

this change was recovered after the laser applica-
tion.

For the precoagulated canine aorta samples, the
changes in the optical behavior arising from laser
heating were also mainly reversible. The deposi-
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Fig. 5. Example of the dynamics of (a) the total transmittance
and (b) the diffuse reflectance of a fresh aorta sample (thickness 1.2
mm) irradiated with a sequence of 20 Nd:YAG laser pulses (510
mJ/mm?). The inverted solid triangles represent the time-
resolved optical behavior of canine aorta within the first single
laser pulse application (0), the open triangles the last pulse (20th,
0) in the irradiation sequence, and the crosses the last single
laser-pulse application (). The solid curves are the third-order
polynomial least squares fits to the data. Zero on the time axis
represents the start of each laser pulse.

tion of 20 laser pulses induced a peak surface
temperature of ~69 = 2 °C in the coagulated canine
aorta samples and caused an 18% * 1% decrease in
the total transmittance AT ;,%. This change was
almost entirely reversible. In contrast, in the dif-

Table 1. Final Surface Temperatures and Corresponding Optical-Behavior Changes of Human Skin Irradiated with a Sequence
of 20 Nd:YAG Laser Pulses at 510 mJ /mm2e
Percent Change
Final Surface
Sample Temperature (°C) Maximum Reversible Part Irreversible Part

Fresh skin

T 71+=2 ATpin% = —36 £ 3 AT\% = 64 £ 6 ATy % = 36 = 6

R 71+2 AR ax% = +58 = 7 AR % = 64 £ 5 AR\ % = 36 = 5
Coagulated skin

T 72+ 4 ATyin% = —21 =5 ATw% =95 = 5 ATy % =5=*=5

R 72 * 4 ARyax% = +30 = 10 AR % = 89 = 8 AR;% = 11 = 8

%The mean values plus and minus the standard deviation of five measurements for each result are presented.
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fuse reflectance AR,,,x% a small increase of 4% *+ 1%
was detected.

4. Discussion

The dynamics of the optical behavior of human skin
and canine aorta have been analyzed in vitro. The
results demonstrate that the optical properties of
these turbid tissues undergo reversible and irrevers-
ible changes during 1064-nm pulsed laser heating.
Some general characteristics of the dynamics of the
optical behavior of turbid tissue were observed in
this study. First, the reversible changes in optical
behavior were temperature related; they vanished
as the temperature of the sample returned to room
temperature. Second, in the temperature range
reported here, the reversible and irreversible changes
in the optical behavior of human skin and canine
aorta shared a common trend: the total transmit-
tance decreased and diffuse reflectance increased
during laser radiation. However, the extent of the
changes in the optical behavior of these two types of
tissue was different, especially for the change in the
maximum diffuse reflectance (see Tables 1 and 2).
Third, the mechanisms of thermally induced revers-
ible changes in optical behavior seemed to be indepen-
dent from those of the irreversible changes. This
difference was at least partially supported by the
experimental results obtained from precoagulated
samples cooked in a constant-temperature water
bath prior to laser heating. When the coagulated
samples were irradiated, the irreversible component
expressed as AT, % and AR;% became relatively
insignificant (see Tables 1 and 2). However the
reversible component in terms of the maximum
percent change was approximately the same for the
fresh and the precoagulated tissue samples.

In terms of the thermal response of tissue, with
heat conduction neglected, during each pulse, the
temperature rise at the end of the 200-pus pulse
would be

AT(t) = d)((:r“t, (13)

where ¢(0) is the fluence rate just below the sample
surface, p, is the absorption coefficient, ¢ is the pulse
length, p is the density of the sample, and ¢ is the
volumetric heat capacity. If one assumes values of

(0) = E = 2.55 X 10° W/cm?, p,(skin) = 1.0 ecm™1,
pc = 4.18 (W s/(cm3 °C), the transient temperature
rise during a 200-us laser pulse is approximately

AT = (6.1 X104 = 12 °C. (14)

At the end of each 200-ps pulse, the temperature is
partially relaxed until the next laser pulse. The
estimated diffusion time for a spot radius of 0.75 mm
is ~500 ms,2° which is longer than the 100-ms time
interval between heating laser pulses delivered at 10
Hz. This resulted in a buildup of temperature
between the laser pulses. Thus the measured tem-
perature is the accumulation of the temperature
increases during each laser pulse and the relaxation
responses between pulses. The difference between
the final temperature rise observed during laser
heating of skin (AT = 50 °C) and that documented
during laser heating of aorta (AT = 37 °C) is essen-
tially attributed to the lower absorption coefficient of
fresh canine aorta at 1064 nm.

