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Abstract.  The applicability of the optoacoustic (OA) method for 
monitoring temperature during thermal impact on biological tissues 
is studied experimentally. Tissues under study were chicken breast 
(as a model of muscle), porcine lard (as a model of fatty tissue) and 
porcine liver (as a model of richly perfused tissue). The temperature 
dependences of the amplitude of the OA signals excited in biologi­
cal tissues were measured in-vitro in the temperature range of 
20 – 80 °C under the narrow laser beam conditions. Measurements 
were performed in two regimes: during heating and cooling. Simi­
larities and differences in the behaviour of the dependences in dif­
ferent temperature ranges associated with different structural com­
position of the samples were obtained. The accuracy of temperature 
reconstruction from experimental data for the investigated tissue 
types was evaluated. It is shown that during tissue coagulation its 
temperature can be determined with an accuracy of about 1 °C. 

Keywords: optoacoustic method, high intensity focused ultrasound, 
optical properties of biological tissues, temperature monitoring, 
optoacoustic conversion efficiency.

1. Introduction

Nowadays the problem of developing the methods for local 
measurement of temperature inside biological tissues is of 
great importance in medicine. These methods could be used 
for accurate monitoring of tissue heating during hyperther-
mia of cancer or during high intensity focused ultrasound 
therapy (common abbreviation, HIFU). For these purposes, 
measurements of the temperature distribution should be per-
formed on the time scale less than 1 second (HIFU therapy), 
providing the spatial resolution of about 1 mm and high tem-
perature sensitivity of about 1 °С [1]. Temperature of an 
object under study can be measured most accurately using a 
thermocouple or thermistor. However, this method is inva-
sive because it requires surgical intervention. At the same 
time, there are some noninvasive methods.

In most methods based on the application of diagnostic 
ultrasound for temperature monitoring, the temperature 
dependence of the speed of sound is used [2]. This dependence 
leads to a shift in the image of the organ subjected to thermal 
impact. Solving the inverse problem under the approximation 

of the model of a homogeneous medium, the temperature dis-
tribution within the tissue can be reconstructed [3, 4] under the 
condition that the temperature dependence of the speed of 
sound for this organ is known. The essential limitation of this 
method is that not all the tissues can be considered as acousti-
cally homogeneous. In addition, the speed of sound increases 
with temperature for some tissues, decreases for fatty tissues 
and even demonstrates first an increase and then a negative 
slope at temperatures higher than 60 °С for some tissue types 
[5,  6]. Structural tissue changes caused by coagulation or dehy-
dration also lead to some changes in the speed of sound [7].

IR thermography allows one to perform temperature 
monitoring in real time with the accuracy of 0.1 °С, but only 
on the surface of the object [8]. Application of optical meth-
ods is also hindered by subsurface tissue layers due to strong 
light scattering inherent in most tissues [9].

The temperature distribution in the region of the HIFU 
action can be obtained by the method of the magnetic reso-
nance (MR) thermometry. The typical spatial resolution of 
the method is 2 – 6 mm. However, with the temperature sensi-
tivity of ~1 °С the temporal resolution of the method is equal 
to 1 – 4 s [10, 11]. This makes it possible to use the MR ther-
mometry only in the case of slow heating [12, 13] when the 
tissue is damaged within tens of seconds whereas the HIFU 
therapy, for example, requires milliseconds. Another disad-
vantage is the high cost and unhandiness of MR systems 
[10, 11, 14]. 

Thus, the development of a method that could overcome 
these limitations, i.e., to be noninvasive, have sufficient spa-
tial resolution, high temperature sensitivity (about 1 °C), high 
monitoring depth (a few centimetres), and work in real time, 
is of great practical importance. 

