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Abstract

In this paper we have applied the laser optoacoustic technique for real time
noninvasive monitoring of thermal damage in tissues. Changes in tissue
optical properties during coagulation were detected by measuring and
analysing amplitude and temporal characteristics of optoacoustic signals.
Coagulation of liver, myocardium and prostate was induced by interstitial
continuous wave Nd : YAG laser irradiation of the samples or by conductive
heating. Real time detection of thermally-induced changes in optical
properties was performed with sensitive wide-band acoustic transducers.
Combination of optoacoustic and diffuse reflectance technique was applied
for determination of tissue optical properties: effective attenuation, total
diffuse reflectance, reduced scattering coefficient and absorption coefficient.
The optical properties did not change up to temperature of coagulation
(about 53°C) and sharply increased during heating up to 70°C. Monitoring
of the expansion of interstitial coagulation front within freshly excised
canine tissues was performed in real time with spatial resolution of about
0.6 mm. The results of our study suggest that this technique can potentially
be used for real time precise thermotherapy of malignant and benign lesions

at depths of the order of the centimetre.

1. Introduction

Monitoring of tissue optical properties in real time during
therapeutic application of heat, or thermotherapy, is required
in many surgical procedures. Thermotherapy uses ultrasonic,
laser, microwave or radiofrequency radiation as well as other
heating agents for destruction of abnormal tissues, including
malignant and benign lesions. Monitoring of the tissue
coagulation zone in real time can provide selective thermal
treatment of benign and malignant lesions with minimal
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damage to normal surrounding tissues. Significant difference
in optical properties between coagulated and normal tissues
can be used to achieve this goal.

Several techniques have been proposed for monitoring
of tissue coagulation in real time: magnetic resonance
imaging (MRI) (Graham ef al 1998, Germain et al 2002,
Weidensteiner et al 2003), ultrasound imaging (Fife et al
2003, Koch et al 2003) and optical tomography (Welch and
van Gemert 1995, Lin et al 1996, Chin et al 2004). Each
of these techniques has merits and drawbacks in application to
the real time monitoring of tissue coagulation. For example,
MRI has high resolution and contrast, but long acquisition
time and high cost. Ultrasonography can perform imaging in
real time and has relatively low cost. However, it has low
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contrast and sensitivity for coagulation monitoring, because
the speed of sound in coagulated tissue is close to that in normal
(native) tissue (Techavipoo et al 2004). Optical tomography
has high contrast owing to dramatic increase of tissue scattering
coefficient induced by coagulation, but has poor resolution
owing to strong light scattering and attenuation in tissues.

High optical contrast induced in tissue during heating
above 52-55°C results from the increase in the scattering
coefficient owing to protein denaturation. For example,
reduced scattering coefficient, u;, of rat liver increases from
8.25 to 16.2cm™! and absorption coefficient, u,, decreases
from 1.3 to 0.8 cm™! at the wavelength of 1064 nm owing to
coagulation (Essenpreis 1992). At the wavelength of 1320 nm
these coefficients are equal to u™® = 2.44cm™!, phatve =
43cm~" and pg™® = 22.8cm™!, pg® = 3.6cm~!. The
reduced scattering coefficient of canine myocardium increases
from 4.50 to 9.84 cm~! at A = 1064 nm owing to coagulation,
while the absorption coefficient slightly decreases from 0.43 to
0.35cm™! (Splinter et al 1991). Therefore, coagulation
dramatically increases the reduced scattering coefficient and,
therefore, the effective attenuation coefficient, ¢, defined as
Mett = /3a(ia + 1)), while insignificantly altering chemical
content or acoustical properties of tissues (Welch and van
Gemert 1995).

Laser optoacoustics (OA), a novel imaging modality, was
recently proposed for many biomedical applications (recently
reviewed by Karabutov et al (2003) and Wang (2003)
such as breast cancer imaging (Esenaliev et al 1999,
Kirillov et al 1999, Wang et al 2002, Andreev et al
2003, Copland er al 2004), monitoring of oxygenation,
total haemoglobin concentration and imaging of blood vessels
(Esenaliev er al 2002, 2004, Kolkman er al 2003), blood
glucose sensing (MacKenzie et al 1999, Pesach et al
2004), and functional and structural imaging of the brain
(Wang et al 2003a, 2003b, 2004). OA utilizes optical
contrast and sensitive detection of laser-induced ultrasonic
waves instead of the detection of scattered photons. An
advantage of the ultrasonic detection compared with optical
detection is that propagation of the acoustic waves in tissues
is much less affected by scattering and attenuation than
propagation of photon waves. Time-resolved detection of the
pressure profiles by ultrasound transducers and analysis of
the pressure signals allow for reconstruction of OA images,
which resemble distribution of optical inhomogeneities in the
irradiated tissue. OA imaging offers a unique possibility
of visualizing inhomogeneities deeply in optically turbid
and opaque tissues (up to 8cm in depth) with the axial
resolution of 150-500 um. Therefore, combining the optical
contrast between native and coagulated tissues with ultrasound
resolution, OA imaging has potential for real time and high-
resolution imaging and monitoring of tissue coagulation.

