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Abstract

Laser interstitial hyperthermia is an actively developing direction in intracerebral tumor surgery. The paper presents thermal effects in
polyacrylamide biophantoms with bovine albumin and citrated blood under laser irradiation at 970 nm and 1560 nm. For laser irradiation, a
surgical two-wave apparatus manufactured by IRE Polis was used. The phantom was irradiated through a quartz optical fiber 400 um in diameter
with an end exit. The result of irradiation of the phantom was its coagulation zone, which was visualized with a FLUM-LL fluorescent organoscope.
Thermometry was carried out with a FLIRONE PRO for 10S thermal imager and a T-8 digital thermograph based on a laptop with thermal sensors
placed in a phantom. The use of irradiation with a power of not more than 2 W in the coagulation mode, with a total energy dose of up to 120 J,
made it possible to achieve a smooth rise in temperature to 88.0 °C. The dimensions of the coagulation zone under irradiation with a wave of 1560
nm were always larger than under irradiation with a wave of 970 nm, although the difference was not statistically significant (p=0,41). Thus, the
average coagulation spot area for 970 nm radiation was 43.2 (39.3 - 47.1) mm?, and for 1560 nm - 99.4 (56.5-141.3) mm?. With total irradiation with
two waves, the coagulation zone was larger if the radiation power of 1560 nm prevailed. When irradiated with a wave of 970 nm, the coagulation
zone partially propagates posteriorly from the tip of the optical fiber, and 1560 nm coagulates the phantom anteriorly. The results obtained are of
practical importance for laser hyperthermia of intracerebral tumors.
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MPUMEHEHUE BUOPAHTOMOB [J14 OLUEHKUA
TEPMUNYECKUX 2D DPEKTOB JIASEPHOTIO MU3JTYHEHUA
C DJIMHAMM BOJIH 970 HM 1 1560 HM TP PA3HbIX
PEXXMMAX BO3OENCTBUA

O.B. Ocrpeiko, M.A. Tankuu, I.B. ManasH, T.T. lpuwavesa, H.H. MeTtpuwes
Mepebit CankT-lNeTepbyprckmit rocyaapCTBEHHbIN MEAUUMHCKMIA YHUBEPCUTET
wm. akag. M. TMaenoea, Cankr-MNetepbypr, Poccus

Pesiome
JlazepHas nHTepcTLManbHasa rMnepTepmMms — akTMBHO Pa3BMBAOLLEECs HampaBieHne B XMPYPrn BHYTPYMO3roBbIX onyxonei. B pabote
npeAcTaBfieHbl TEpMUYECKUe 3hdEKTbI B MONMaKpuIamMmmiHbIX 6ruopaHTomax ¢ 6bl4brM anbOyMVHOM 1 LIUTPATHOW KPOBbIO MPU Nla3epHOM
06y4YeHV Ha gnuHe BosHbl 970 HM 1 1560 HM. [InA na3epHOro o6ayyYeHrs NCNob30BaH XMPYPruyeckuii 4ByXBOMHOBDIN annapat (UP3
«Monucy, r. ®pasmHo, Poccna). ObnyyeHne daHTOMa OCYLLECTBAANOCH Yepe3 KBapLIeBOe CBETOBOSIOKHO AvameTpoM 400 MKM C TOPLIEBbIM
BbIXOAOM. Pe3ynbtaTtom 06nyyeHus 6bina 30Ha KoarynAumuv, KoTopas BU3yanu3vpoBaHa ¢(nyopeculeHTHbIM opraHockornom «FLUM-LL».
Tepmometpus ocyuectBnAnack Tennosmsopom FLIRONE PRO for I0S v uudposbim Tepmorpadom T-8 Ha 6ase HOyTOyKa C TepMOCEHCOpamy,
pa3melleHHbIMK B daHToMe. Vcnonb3oBaHme 0651yYeHns MOLHOCTbIO He 6onee 2 BT B pexrme Koarynauum ¢ CyMMapHOW A0301 SHeprumn
n0 120 [’k no3BonAno JoCTMraTb MIaBHOro Noagbema Temnepatypbl Ao 88°C. 3oHa Koarynauuv npu obnyyeHun BonHon 1560 HM Bcerpa

12

BIOMEDICAL PHOTONICS T.11, Ne2/2022



Ostreiko 0.V., Galkin M.A., Papayan G.V., Grishacheva T.G., Petrishchev N.N.