To solve the problem of measuring the temperature distri-
bution inside a biological tissue or an organ, an optoacoustic 
(OA) method can be potentially used [15]. Usually, the nano-
second range of laser pulses is employed to excite OA signals 
in biological tissues. It allows one to operate in the megahertz 
range of acoustic frequencies, providing a submillimeter spa-
tial resolution. The amplitude and shape of the excited acous-
tic signal depends on the optical (light absorption and scatter-
ing coefficients) and thermophysical properties of the medium 
under examination and on the laser fluence within it. These 
characteristics are temperature dependent; therefore, the 
amplitude and shape of the excited optoacoustic signal will 
also depend on the temperature. Because in biological media 
(media with low thermal conductivity) the speed of ultra-
sound is usually several orders of magnitude higher than the 
characteristic speed of heat diffusion, the temperature distri-
bution inside biological tissues can be determined by solving 
the OA imaging problem [16 – 18].
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One of the possible applications of the OA method is the 
monitoring of HIFU therapy of tissues. In HIFU therapy, 
high-power ultrasound waves are focused inside a human 
body, which leads to heating due to absorption of ultra-
sound and to subsequent coagulation necrosis of a tissue 
region (for example, tumours) in the focal zone of a HIFU 
transducer [19]. The lesion is then ‘dissolved’ by the human 
productive system. This effect is used for the treatment of 
different tumours [20 – 22], resulting in their coagulation 
necrosis, and for stopping blood bleeding [23]. Typically, a 
single lesion caused by the HIFU action has a length of 
about 5 – 10 mm and a cross section of 2 – 3 mm. For the 
treatment of a large volume of a tissue, the focal zone of the 
transducer can be scanned. HIFU therapy has been already 
used in vivo for noninvasive removal of tumours in the 
breast, prostate, liver, kidney and other organs (see, for 
example, [19 – 21]), but the main obstacle to widespread 
application of this technology in clinics is the lack of reliable 
methods for monitoring the HIFU procedure, i.e., targeting 
of the HIFU transducer, imaging of the lesions and online 
temperature monitoring. 

The potential applicability of the OA method in diagnos-
tics of thermal impact induced by HIFU on biological tissues 
was apparently first demonstrated in [24]. A lesion of suffi-
ciently large size (25 ´ 3 mm), located at a relatively small 
depth (~1 cm) inside the tissue (porcine liver), was examined. 
Due to changes in the optical and thermophysical parameters 
of the lesion in comparison with that for the surrounding tis-
sue region, the temporal profile of the OA signal had a feature 
(local maximum). This feature made it possible to determine 
the location of the lesion that was exposed to focused ultra-
sound. However, the authors of [24] did not consider the 
dynamics of the temperature impact (only the contrast 
between the lesion and the surrounding tissue was observed), 
i.e., features of OA conversion as functions of tissue heating 
were not studied.

The sensitivity of the OA signal amplitude to temperature 
variations within biological tissues was demonstrated in [25]. 
The temperature dependences of the OA signal amplitude 
were obtained for canine liver and canine muscle tissue. 
However, the experiments were performed in the case of a 
wide probe laser beam. Therefore, the influences of light scat-
tering, light absorption, local laser fluence distribution and 
Grunaisen parameter on the temperature dependent ampli-
tude of OA signals excited at tissue surface could not be sepa-
rated. On the other hand, when OA conversion occurs within 
a small region of a turbid medium, the OA signal amplitude is 
proportional to the light absorption coefficient of this region 
and depends very little on light scattering [26]. Thus, the 
dependences of OA signal amplitude on optical properties of 
the tissue are different when OA conversion occurs at the tis-
sue surface and inside the tissue. This fact should be taken 
into account in OA temperature monitoring during HIFU 
when tissue properties are modified inside a small volume of 
the tissue.

The temperature dependence of the OA signal amplitude 
was also studied experimentally in [27]. Turkey muscle tissue 
was used as a model medium. The tissue sample was placed in 
a tank of oil with a temperature exceeding the room tempera-
ture. Measurements were performed at temperatures varying 
from the room temperature to the equilibrium one for both 
media. A disadvantage of [27] was the fact that the tempera-
ture field inside the sample was heterogeneous, i.e., the tissue 
temperature could be different in the surface region, where 

light was mainly absorbed, and inside, where a thermocouple 
was placed.

For application of the OA method in medical practice for 
tissue temperature monitoring during HIFU, it is also neces-
sary to determine the temperature dependence of the OA con-
version efficiency for different tissue types, i.e., to get some 
gauge dependences.