Recently, we applied the OA technique for real time
monitoring of the cooling and freezing of tissues (Larin et al
2002). The expansion of tissue frozen zone upon application
of liquid nitrogen was monitored with a submillimetre spatial
resolution and a high contrast. The aims of this pilot study were
to demonstrate the capabilities of the OA technique: (1) to
detect coagulation-induced changes in optical attenuation
between native and coagulated tissues in real time; and (2) to
monitor dimensions of coagulated zone in real time during
interstitial laser heating.
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2. Materials and methods

2.1. Theoretical background

Laser optoacoustic imaging technique is based on thermo-
elastic mechanism of pressure wave generation (Gusev and
Karabutov 1993). Irradiation of an absorbing medium by
laser pulses results in local rapid heating and pressure rise.
The pressure rise, P(z), in the irradiated volume is dependent
on optical and thermophysical properties of the medium and
parameters of radiation (Gusev and Karabutov 1993):

ﬂcf (—ta2)
P(z) = <C HaF(2) = TuaF(z) = TuaFoe ™%,

P
)]

where g ("C~!)is the thermal expansion coefficient; ¢ (cm s~ 1)
is the speed of sound; C, (J g1 °C™!) is the heat capacity at
constant pressure; F(z) (J cm~2) is the laser fluence; 1, (cm™")
is the absorption coefficient of the medium. Pressure in (1) can
be expressed in Jem™ or in bar (1Jem™ = 10bar). The
expression ,3c§ /Cp in equation (1) represents the Griineisen
parameter, I (dimensionless). The factor e~#? represents
exponential attenuation of the optical radiation in the medium.

According to (1), optoacoustic pressure is proportional to
the Griineisen parameter, fluence and absorption coefficient of
the medium. If the medium is heterogeneous, equation (1)
relates local pressure rise with local Griineisen parameter,
fluence and absorption coefficient. Equation (1) is valid on
condition of stress-confinement when pressure relaxation is
negligible during the heat deposition. The stress-confined
condition is satisfied when the duration of laser pulse, 7,
is shorter than the stress relaxation time in the irradiated
volume, Tg;: |

MHaCs
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Tissues are strongly scattering media in the ‘therapeutic
window’ spectral range (600-1300nm). In this case,
distribution of laser fluence and, therefore, pressure in tissue
(not very close to the surface) is dependent on optical
absorption and effective attenuation coefficients:

Tp < Tsr =

P(z) = FuakFoe(_lleffZ), 3)

where k is the parameter that resulted from multiple scattering
in tissue and depends on absorption and scattering coefficients
(Welch and van Gemert 1995). Accordingly, thermally-
induced changes in the optical properties will result in changes
in the pressure distribution P(z) during coagulation. The
generated stress propagates in all directions from the irradiated
volume as a pressure wave and can be detected by an acoustic
transducer. Since dimension, z, and time, ¢, are related by the
simple relation z = c¢t, the spatial distribution of laser-induced
pressure in tissue P(z) is detected by an acoustic transducer
as a temporal profile P (¢):

P(t) = FﬂakFoe(_ﬂeffC;[). (4)

Coagulation-induced changes in tissue optical properties
result in changes in spatial (equation (3)) and temporal
(equation (4)) optoacoustic pressure profile. Therefore, by
recording and analysing the temporal pressure profile, one can
monitor dimensions of coagulated zone with high resolution
and contrast.
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Figure 1. Experimental set-up used in these studies.