Application of biophantomes to evaluate the thermal effects

of laser radiation with wavelengths of 970 nm and 1560 nm under different exposure modes

6bina 6osbLue, Yem Npu 06s1yUYeHUr BONHON 970 HM, XOTA CTAaTUCTMYECKU pa3HuLa bbiia HegocToBepHol (p=0,41). CpeaHaAna niowaab NATHA
Koarynaumu ans nsnyydeHus 970 Hm coctaBuna 43,2 (39,3 - 47,1) mm?, ana 1560 HM — 99,4 (56,5 — 141,3) mm>2 Npy cymmapHOM 06yyYeHnn
[BYMSA BOJIHaMVi, 30Ha Koarynsauuu 6bina 6osblue, eciv npeobnagana MOLHOCTb 13nyyeHusa 1560 Hm. Mpw obnyyeHnmn BonHo 970 HM 30Ha
KOarynaumsa YacTMYHO PACcMpPOCTPAHAETCA K3aMu OT KOHUMKA CBETOBONOKHA, Npu 1560 HM — Koarynupyet daHTom Knepegu. MNonyyeHHble
pe3ynbraTbl UMEIOT NPAKTUYECKY0 3HAYMMOCTb NPY MPUMEHEHWUN Ta3ePHOW FMNepPTEPMIMM BHYTPUMO3rOBbIX OMyXOnen.

KnioueBble cnoBa: 610paHTOM, TEPMOMETPYUA Jla3epHOro 0bnyyeHna 6ruodaHToMa, nasepHan rMNepTeEPMUA BHYTPUMO3IOBbIX OMyXosen,

PeXrMbl TUNePTEPMIN.

Ana yntnpoBaumsa: Octpeiiko O.B., lankuH M.A., ManasH B., Tpuwayvesa T.I., Metpuwes H.H. NpumeHeHre 61nodaHTOMOB Ans OLEHKM Tep-
MUYeCKMX SPPEKTOB Na3epHOro 13syueHua ¢ AnrHamv BoiiH 970 HM 1 1560 HM Npu pa3Hbix pexmnmax Bo3genctausa // Biomedical Photonics.
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Introduction

Standard treatments for brain tumors include
surgery, radiation therapy, and chemotherapy. Despite
an integrated approach to the treatment of malignant
glial tumors, the prognosis remains unfavorable. Since
surgical treatment is critical, it is necessary to develop
effective and less invasive cytoreductive surgical
techniques that do not cause damage to healthy tissues.
Over the past 30 years, research has been carried out on
hyperthermic procedures as an alternative to classical
open operations [1-3]. Interstitial hyperthermia of brain
tumors under the influence of infrared laser radiation is a
less invasive and safer technique than traditional surgical
technologies.

Understanding the interaction of laser radiation with
tumor tissue and its prediction underlie the development
and improvement of laser hyperthermia methods [4].
The wavelength is the fundamental characteristic of
laser light, which determines the tissue effects in the
irradiated tumor. This is due to the strong dependence of
the interaction with the main absorbent molecules in the
brain tumor tissue — water and hemoglobin. With this in
mind, radiation characteristics are selected, such as power,
exposure, power density, and temporal characteristics
of radiation. Clinical application of laser thermal
destruction in surgery of brain tumors is implemented
by the LITT (laser interstitial thermotherapy) method,
its purpose is coagulation of tumor tissue controlled by
magnetic resonance thermometry [5, 6]. To implement
the technology, two Visualase Thermal Therapy System
(Medtroniclnc.)and NeuroBlate System (Monteris Medical,
Inc.) are currently produced (or commercially available).
They use only two wavelengths of laser radiation: 970
nm and 1064 nm, which have similar characteristics of
interaction with the tissue, due to the good absorption
of these wavelengths by hemoglobin, which provides a
hemostatic effect. At The Pavlov First Saint Petersburg
State Medical University an original minimally invasive