An interesting approach to obtain such gauge depen-
dences was proposed in [28]. The authors inserted nanoparti-
cles within a tissue structure to increase the OA conversion 
efficiency. They assumed that nanoparticles changed only 
light absorption of the tissue under study but did not change 
the OA conversion efficiency (Grunaisen parameter), i.e., the 
OA signal produced by the particles themselves was ignored. 
As was shown in [29], this assumption is quite approximate. 
Furthermore, optical absorption of tissues [12, 22, 23] can be 
changed if temperature exceeds the coagulation point.

As far as we know, in-vivo study of the OA contrast 
between a HIFU-treated lesion and surrounding healthy tis-
sue was reported only in [30]. The authors were surprised that 
the OA contrast in a richly perfused tissue (mouse kidney) 
was negative after the HIFU action. The reason of this fact is 
still unclear. Despite the growth of the light absorption coef-
ficient due to formation of methemoglobin at high tempera-
tures, coagulation process in a tissue can block the blood cir-
culation and initiate tissue dehydration. These processes can 
decrease the resulting OA contrast between the lesion and the 
healthy tissue. We speculate that the resulting contrast can 
strongly depend on the HIFU regime.

Thus, the problem of OA temperature monitoring looks 
very complicated and hence requires a stage-by-stage 
approach. Works performed and briefly described above, do 
not provide us with the clear recommendation to develop a 
working prototype of a real-time OA thermometer during the 
HIFU action.

The aim of this paper was to complement previous works in 
this area by studying OA conversion in different tissues at dif-
ferent heating/cooling regimes in a wide range of temperatures. 

2. OA method

The amplitude of the OA signal excited in an elementary vol-
ume of the medium is proportional to the product of the light 
absorption coefficient ma and the OA conversion efficiency 
G = c0

2 b/(2cp) (the Gruneisen parameter; c0 is the speed of 
sound; b is the coefficient of thermal expansion; and cp is the 
specific heat at constant pressure) [15], which depend on tem-
perature. Reconstruction of the temperature distribution 
inside the tissue can be done by detecting the OA signals, 
induced by absorption of pulsed laser radiation within a tis-
sue, with a transducer array and finally by solving the inverse 
problem of OA tomography [15 – 17], if the gauge dependence 
of maG on temperature for the tissue under study is known.

To measure the gauge dependences, the following method 
is employed. Let a nanosecond laser pulse fall onto the inter-
face between a transparent medium and the tissue under 
study. Then, the amplitude of the OA signal excited in the tis-
sues can be expressed as [26]:

Pmax = kG maE0,	 (1)

where k º Emax /E0 is the coefficient of an increase in the laser 
fluence in the surface layer of a turbid medium; Emax  is the 
maximal laser fluence in the tissue.
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If a medium is homogeneously absorbing and nonscatter-
ing, the maximal laser fluence Emax  is located on the medium 
surface and equal to the laser fluence E0 in the incident beam. 
However, in the case of turbid media the laser fluence Emax in 
the surface layer of the medium may exceed E0 by 4 – 6 times 
due to backscattering. This effect was studied theoretically 
and experimentally in some papers (see, for example, [31 – 33]). 
In this case, the coefficient k depends on the diameter of the 
laser beam and optical coefficients (absorption and reduced 
scattering coefficients) [26]. Therefore, the amplitude of the 
excited OA signal will be determined already by three tem-
perature dependent factors: Emax, ma, and G [see formula (1)]. 
The change in the parameters Emax and ma is caused by irre-
versible changes in the biological tissue, for example, during 
its coagulation [24, 34, 35] or by formation of methemoglobin 
in the tissue blood at high temperatures [36, 37], which greatly 
complicates possible interpretation of the data obtained.