Thermal coagulation is a well-known rate process
through which the exposure of tissue to heat above a
threshold temperature and over a period of time may
irreversibly denature the tissue samples. During
laser heating of skin, a surface temperature of
>T0 °C produced by 20 Nd:YAG laser pulses of 510
mJ /mm? was sufficient to coagulate the human skin
and induce thermal lesions that could be easily seen
with the naked eye. The irreversible decrease in
the total transmittance and increase in the diffuse
reflectance suggest an increase in the scattering
coefficient of the tissue, which is consistent with the
findings of previous studies.®14

However, the thermal response of canine aorta to
the heating pulsed sequence utilized in this study
appeared to be quite different. The temperature
did not rise high enough to induce any visible
thermal lesions. Thus the changes in transmit-
tance and reflectance were essentially reversible.
We believe the small irreversible component ob-
served throughout these measurements (see Table 2)
were produced by surface dehydration or water
evaporation during laser heating.12:13

The existence of reversible optical changes in
tissue during laser heating implies that the tempera-
ture rise in tissue can affect tissue optical behavior
through mechanisms other than coagulation and

Table 2. Final Surface Temperatures and Corresponding Optical-Behavior Changes of Human Skin Irradiated with a Sequence
of 20 Nd:YAG Laser Pulses at 510 mJ /mm2a

Percent Change

Final Surface

Sample Temperature (°C)

Maximum

Reversible Part Irreversible Part

Fresh aorta

T 59 =1

R 59 +1
Coagulated aorta

T 69 =2

R 69 + 2

ATwin% = —23 £ 3
ARpax% = +7 = 2

ATin% = —18 £ 1
ARpox% = +4 = 1

ATw% =93 = 6
AR,.% = 61 + 35

AT % =7*6
AR % = 40 + 35

AT% =96 £ 5
AR.% = 70 + 40

ATy % =4 *£5
AR;% = 30 * 40

%The mean value plus and minus the standard deviation of five measurements for each result are presented.
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dehydration. Possible mechanisms and their influ-
ences on the dynamics of the optical behavior of the
tissue are listed in Table 3. All of these mecha-
nisms, we believe, could coexist in the laser-heating
process and could contribute in varying degrees to
the overall dynamics of the optical behavior of tissue
during laser irradiation.

One possible mechanism for the reversible changes
in the optical behavior of tissue is the temperature
dependence of the local index of refraction. In
general, the effect of temperature on the index of
refraction can be approximated by

dn
nlr,z,t) = ny + AT, 2, t) T’ (15)

where n, is the index of refraction at room tempera-
ture and it is assumed that the local fluence rate is
only  and z dependent. Radial and axial tempera-
ture gradients that are due to nonuniform heating
result in gradients in the index of refraction, which
lead to a lensing effect in the heated medium. The
thermal-lensing phenomenon has been demon-
strated in various transparent biological media?!22
whose optical properties are dominated by absorption.
Because the gradient of the index of refraction
deviates the trajectories of photons away from their
original paths, the optical path length for each
photon is anticipated to increase. Thus for turbid
media, any analysis of the laser—tissue interaction
must account for the gradient of the index of refrac-
tion in the propagation direction. Overall thermal
lensing in tissue is expected to induce a nonlinear
response in the optical behavior of tissue by decreas-
ing the transmittance and increasing the effective

Table 3. Possible Mechanisms Responsible for Inducing Reversible
Changes in Tissue Optical Behavior during Laser Heating

Influence on

Mechanism Description Optical Behavior
Thermal lensing Gradient in the Decrease in T and
n(T) index of refrac- increase in R
tion caused by

nonuniform
heating

Increase in T'and
decrease in R (as
B’ decreases)

Changes in the size
and/or shape of
scatterers due to
temperature rise

Temperature depen-
dence of the
reduced scat-
tering coefficient:
1'(T) = ns(T) -

(1 - g(T)

Water transport

Temporary local Increase in T and

dehydration decrease in R
during laser
heating

Thermal expansion Decrease in tissue  Decrease in T' and
density and increase in R

increase in tissue
thickness caused
by thermal
expansion of
tissue

absorption. More efforts, both theoretical and ex-
perimental, are needed to clarify the link between
thermal lensing and the reversible optical behavior
in a turbid tissue.