technique for interstitial laser hyperthermia of glial
tumors was developed [7]. From a clinical point of view,
the use of other wavelengths that have different effects
on biological tissue, but are also suitable for interstitial
thermal destruction of tumors is of interest.

An important role in the study of thermal effects
arising from laser irradiation of biological tissues is played
by biophantoms, which have analogous characteristics
of thermal conductivity, heat capacity, and heat transfer
rate. As close as possible in composition and optical
properties to the tissue under study, they allow you
to quickly test and visually observe the effects of laser
exposure, carried out using different wavelengths in
real time. At the same time, despite the absence of
microcirculation in biophantoms, it seems possible
to study the main characteristics of biological effects
(ablation, coagulation, evaporation, carbonization) and
the temperature dependence in the hyperthermia zone
on the selected wavelength.

To solve research problems, the phantom must
contain a pigment that effectively absorbs laser radiation
in the required range. As such a pigment, for example,
hemoglobin, Chinese ink or Kromagen Magenta
MB60-NH concentrate are used. In addition, for the visual
assessment of damage caused by the laser, it isimportant
that the phantom is made of transparent material. One
way to determine the temperature gradientin a phantom
is to introduce thermochromic dyes that change shades
depending on the temperature. The introduction of
proteins, such as bovine serum albumin (BSA) or hen's
egg protein, into the biophantom makes it possible to
observe thermal denaturation of the protein, which is
noticeable due to clouding of the transparent medium
[8-11].

The most popular materials used as the basis for
phantoms are agar and polyacrylamide[9, 11, 12]. Polya-
crylamide gels are synthesized by the copolymerization
of acrylamide and methylenebisacrylamide in an
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aqueous solution. Such a gel is transparent and allows
visualization and measurement of heat-affected zones.
In addition, polyacrylamide itself is a non-toxic, highly
stable and biocompatible polymer. For example,
N-isopropylacrylamide gel (NIPAM) becomes cloudy
when heated to a certain temperature, which can
be changed by varying the concentration of acrylic
acid. Gels based on NIPAM have acoustic and thermal
characteristics close to those of various biological
tissues. It is important to note that these gels can be
used multiple times. Whereas in a polyacrylamide gel
with BSA, thermal treatment leads toirreversible protein
denaturation, in the case of NIPAM, the cloudiness
caused by heating gradually disappears upon cooling,
and the phantom can be used again [13].

The use of phantoms that are as close as possible
in terms of the content of chromophores and optical
properties makes it possible to conduct test studies,
visually observe the effects of laser exposure, measure
temperature in real time, describe and predict the
propagation of light energy in tissues.

Materials and methods

In the study of the effect of laser radiation on the
biophantom, we used two wavelengths: traditional
- 970 nm and 1560 nm. Radiation with a wavelength
of 970 nm mainly absorbs hemoglobin, 1560 nm -
water, including that contained in whole blood (Fig.
1). Such multidirectional interaction with the main
chromophores is of practical interest when using laser
coagulation of tumors, since it is due to the heterogeneity
of the morphological and biological characteristics of
neoplasms, including edema, the number of vessels,
and cell density in neoplasms of various histological

structures and grades of malignancy. In this case, the
absorption of laser radiation and the subsequent release
of heat in certain areas of the tissue are the key effects in
laser hyperthermia of tumors.