However, in the case of a narrow laser beam, d £ l * (l * = 
1/ms¢ is the photon transport mean free path in the medium), 
which for most tissues in the visible and near-IR range is ful-
filled when d K 0.5 mm, the quantity k (ma /ms¢ ) is a constant at 
0.01 < ma/ms¢  < 0.3 [26]. Thus, the diameter of the probe beam 
can be chosen so that in the subsurface layer of the medium 
the volume density maEmax of the absorbed laser radiation 
have similar values at different scattering coefficient and be 
linearly dependent on the light absorption coefficient ma.

Therefore, in the backward detection regime [26], under 
the conditions of the narrow laser beam and the finite dura-
tion of the laser pulse, the OA signal amplitude is propor-
tional to the light absorption coefficient ma and depends very 
little on the reduced light scattering coefficient ms¢. Then, the 
temperature dependence of the OA signal amplitude resem-
bles the temperature dependence of the parameter maG [the 
dependence of Emax on the temperature, which is related with 
variations of the light scattering coefficient in the biological 
tissue, can be eliminated from expression (1)]. 

Thus, by measuring the temperature dependence of the 
OA signal amplitude under these conditions for different bio-
logical tissues, we can obtain the gauge dependences for the 
product maG. 

3. Experimental procedure

Radiation of the fundamental harmonic of a Q-switched 
Nd : YAG laser (1064 nm) with a pulse duration of 12 ns and 
a pulse repetition rate of 50 Hz was used for the excitation of 
the OA signals (Fig. 1). The pulse energy could be decreased 
by a set of neutral light filters and was equal to 2 – 3 mJ on the 
surface of a tissue. The laser beam diameter on the surface of 
a tissue was equal to 2.5 mm. It is important to note that the 
incident laser fluence, according to [38], was significantly less 
than the medical safety standards. The tissue samples were 
heated by less than 0.01 °C by one laser pulse and by less than 
1 °C during the entire cycle of measurements when averaging 
over 128 realisations.

A special beamsplitter was used to deflect laser radiation 
by 90°. The beamsplitter was made of two (in optical contact) 
quartz prisms of the triangular cross section. A thin metal 
layer was deposited on one of the contacting surfaces. This 
layer was ‘acoustically thin’, i.e., the OA signal excited in the 
medium passed through it without considerable reflection 
losses. The bottom of the beamsplitter was in contact with the 
tissue under study; from above, through the 7-mm-thick 
duralumin diaphragm filled with deionised water, – with a 

wideband piezoelectric transducer. The presence of the dural-
umin diaphragm with water provided nearly constant tem-
perature of the detector during the experiment (the maximum 
temperature of deionised water near the receiver was addi-
tionally monitored with a thermocouple and did not exceed 
40 °С). The massive metal housing of the transducer ensured 
dissipation of heat from its surface. All this made it possible 
to neglect the pyroelectric effects in the piezoelectric trans-
ducer and any change in its temperature sensitivity.

The detector was made of a 110-mm-thick PVDF film. It 
had a smooth transient response in the frequency range of 
0.05 – 12 MHz, the low-frequency sensitivity was 845 mV Pa–1 
(with 50-fold amplification). The detected signal was then 
digitised with the digital Tektronix TDS-1012 oscilloscope 
(sampling rate, 1 GHz; analogue frequency, 100 MHz). 
Synchronisation of the system was performed using a photo-
diode located behind a rear mirror of the laser resonator. 

As noted above, the gauge dependencess maG are neces-
sary for application of the OA method to monitor tempera-
ture in tissues under thermal impact. These calibration curves 
can be different for tissues with different structural compo-
nents, i.e., depend on the content of fat, water, muscle tissue 
and blood. Therefore, as a model media we used porcine liver 
(the tissue which simulates the properties of richly perfused 
human tissues), chicken breast (simulating a muscle) and por-
cine lard (simulating a fatty tissue). 

The investigated biological objects were stored no longer 
than 36 hours after removal from the animal and did not 
undergo serious temperature impacts (freezing, high-temper-
ature heating). For the experiments we cut samples 3 ́  3 ́  
2 cm in size. They were then placed for a while (~1 h) in a 
vessel with deionised water under the reduced pressure 
(~0.5 atm), which made it possible to remove from the tissue 
air bubbles distorting the temporal profile of excited OA sig-
nals.