Thermally induced changes in the shape or size of
the scatterers in a tissue is considered to be another
cause of the reversible behavior of the tissue optics
during laser heating. Such changes can affect the
reduced scattering coefficient p,’, which is the combi-
nation of the scattering coefficient p, and the anisot-
ropy factor g. If the changes in shape or size of the
scatterers results in a decrease in the reduced scat-
tering coefficient, an increase in the total transmit-
tance and a decrease in the diffuse reflectance will be
expected as a consequence. On the other hand, if
the reduced scattering coefficient increases because
of the changes in the physical characteristics of the
scatterers, an opposite phenomena in optical behav-
ior will be observed.

We also suspect that the laser pulses induce
transitory water diffusion that cause local dehydra-
tion in the irradiated zone. Local dehydration may
enhance the forward-scattering characteristic of the
cell,?® which increases the anisotropy factor. Thus
forward scattering is increased, which consequently
causes a rise in the total transmittance and a drop in
the diffuse reflectance.

Thermally induced physical expansion of the bio-
logical medium is another consideration. Because
the heated area is restrained by the surrounding cold
region, thermal expansion is more pronounced along
the axial direction as compared with that along the
radial direction (i.e., a bulging effect). The increase
in tissue volume lowers its density, which decreases
the refractive index of the tissue. Thermally in-
duced increases in tissue thickness result in enlarg-
ing the optical depth, which causes a decrease in
transmittance and an increase in the reflectance.
Because the thermal expansion coefficients for hu-
man skin and canine aorta are not available, a
quantitative evaluation cannot be made.

For the exposure parameters used in the current
study, thermally induced changes in the diffuse
reflectance of aortic specimens were less pronounced
as compared with those for the skin samples. This
difference may be due to a combination of factors
including: (1) A lower absorption of the 1064-nm
radiation by vascular tissue, resulting in less of a
temperature rise compared with that of skin tissue.
In the reported experiments, no attempts were made
to achieve similar temperature increases in both
aortic and skin samples by adjustment of the expo-
sure parameters. Thus direct comparisons of the
optical behavior of vascular and skin tissues at
similar elevated temperatures is not possible. (2)
Aortic tissue is optically thicker because of its high
scattering coefficient at 1064 nm (g, = 200 cm™! for
aorta versus p, = 73 cm~1 for skin).1.2425 Therefore,
a small thermally induced increase in the effective
scattering of vascular tissue does not significantly
alter the observed diffuse reflectance. (3) Human
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skin and canine aorta are substantially different in
their structures, as well as their constituents. The
contribution of each mechanism listed in Table 3 to
the dynamics of the optical behavior of each tissue
may vary depending on the physical properties of the
tissue.

Although several mechanisms have been identi-
fied that may induce nonlinear optical behavior in
tissue, our experiments did not generate the neces-
sary data for establishing the relative importance of
each mechanism. However, our study clearly shows
the presence of both reversible and irreversible
changes in tissue optics during laser heating and
demonstrate the need for developing a more compre-
hensive understanding for laser—tissue interactions
and for modeling this process. Considerations of
these issues will have a crucial impact on the optimi-
zation of light doses for laser therapy, as well as on
the development of real-time feedback, such as reflec-
tometry for the control of laser therapy.

5. Conclusion

The dynamics of the total transmittance and diffuse
reflectance of human skin and canine aorta during
long-pulsed Nd:YAG laser irradiation have been
characterized. The laser-induced temperature rises
in tissue cause reversible and irreversible changes in
the optical properties of tissue. The observed non-
linear optical behavior of tissue during laser heating
demonstrates the need for developing means to
account for the dynamics of tissue optics during laser
therapy.
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