When selecting the material for optical phantoms, we
took into account both their mechanical properties, such
as elasticity, and thermal characteristics. Based on the
combination of these properties, the phantom should
maximally imitate the studied tissues [15]. We proceeded
from the fact that the phantom fabrication procedure
should be relatively simple and reproducible. We used a
polyacrylamide phantom as the most appropriate type
of phantom for modeling the effects of laser exposure on
brain tumor tissue. The advantages of such a phantom
include transparency, high stability (melting point much
higher than 100°C), lack of toxicity, and easy modulation
of mechanical properties by changing the concentration
of acrylamide/methylenebisacrylamide.

In the manufacture of the phantom, we used data
from A.H. Negussie [9, 16], according to which 40%
acrylamide/bisacrylamide is mixed with water in a
ratio of 1:4.4 (241 ml : 1053 ml). In our study, the ratio
corresponded to 1:4.7, which is almost identical. For this
phantom, the density corresponds to 1033+1.0 kg/m?,
the thermal conductivity coefficient is 0.590+0.015 W/
(m-K), and the thermal diffusivity is 0.145+0.002 mm?/s.
These values are close to those for human soft tissues
[17]. According to A. Mohammadi [1], the thermal
conductivity index for brain tissue corresponds to 0.563
W/(m-K), thermal diffusivity is 0.147 mm?/sec.

The phantom was made from the following
components:

1. Distilled water. When using laser radiation, there
is no need for degassing.

Vogel and Venugopalan
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Puc. 1. KoadoduuumeHt abGcopbumm
OCHOBHbIX TKaHEBbIX XpOMOdOpPOB AN
AAuH BonH 100-12000 Hm [14] ¢ yKa-
3aHMEM MONOXKEHUSI Na3epHbIX NUHUI
970 HM 1 1560 HM.

Fig. 1. Absorption coefficient of
the main tissue chromophores for
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10 wavelengths of 100-12000 nm [14]
indicating the position of the laser lines
970 nm and 1560 nm.
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2. Lyophilised powder of BSA used to detect
temperature changes in the phantom and scattering
agent. The final concentration of BSA is not less than
5%.

3. Aqueous 40% solution of acrylamide/
bisacrylamide, with a weight ratio of acrylamide and
bisacrylamide equal to 19:1. The solution is stored at a
temperature of 2 to 8°C.

4.  Tris/HCI buffer, 1M solution, pH 8.0 (manufac-
turer — SPD RENAM, Russia).

5. Ammonium persulfate 10%
polymerization, prepared ex tempore.

6. Hemoglobin (absorbing agent). Citrated blood
was used at a ratio of 1 part 3.2% citrate/9 parts whole
blood. The formed elements of the blood serve as a
scattering agent.

7. TEMED is a polymerizing agent.

8.  Sodium azide is a phantom preservative.

To prepare the phantom, we used the following
recipe. To 50 ml of distilled degassed water add 5 g of
BSA. Stir until complete transition of BSA into solution.
Next, 17.5 ml of a 40% acrylamide/bisacrylamide
solution, 10 ml of 1M Tris/HCI buffer (pH 8.0) and 600 pl
of a 10% ammonium persulfate solution are successively
added to the mixture with stirring. Stir until completely
homogeneous. Then add citrated blood in an amount
depending on the design of the experiment, starting
from 750 pl of blood/100 ml phantom. The volume of the
mixture is brought to 100 ml with distilled water, then
200 pl of TEMED is added with stirring, the solution is
transferred into a round plastic container. Polymerization
occurs within 5-10 minutes. In order to prevent
dehydration, the resulting gel is stored in a refrigerator in
a closed polyethylene container.

To assess the thermal effects, we used a setup that
included a two-wave laser apparatus LSP (IRE-Polyus,
Fryazino), a miniature thermal imager in the form
of an attachment to a smartphone, and a T-8 digital
thermograph based on a laptop with thermal sensors.
The installation view is schematically shown in Fig. 2.

The phantom was loaded into plastic containers, into
which an optical fiber and a thermal sensor were inserted
through holes in the side wall (Fig. 3).

The FLIRONE PRO for 10S thermal imager was
connected to a smartphone, the display of which
displayed a thermal imaging picture with temperature
values at selected points, which were recorded in photo
and video mode (Fig. 4).