(This figure is in colour only in the electronic version)

2.2. Experimental set-up

Experimental set-up utilized in this study is depicted in figure 1.
Fundamental (A = 1064 nm), second (A, = 532nm) and
third (A = 355 nm) harmonics of Q-switched Nd : YAG laser
(Schwartz Electrooptics, Inc.) were used for experiments.
The fundamental harmonic was used in most experiments
involving tissues because light penetration depth is maximal
among these three wavelengths. Some experiments were
performed with the fundamental and second harmonics of the
laser in order to compare OA contrast for native, coagulated
and haemorrhaged tissues in the NIR and visible spectral
ranges. The third harmonic was employed for the experiments
with model solutions because the dye used in the phantom
studies has absorption only in the UV spectral range. To select
either of these harmonics, optical filters were inserted in the
laser beam. The pulsed laser radiation was directed to the
samples using a quartz prism. Energy of each laser pulse was
measured with a calibrated joulemeter. Incident laser pulse
energy was 15mJ (A = 1064nm). The laser beam diameter
was 6 mm and provided incident laser fluence of 53 mJ cm~2.
The laser-induced pressure waves were detected by wide-
band acoustic transducers (PZT-transducer (8 MHz) for model
solutions and PVDF-transducer (3 MHz) for tissue samples
to provide necessary bandwidth for accurate measurements).
Transducer signals were recorded by a digital scope (TDS 520,
Tektronix Inc.) connected to a PC.

Interstitial tissue coagulation was performed using
a continuous wave (CW) Nd:YAG laser (TMED, Inc.)
operating at the wavelength of 1064 nm. Output power was
varied from 5 to 10 W. The CW laser radiation was delivered
through a quartz fibre with a specially designed diffusing tip
of 25mm length. The diffusing tip scattered radiation in
360° resulting in uniform distribution of light with cylindrical
symmetry in irradiated tissue. The fibre with the diffusing
tip was introduced into the samples through a needle. Such a
scheme allowed for interstitial coagulation of a central part of
the samples. Before the irradiation the needle was removed
from the tissue.

Some experiments were performed using slow conductive
tissue heating (the average heating time from 25°C to 70°C
was approximately 15 min). Hot air from a heat gun was used
to increase temperature in a quartz plate placed on the tissue
samples. Direct contact with the quartz plate having good
thermal conductivity resulted in uniform conductive heating
of the tissue samples. The quartz plate also provided rigid
interface for the optoacoustic pressure wave generation (Gusev
and Karabutov 1993).

Sample temperature was measured with two thermocou-
ples and a temperature-reading device (ScannerPlus, Azonix
Inc.) with an accuracy of 0.3°C. One thermocouple was
introduced between the quartz plate and the sample to monitor
the upper surface temperature. The other thermocouple was
placed either between the sample and acoustic transducer or
near the diffusing tip to monitor temperature gradient in the
sample.

To measure total diffuse reflectance, Ry, from the samples
we used a photodiode (Det 210, Thorlabs, Inc.). The photo-
diode was positioned at a distance from the sample surface to
detect a fraction of total diffuse reflectance (Ry). To provide
absolute values of Ry, the photodiode was calibrated using
reflectance standards with the total diffuse reflectance of 2%,
20% and 99% (Labsphere, Inc.). The total diffuse reflectance
from model solutions and tissues in these experiments was
measured by using this calibration (assuming that diffuse
reflection from tissues is close to the Lambertian diffuser).
Dependence of Ry as a function of ./, relationship for two
refraction indices (n = 1.33, 1.37) corresponding to water
and tissue, respectively, can be found in (Esenaliev et al
1999).

2.3. Phantom

The third harmonic of Nd:YAG laser (A = 355nm)
was employed for the experiments with model solutions.
Polystyrene microspheres were used to provide scattering,
while potassium chromate (K, CrO,4) was used as an absorber in
phantom solutions. The absorption coefficient was measured
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Figure 2. Theoretical and experimental values of absorption (a) and reduced scattering (b) coefficients of tissue phantom at different

concentrations.

in clear water solution of K,CrO4 from exponential slope
of optoacoustic signals. The solutions were placed in a
tank with surface area of approximately 50 x 50 mm (X and
Y dimensions) and the phantom thickness was equal to
approximately 10 mm (Z dimension). The incident laser beam
was directed perpendicular to the top surface of the phantoms
and OA signals were detected from the bottom side (the
transmission mode). The initial phantom had the following
optical properties: absorption coefficient u, = 5.43cm™,
scattering coefficient p, = 769.69cm™', anisotropy factor
g = 0.9 reduced scattering coefficient u;, = (1 —g) =
76.97 cm™!. The scattering coefficient and anisotropy factor
were calculated by using the Mie theory (Bohren and
Huffman 1983). The experiments were performed with the
reference (initial) solution and solutions diluted 2, 4, 6 and 8
times.