Following the degassing procedure, the samples were 
mounted in a holder which was then placed into a heating 
water bath filled with deionised water. The temperature 
dependences of the OA signal amplitude were measured in 
two regimes: heating and cooling of tissues. During heating 
the temperature of samples was changed from the room tem-
perature (~23 °C) to ~80 °C and during cooling – from 
~80 °C to the room temperature. The samples were heated 
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Figure 1.  Scheme of the experimental setup.
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quite slowly (the temperature was increased by 2 °C for 
5 – 10 min) to provide near-homogeneous temperature distri-
bution within the tissue samples. The temperature inside the 
tissue was additionally monitored with a thermocouple. To 
perform measurements in the cooling regime, water in the 
thermostat was mixed with cold water. After reaching the 
temperature equilibrium between the thermostat and the 
sample, the measurement of the OA signal amplitude pro-
ceeded. For further cooling the procedure was repeated.

To study the relaxation of the maG value, the temperature 
dependence of the OA signal amplitude in the cooling regime 
was measured starting with temperatures below 78 °C. For 
this purpose, the sample was heated (with simultaneous mea-
surement of the OA signal amplitude) to a temperature below 
78 °C, whereupon the cooling procedure started. Once the 
sample temperature reached room temperature, the measure-
ment of the OA signal amplitude proceeded again during the 
heating regime. 

All in all, we studied about 10 samples of each tissue type. 
The experimental results for three samples of each tissue type 
are described below. Abbreviations ‘A’, ‘B’ and ‘C’ corre-
spond to all the samples of chicken muscle (breast), porcine 
fatty tissue and porcine liver, respectively.

4. Results

Typical temporal profiles of the detected signals are shown in 
Fig. 2. The instant of the OA signal arrival to the detector 
from the sample surface was approximately 11.7 ms. This time 
was made up of the time of the OA signal propagation 
through the beamsplitter (~7 ms) and the diaphragm filled 
with water (~4.7 ms). Difference in the arrival time of OA 
signals is explained by the temperature dependence of the 
speed of sound in the beamsplitter and the water layer being 
in the contact with the transducer. However, this time shift 
does not influence the amplitude of detected signals. The tem-
poral profiles show that the OA conversion efficiency in the 
tissues under study changes. It is interesting that more than a 
two-fold growth in the OA signal amplitude is observed for 
the chicken muscle and porcine liver samples when tempera-
ture is changed from its room value to 80 °С. At the same 
time, more than a two-fold decrease in the signal amplitude is 
observed for the porcine fatty tissue. These dependences are 
discussed in detail below. 

4.1. Chicken muscle

For chicken breast samples, the temperature dependences of 
the OA signal amplitude are shown in Fig. 3. The OA signal 
amplitude increased (Fig. 3) with increasing temperature 
from 25 °C to 70 °C. In some cases (as, for example, for the 
samples A2, A3) the slope of the dependences became sharper 
when temperature reached ~45 °С. The OA signal amplitude 
no longer changed at the temperatures above 70 °C. 

When cooling the samples with the initial temperature 
T K 45 °C, the character of the dependence repeated the heat-
ing curve in the inverse direction (Fig. 3, sample A3), i.e., irre-
versible changes in tissue structure were not observed. When 
the chicken breast samples with T  > 45 °С were subjected to 
cooling, the OA signal amplitude did not return to the initial 
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Figure 2.  Temporal profiles of OA signals excited in (a) chicken muscle 
tissue (breast), (b) porcine fatty tissue, and (c) porcine liver samples at 
different temperatures and detected in the far-field zone by the wide-
band piezoelectric transducer.
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Figure 3.  Temperature dependences of the OA signal amplitude for 
three chicken breast samples during the heating of samples A1 ( ), A2 ( ) 
and A3 ( ) from 25 to 78 °С and during the cooling of sample A1 from 
66 to 25 °C ( ), sample A2 from 50 to 25 °C ( ) and from 68 to 25 °C ( ), 
sample A3 from 55 to 25 °C ( ) and from 72 to 25 °C ( ).
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value thereby revealing irreversible changes in the tissue 
structure.