We used a light guide with a direct output of radiation,
the modes of which are suitable for use in hyperthermia
of brain tumors (Table 1).

Two types of phantom were tested with a lower
(F1: 101 mg hemoglobin) and a higher (F2: 202 mg
hemoglobin) hemoglobin content. F1 was a model
for low- and moderately vascularized tumors, F2 was

solution for

Puc. 2. YcTaHOBKa A/19 U3y4eHUS BAUSIHUA Ta3epPHOro U3nyvyeHus
Ha onTuyeckui 6uodaHTom: 1 — nasepHoit annapart JICMN (<MP3-
Montoc», r. PpsA3vHO), 2 — CBETOBOJIOKHO B aepxkatene, 3 — uuod-
poBoi Tepmorpad T-8 Ha 6a3e HOYTOYKa, 4 — TepMOCceHcopbl, 5
— TennoBu3uoHHas npuctaBka FLIR ONE PRO for 10S (Kutail) Bme-
cTte co cmapTdoHom iphone 12, 6 — 6MopaHTOM B KOHTENHEpPE.
Fig. 2. Installation for studying the effect of laser radiation on
an optical biophantom. numbers indicate: 1 - laser device LSP
("IRE-Polyus", Fryazino), 2 — optical fiber in the holder, 3 - digital
thermograph T-8 based on a laptop with thermal sensors - 4,
5 - thermal imaging attachment FLIR ONE PRO for I0S (China)
together with an iphone 12 smartphone, 6 — a biophant in a
container.

Puc. 3. BHelHUl BUA KOH-
1 TeiiHepa ¢ ¢aHTOMOM: B
¢daHTOM BBeAeHO CBeTo-
BOJIOKHO (1), 4epes Topew
KoToporo  Hab6niopaetcsa
NUIOTHOE Na3epHoe cBe-
YeHue; psSAoOM C TOpLOM
yCTaHOBNEH TEPMOCEHCOoP
(2).

Fig. 3. Appearance of
the phantom container:
an optical fiber (1) is
introduced into the phan-
tom, through the end of
which a pilot laser glow is
observed; a thermosensor
(2) is installed near the
end face.

/\

Puc. 4. BHewHnin Bug tennosusopa FLIRONE PRO for 10S.
CTpenka yKa3blBaeT Ha TenjoBU30p, pacnonoXeHHbI KaK npu-
cTaBKa K cMapTdOHy Haga paHTOMOM.

Fig. 4. Appearance of FLIRONE PRO for I0S thermal imager.
The arrow points to a thermal imager located as a prefix to a
smartphone above the phantom.
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Ta6nuua 1

XapaKTepuCcTUKU UCMOJIb3YEMOIO ITA3E€PHOI0 U3Jly4eHus
Table 1

Characteristics of the laser radiation used

MouwHocTb N3ny4yeHuns
AnuHa BoNHbI (HM)

((:3)]
970 2
1560 2
970+1560 2

Bpems o6nyueHus (c)

dHeprua ([x)

60 120
60 120
60 120

a tumor model with a more developed vascular network.
The used modes of laser hyperthermia clearly showed
heating zones in the form of clouding of the phantom.
The size of the clouded zone varied from 4.5 to 5.5 mm
(Fig. 5).

Puc. 5. ®aHtom. CTpenkamu noKa3aHbl 30Hbl MOMYTHEHUS B
pe3ynbTate nasepHoro 06ay4yeHus.

Fig. 5. Phantom. The arrows show the turbidity zones as a result
of laser irradiation.

Evaluation of the features of the biophantom
coagulation process and the size of the laser coagulation
zone at a wavelength of 970 nm and 1560 nm was
carried out separately for each of the radiations, or with
their combined action. The combined effect of radiation
was evaluated under both sequential and simultaneous
exposure to the studied wavelengths (Table 2).