2.4. Tissue samples

Freshly excised canine liver, myocardium and prostate tissue
were used in our experiments. Slabs with dimensions of
approximately 50 x 50 mm were cut from liver (5 samples)
and myocardium (3 samples) tissues. Thickness of the tissue
slabs was varied from 8 to 30 mm. The prostate was coagulated
in vivo 48 h prior to the experiments and cut in 2 mm slices
before OA data acquisition. The fundamental and second
harmonics of Nd : YAG laser were used to induce OA waves in
the tissue samples. The experiments were performed at room
temperature (~20°C).

Slow conductive heating of tissues was performed up to
a temperature of 70°C. The tissue samples were placed on the
transducer and covered from the other sides by a thin plastic
film to avoid dehydration during the heating. Data acquisition
was performed for 1 s at 1 min intervals in the experiments with
CW laser interstitial coagulation. The repetition rate of the
pulsed laser radiation was 10 Hz, which allowed averaging of
10 pressure wave profiles during acquisition time. Continuous
data acquisition was performed during experiments with slow
conductive heating.
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Figure 3. Optoacoustic pressure amplitude induced in canine liver
during conductive heating and passive cooling. The triangles (A)
represent heating without coagulation; circles (®)—heating with
coagulation; squares (M)—passive cooling of the sample.

3. Results

Figure 2 shows theoretical and calculated absorption and
reduced scattering coefficients of the solutions as a function of
concentration. To obtain these data, the OA pressure profiles
were measured to calculate the effective attenuation coefficient
using equation (4). Then these data were combined with
total diffuse reflectance measurements to calculate the absolute
values of the absorption and reduced scattering coefficients of
the phantoms (the same approach was used for tissues). The
total diffuse reflectance was equal to 0.37 for all the solutions
because the ratio u./u, does not change with dilutions.
Typical OA peak pressure amplitude induced in the
canine liver versus temperature is presented in figure 3.
The measurements were performed in real time during
conductive heating and passive cooling of the tissue sample.
Since the tissue was heated very slowly, the difference
between readings of two thermocouples was no more than
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1-2°C (the average temperature is indicated in figures 3-5).
The amplitude of optoacoustic signal increased linearly with
the increase in the temperature from 22°C to about 53°C. The
increase in the OA signal amplitude in this range was due
to the increase in the Griineisen parameter, not the optical
properties of the tissue (see, equation (4)). Changes in optical
properties of tissue induced by coagulation resulted in a sharp
increase of the pressure amplitude on heating from 53°C to
70°C. When the tissue temperature reached 70°C, the heating
was ceased and the tissue temperature decreased owing to
passive cooling. The pressure amplitude continued to increase
during the passive cooling from 70°C to 54-52°C owing to
the continued tissue coagulation. Passive cooling below 50°C
resulted in a gradual decrease in the pressure amplitude.

The exponential slope of optoacoustic pressure induced
in a liver sample was measured as a function of temperature
(figures 4(a)—(c), solid curve). It was constant up to the
temperature of 53°C (figure 4(a)), dramatically increased at
higher temperatures (figure 4(b)) and was relatively constant
during the passive cooling (figure 4(c)). At a temperature
of 70°C the slope measured from the coagulated tissue was
approximately two times greater than that measured from
normal liver. The total diffuse reflectance (figure 4(a)—(c),
dashed curve) from the liver tissue did not change at low
temperatures as well (figure 4(a)). The sharp rise of the slope
and Ry (figure 4(b)) was possibly caused by a dramatic increase
in tissue scattering coefficient owing to protein denaturation
(Welch and van Gemert 1995).

Figure 5 depicts optoacoustic pressure amplitude and
slope versus temperature for canine myocardium samples
during conductive heating. The amplitude increased slowly,
while the slope was constant up to the temperature of about
55°C. The sharp increase in both parameters was detected at the
temperatures above 55°C. These steep increases are likely to be
associated with the rapid changes in the scattering coefficient
in the course of the coagulation process.