4.2. Porcine fatty tissue

The temperature dependences of the OA signal amplitude for 
different samples of porcine lard are shown in Fig. 4. The 
main difference in the temperature dependences obtained for 
the porcine lard from that for the other investigated tissues is 
that the OA signal amplitude decreases with increasing tem-
perature from 25 to 80 °C. When cooling the samples with the 
temperature T L 36 °C (open symbols), the slope of the 
dependences becomes smoother than that during heating. 
This may indicate that a partial degradation of the fatty tis-
sue, for example, due to its lipolysis [39, 40], apparently occurs 
at any temperature exceeding the temperature of a living 
organism. 

4.3. Porcine liver

A characteristic feature of the liver is that that tissue is richly 
perfused. Blood is the main absorber of optical radiation in 
the visible and near-IR range. Because the OA signal ampli-
tude is determined by the product maG, its temperature depen-
dence should experience an additional growth and the behav-
iour of the OA signal amplitude at high temperatures should 
be determined by changes in the structure of haemoglobin. 

The temperature dependences of the OA signal amplitude 
for different samples of porcine liver are shown in Fig. 5. 
Similar to the muscle tissue, when cooling the porcine liver 
samples with temperatures T < 45 °C, the dependence repeated 
the heating curve in the inverse direction. However, when 
cooling the samples with T > 45 °C, the temperature depen-
dence of OA signal amplitude was linear but with the slope 
smoother than that during the heating. The OA signal ampli-
tude measured in the initial state of the sample at room tem-
perature differed by more than two times from the OA signal 
amplitude obtained after the sample was cooled from T ~ 
80 °C to room temperature. This result agrees well with the 
results of our previous work [24] when we measured the opti-
cal properties of raw and boiled porcine liver tissues. Figure 5 

demonstrates that for most porcine liver samples (samples 
C1, C2), the OA signal amplitude increased additionally at 
temperatures above ~72 °С. However, for one of the samples 
(sample C3) such an additional growth was not observed.

5. Accuracy of temperature reconstruction 
in tissue

Using the temperature dependences of the OA signal ampli-
tude for different tissues, we can assess accuracy of tempera-
ture reconstruction by the OA signal amplitude. To this end, 
for each type of the tissues the experimental data were divided 
into several groups corresponding to different temperature 
ranges. In each of the selected temperature ranges the data 
were fitted by a straight line with the least-squares method. 
For example, the temperature dependences of the OA signal 
amplitude for porcine liver and chicken breast samples chang-
ing the slope near 45 °C were divided into two sections: from 
~20 to ~45 °C and from ~45 to ~65 °C. The temperature 
dependences of the OA signal amplitude for porcine fatty tis-
sue samples were fitted with the linear function within the 
entire temperature range and not divided into sections, 
because the experimental curves for this tissue did not change 
the slope significantly. For all the tissue samples the tempera-
ture dependences of the OA signal amplitude corresponding 
to the cooling regime were fitted with one linear function.

The slope and standard deviation for the OA signal ampli-
tude were calculated for all the temperature dependences. 
After it, the error of the temperature reconstruction was 
determined. The results of estimating the accuracy of tem-
perature reconstruction from experimental data are presented 
in Tables 1 – 3.

6. Discussion and conclusions

As mentioned above, it is important to control the tempera-
ture of a tissue during HIFU therapy. The amplitude of the 
OA signal is proportional to maG. This coefficient is a function 
of temperature and thus determines the temperature depen-
dence of the OA signal amplitude. 

For the first heating phase of the muscle tissue (chicken 
breast) (from 23 to ~45 °C; Fig. 3, Table 1) the growth in the 
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Figure 4.  Temperature dependences of the OA signal amplitude for 
three porcine fatty tissue samples during the heating of samples B1 ( ), 
B2 ( ) and B3 ( ) from ~20 to 75 °С and during the cooling of sample 
B1 from 36 to 26 °C ( ) and from 76 to 25 °C ( ), sample B2 from 32 to 
15 °C ( ) and from 65 to 15 °C ( ), sample B3 from 50 to 24 °C ( ) and 
from 66 to 25 °C ( ). 
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Figure 5.  Temperature dependences of the OA signal amplitude for 
three porcine liver samples during the heating of samples C1 ( ), C2 ( ) 
and C3 ( ) from ~25 to ~80 °С and during the cooling of sample C1 
from 70 to 30 °C ( ), sample C2 from 70 to 30 °C ( ), sample C3 from 38 
to 27 °C ( ) and from 78 to 25 °C ( ).
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OA signal amplitude with the temperature is almost linear, 
which is apparently associated with an increase in the thermal 
expansion coefficient of water [41] present in that tissue. A 
more dramatic increase in the OA signal amplitude with 
increasing temperature (from ~45 to ~70 °C) may be partly 
associated with an abrupt increase in the scattering coefficient 
(by more than two times [24]) during the protein tissue coagu-
lation, and consequently in Emax (1). Because the laser beam 
diameter was greater than the photon transport mean free 
path in the medium, the increase in the light scattering coef-
ficient could lead to an additional growth (~20 %) of the OA 
signal amplitude. However, changes in the heat capacity of a 
tissue or its thermal expansion coefficient are more likely. 

When the temperature exceeded ~70 °C (Fig. 3), the signal 
amplitude remained virtually unchanged, which may be asso-
ciated with dehydration of the tissue during coagulation of 
protein components and their partial destruction. If the 
chicken breast samples with the temperature T K 45 °C were 
cooled, the amplitude of the OA signal returned back to its 
original value, which apparently indicates the absence of irre-
versible changes in protein components contained in the tis-
sue until the coagulation threshold. However, when chicken 
breast samples were cooled starting with the temperatures 
exceeding T > 46 °C, the slope in the temperature depen-
dences became smoother than that during the heating regime. 
This indicates that some irreversible structural changes occur 

Table 1.  Accuracy of temperature reconstruction by the experimental temperature dependence of OA signal amplitude for chicken breast samples. 

Sample	 Temperature	 Slope/mV ºC–1	 Standard deviation of OA	 Inaccuracy of temperature
	 range/ºC	 	 signal amplitude/mV	 temperature reconstruction/ºC

	 25 – 40	 0.13	 0.08	 0.6			 
A1	 40 – 65	 0.18	 0.11	 0.6			 
	 66 – 25	 0.028	 0.17	 6				  
								      
	 25 – 45	 0.061	 0.05	 0.8 			 

A2
	 45 – 65	 0.3	 0.21	 0.7			 

	 55 – 25	 0.063	 0.06	 1				  
	 72 – 25	 0.048	 0.23	 4.8			 
								      
	 25 – 45	 0.077	 0.14	 1.8			 
	 50 – 63	 0.32	 0.42	 1.3			 
A3	 35 – 25	 0.1	 0.1	 1				  
	 50 – 25	 0.04	 0.15	 3.8			 
	 72 – 25	 0.035	 0.22	 6.3

Table 2.  Accuracy of temperature reconstruction by the temperature experimental dependence of OA signal amplitude for porcine liver samples.

Sample	 Temperature	 Slope/mV ºC–1	 Standard deviation of OA	 Inaccuracy of temperature
	 range/ºC	 	 signal amplitude/mV	 temperature reconstruction/ºC

	 20 – 76	 0.063	 0.16	 2.5			 
B1	 36 – 26	 0.024	 0.05	 2.1			 
	 76 – 25	 0.014	 0.045	 3.2			 
								      
	 25 – 75	 0.1	 0.26	 2.6 			 
B2	 32 – 15	 0.026	 0.07	 2.7			 
	 65 – 15	 0.024	 0.065	 2.7			 
								      
	 25 – 75	 0.08	 0.33	 4.1			 
	 30 – 25	 0.04	 0.06	 1.5			 
B3
	 50 – 24	 0.03	 0.046	 1.5			 

	 66 – 25	 0.027	 0.056	 2.1		

Table 3.  Accuracy of temperature reconstruction by the experimental temperature dependence of OA signal amplitude for porcine lard samples.