Pressure profiles recorded in real time during interstitial
coagulation at the laser power of 7W for 6 min are shown
in figure 6(a). The change in the OA signal profile during
CW irradiation indicates changes in optical properties in the
sample due to coagulation. Arrows indicate the position of
coagulation zone edge at 0, 2, 5 and 6 min after the onset of
irradiation. The delay between the edge and the signal from
the diffusing tip is equal to 3.3 us and 4.7 us at the irradiation
time of 2 min and 6 min, respectively. One can calculate the
distance between the diffusing tip and the outer boundary of
coagulated zone by multiplying the temporal delay by speed
of sound in the coagulated tissue. This distance is the half-
width of the coagulated zone. The speed of sound measured
in the native and coagulated samples was 1.52mm us~! and
1.54mm pus™!, respectively (data not shown). Figure 6(b)
depicts expansion of the coagulated zone during coagulation
calculated from experiments on three liver samples. Rapid
expansion of the coagulated zone occurred for the first two
minutes. Afterwards, the coagulated zone expansion was
substantially slower. Figure 6(c) shows a gross picture of a
sample after CW irradiation at the power of 7W for 6 min
obtained immediately after the experiment. In the central part
of the sample there is a coagulated zone (light area) with a trace
from the diffusing tip. The measured width of the coagulation
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Figure 4. Optoacoustic signal slope and total diffuse reflectance
measured from canine liver during: (a) heating without coagulation;
(b) heating with coagulation; and (c) passive cooling.

zone is 14.0mm. This value is in good agreement with the
value of 14.6 mm calculated from optoacoustic pressure profile
recorded at the end of CW irradiation (see figure 6(b)).
Optoacoustic signals recorded from native and coagulated
tissues as well as from the haemorrhage ring of the canine
prostate at the wavelengths of 1064 and 532 nm are presented
in figures 7(a) and (b), respectively. The first peaks in the
figure 7(a) represent optoacoustic pressure induced in the
acoustic transducer irradiated by laser light transmitted through
these three layers. Owing to strong attenuation of green
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(This figure is in colour only in the electronic version)

light in tissues, no optoacoustic pressure was induced in the
acoustic transducer upon irradiation of the sample by the
second harmonic of Nd: YAG laser (figure 7(b)). The second
peaks were pressure signals induced at the irradiated tissue
surfaces. One can clearly see that the haemorrhage ring and
coagulated tissues produce optoacoustic pressure with greater
amplitude than native tissue.
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4. Discussion

Our experiments with model solutions demonstrate good
agreement between the theoretically calculated and experi-
mentally obtained values of absorption coefficient (the average
deviation between theoretical and experimental data is 8%
and is nearly constant in the studied range). In contrast,
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Figure 7. Optoacoustic contrast between native tissue, coagulated tissue and haemorrhage ring of the canine prostate at the wavelength of

1064 nm (a) and 532 nm (b).

Table 1. Optical properties of native and coagulated canine tissues measured with the OA and total diffuse reflectance techniques.

Tissue Rq et (cm™") Ha (cm™) w, (em™)
Native liver 0.37£0.01 3.59+0.27 0.53+£0.03 7.56 £0.92
Coagulated liver 0.46 £ 0.05 6.51 +1.87 0.71 £0.30 19.9+6.2
Native myocardium 0.45£0.01 1.84 £ 0.06 0.20 £ 0.01 5.35+0.34
Coagulated myocardium 0.54 £0.05 4.96 £0.70 0.39 +£0.05 21.1+£6.1

good agreement between theoretical and experimental values
of reduced scattering coefficient was observed only for small
values of . (deviation is 4%), while they significantly differ
at high values of u (maximal deviation is 21%). This dis-
crepancy at high values of w is possibly due to: (1) the finite
size of the tank used in the experiments (the diffusion theory in
its simplest form assumes an infinite medium), and (2) differ-
ence between the diffuse reflectance from the sample and ideal
Lambertian diffuser. Nevertheless, these data demonstrate that
one can measure the absorption and scattering coefficients that
are typical for tissues in NIR spectral range by using a combi-
nation of diffuse reflectance and optoacoustic techniques with
accuracy of several per cents.

The calculated values of total diffuse reflectance, effective
attenuation, absorption and reduced scattering coefficients for
the native and coagulated canine liver tissues are summarized
in table 1. One can see that all these parameters increase owing
to tissue coagulation. These results are in good agreement with
previously reported data (Essenpreis 1992).

The experimental studies in canine tissues demonstrated
the increase in optoacoustic pressure amplitude with tissue
heating (figures 3 and 5). This increase has two well-
distinguished phases: relatively slow increase up to a
temperature of about 53°C and a sharp increase of pressure
amplitude at higher temperatures. The first phase is due
to the changes in thermophysical properties of the tissue
(thermal expansion coefficient, speed of sound and heat
capacity at constant pressure) that results in a gradual increase
in the Griineisen coefficient or efficiency of optoacoustic
wave generation. The increase in the efficiency of pressure
wave generation in water was observed upon irradiation by
laser pulses with high fluencies and is referred to as thermal
nonlinearity of optoacoustic pressure generation (Gusev and
Karabutov 1993). The effect results mainly from the increase

in water thermal expansion coefficient with the temperature
(Weast 1974, Kikoin 1976).