Sample	 Temperature	 Slope/mV ºC–1	 Standard deviation of OA	 Inaccuracy of temperature
	 range/ºC	 	 signal amplitude/mV	 temperature reconstruction/ºC

	 27 – 42	 0.093	 0.11	 1.2			 
С1	 44 – 64	 0.04	 0.22	 0.9			 
	 70 – 30	 0.076	 0.38	 5				  
								      
	 30 – 42	 0.08	 0.12	 1.5 			 
С2	 44 – 62	 0.206	 0.12	 0.6			 
	 70 – 30	 0.11	 0.3	 2.7			 
								      
	 24 – 42	 0.14	 0.1	 0.7			 
	 44 – 58	 0.286	 0.15	 0.5			 
С3	 38 – 27	 0.107	 0.2	 1.9			 
	 55 – 27	 0.062	 0.15	 2.5			 
	 78 – 25	 0.041	 0.4	 9.7	
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in the biological tissue at temperatures above the coagulation 
point.

The main difference in temperature dependences mea-
sured in fatty tissue samples (Fig. 4) from two other tissues is 
that the OA signal amplitude decreases with the increasing 
temperature from 25 to 80 °С. This decrease occurs steadily 
and without any significant changes in the slope within the 
entire temperature range under study. However when cooling 
the samples with T L 36 °С, the OA signal amplitude does not 
return to its initial value at room temperature. This is appar-
ently caused by the fact that structural changes in the fatty 
tissue occur at any temperatures exceeding the temperature of 
a living organism. 

The reason for the examination of the porcine liver is 
explained by the fact that it is very close in its properties to the 
human liver and is a very good example of a richly perfused 
tissue. In addition, porcine liver contains fats, proteins, and 
blood. As was expected (see Fig. 5), the absolute value of the 
OA signal amplitude is much larger than that for the chicken 
muscle due to presence of some volume of blood. However, 
the temperature dependences of the OA signal amplitude are 
similar to those obtained for the chicken breast sample, except 
the region of high temperatures (above ~72 °С), where the 
OA signal amplitude starts increasing again for most samples. 
This fact can be explained by the formation of the methemo-
globin in blood, which leads to an increase in the light absorp-
tion coefficient [32]. Note, however, that for one of the sam-
ples (C3), an additional growth of the OA signal amplitude 
was not observed. This fact can be related to a local (within 
the laser beam diameter of 2 mm) inhomogeneity of the tissue 
sample, i.e., with the lack or even absence of blood vascula-
ture in the irradiated region of the tissue. The behaviour of 
temperature dependences for porcine liver samples in the 
cooling regime did not differ from that of the dependences 
obtained for the chicken breast tissue. It can be considered as 
a justification of the hypothesis that the volume thermal 
expansion coefficient changes after coagulation of protein 
components contained in the tissue. 

A very important feature of all the types of protein-con-
taining tissues investigated in the this paper is the ‘memory’ of 
the temperature dependences for all types of biological tissues 
containing protein components during their heating above 
~45 °C. Indeed, the OA signal amplitude depends not only on 
the current temperature of the tissue but also on the prehis-
tory of its heating. In case of fatty tissues such a feature 
reveals already at temperatures exceeding that for a living 
organism. This fact justifies again the necessity to develop the 
methods of real-time temperature monitoring in tissues dur-
ing their heating.

For each of the three tissues under study we estimated the 
accuracy of temperature reconstruction from experimentally 
obtained gauge dependences (Tables 1 – 3). It is shown that 
the temperature of porcine liver and chicken breast tissues in 
the region from 25 to ~45 °C can be determined with an accu-
racy no worse than 2 °C. In the area of tissue coagulation the 
temperature can be reconstructed with the accuracy of about 
1 °C. This is explained by a more rapid growth of the OA sig-
nal amplitude in this temperature region. 

The experimentally obtained gauge dependences will be 
used in experiments with a local source of thermal impact, for 
example, with a HIFU transducer. We hope that obtained 
results will be useful for the development of OA methods and 
devices for in-vivo temperature monitoring in biological tis-
sues and organs. 
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