The effect of optoacoustic pressure amplitude increase
with temperature can be applied for monitoring of tissue
temperature during hyperthermia. There is approximately
1.5% per 1°C increase in pressure amplitude (9% increase if the
liver is heated from 37°C to 43°C). These results indicate that
one can monitor temperature rise in tissues by detecting
the pressure wave amplitude with an accuracy of about 1°C
(Larina et al 2005).

The increase in pressure amplitude with the temperature
is noticeable and substantially greater than changes in acoustic
properties (speed of sound and density) and chemical content of
the tissue. This may resultin improved contrast of optoacoustic
images as compared with other imaging modalities.

The sharp increase in pressure amplitude during tissue
heating from 53°C to 70°C is caused mainly by a dramatic
increase of tissue scattering coefficient due to coagulation
(figures 3 and 5). The potential increase in Griineisen
coefficient in this temperature range may contribute to the
increase in optoacoustic pressure amplitude also.

The slope of the optoacoustic signal, i ¢s, (equation (4)),
obtained from the liver tissue did not change up to a tempera-
ture of about 53°C and sharply increased during heating up
to 70°C. This is due to changes in tissue optical properties at
temperatures above 53°C. The increase is caused mainly by
the dramatic changes in scattering coefficient owing to tissue
coagulation. The increase in absorption coefficient also con-
tributes to the changes in the slope.

The formation of the sharp edge in the OA pressure profiles
was due to the increase in the attenuation coefficient of the
coagulated zone (figure 6(a)) and was used for measurements
of coagulated zone dimensions and its expansion as a function
of time. The propagation of the edge was manually monitored
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and measured for all the OA signals. The comparison of AO
signals recorded during the coagulation process enabled us
to reveal the time-dependent location of the edge (in future
studies we plan to develop automatic processing algorithms
to extract the edge location as a function of time). Rapid
expansion of the coagulated zone was observed during the
first two minutes of irradiation followed by a slower expansion
rate. This dynamics is typical for tissue coagulation and was
noticed by other researchers as well (Thomsen 1995). The
width of the coagulated zone measured using the optoacoustic
technique is in good agreement with that measured from the
gross picture (14.6 mm and 14.0 mm, respectively). Therefore,
one can conclude that the dimensions of coagulated zone can
be monitored with submillimetre axial resolution.

Experiments with the prostate demonstrated high
optoacoustic contrast between native and coagulated tissues
and haemorrhage ring. The optoacoustic pressure signals
measured from the coagulated prostate tissue are greater than
those measured from the native tissue. This is due to the
increased scattering coefficient of coagulated prostate tissue
compared with that of the native tissue. The greater amplitude
of optoacoustic pressure induced in the haemorrhage ring is
explained by the increased absorption due to the higher blood
content. The haemorrhage ring is induced in real time in
various tissues during in vivo coagulation and indicates the
outer boundary of thermally-induced lesions (Thomsen 1995,
Welch and van Gemert 1995). Therefore, the high optical
contrast between these three tissue states (native, coagulated
and haemorrhage ring) can be used for precise, real time
monitoring of tissue coagulation in vivo by the optoacoustic
technique.

5. Conclusion

Our studies demonstrated that the optoacoustic technique is
capable of sensitive detection of thermally-induced changes
in tissue optical properties in real time at depths of up to
three centimetres and z-axial monitoring of coagulated zone
dimensions in real time with submillimetre resolution. The
coagulation-induced changes were monitored by analysing the
OA signal profiles. In our other work, we also demonstrated
that moderate temperature rise in tissues (before coagulation,
or, when the tissue optical properties remain constant) might
be monitored by analysing OA signal amplitude (Larina et al
2005). Therefore, a combination of these two methods may
result in the development of a noninvasive modality for the
monitoring of thermotherapy in tissues.

In addition, the optoacoustic monitoring is a minimally
invasive technique because laser pulses applied for thermoelas-
tic wave generation have low energy and cannot induce thermal
or mechanical damage to irradiated tissues. We believe that this
technique may become a widely applied tool for real time mon-
itoring of coagulation of malignant and benign lesions because
the heating agents (radiofrequency, microwave, ultrasonic or
laser radiation as well as conductive and convective heating)
do not influence the detection and data acquisition of optoa-
coustic signals. However, extensive in vivo animal and human
studies should be performed to validate this technique.
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