Results

The cloudy area of the phantom had an oval-rounded
shape. It was noted that in the F2 model, the 970 nm
laser radiation creates phantom clouding, propagating

anteriorly from the tip of the optical fiber, while the 1560
nm beam was observed to propagate phantom clouding,
propagating both forward and posteriorly from the fiber
tip. This indicates the difference in both the optical
properties of the phantom for different wavelengths and
the difference in interaction with chromophores. The
combination of two wavelengths in equal proportions
demonstrated the dominance of the effects of the 970
nm wavelength, which was also noticed in earlier own
studies.

The study of the visual effects of phantom coagulation
showed that the maximum area of the coagulation zone
when exposed to a wavelength of 1560 nm reached 141.3
mm?, which is three times more than when exposed to
a wavelength of 970 nm (area 47.1 mm?). The average
values of the coagulation spot area were 43.2 (39.3-
47.1) mm? for 970 nm radiation, and 99.4 (56.5-141.3)
mm? for 1560 nm radiation (p=0.41). Although the areas
of the coagulation spot differed by more than 2 times,
the statistical difference was not significant, possibly
due to the limited number of experiments. Irradiation
with a wavelength of 1560 nm in all cases gave greater
heating of the biophantom, which is of great practical
importance. Based on the experimental data obtained,
further exposure was used with a power of not more than
2 W, with a total energy dose not exceeding 120 J.

The results of laser exposure to the biophantom
were visualized in real time using a FLUM-LL fluorescent
organoscope [18], which provides multispectral image
recording separately in RGB channels in photo and video
modes with a resolution of 1280x1024 and a frame rate of
14 Hz (Sony). Although the spectral range of this system
is formally limited by a wavelength of 1000 nm, the high
brightness of laser radiation made it possible to record
a pattern created not only by a 970 nm laser, but also by
a 1560 nm laser. The image scale was controlled using a
plastic stationery ruler installed directly on the phantom
at the time of shooting (Figs. 6 and 7).

From the point of view of the practical use of these
wavelengths in the surgery of glial brain tumors,
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Ta6nuuya 2

Pesynbratbl 061y4eHuss 6uodpaHToMa lasepHbiM U3JTyYEHUEM C AJIMHON BONHbI 970 HM 1 1560 HM

Table 2

Results of irradiation of the biophantom with laser radiation with wavelengths of 970 nm and 1560 nm

JKcnosu- S

yus (c)

AnunHa BOAHDbI
(Hm)

DHeprusa

(Bx)

MouwHocTb
(BT)

uum (Mmm)

Mnowapb
NATHa
(mm?)

Koarynsa-

3¢ dekTbl KOarynayum

O6nyueHne ogHOW ANVHON BOJHbI
Single wavelength irradiation

NnOoOMyTHeHNe ¢aHTOMa

eIy 2 el 12 28 aa clouding of the phantom
1560 2 60 120 9x5 141,3 nomyrreHne parToma
clouding of the phantom
OpHOMOMEHTHOE 06nyyYeHne ABYMA ANMHAMU BOJTH
Simultaneous irradiation with two wavelengths
970 2 60 240 10x4 125,6 OTYETNNBO CAbILHbI LWENYKN B
560 2 30He MOMYTHeHusA paHToMa
CyMMapHoO clearly audible clicks in the
total phantom clouding zone
4
970 1,5 60 120 5x2,5 39,3 NoMyTHeHue paHToMa
1560 0,5 clouding of the phantom
CyMMapHO
total
2
970 0,5 60 120 6x3 56,5 HEMHOrOo CabbIX LeTYKoB B 30He
1560 1,5 NOMyTHeHUs paHTOMa
CyMMapHoO a few weak clicks in the phantom
total clouding zone
2
970 0,5 60 150 8x4 100,5 HEMHOrO C/1abbIX LeTYKoB B 30He
1560 2,5 nomyTHeHuA GpaHToma
CyMMapHO a few weak clicks in the phantom
total clouding zone
3
MNocnepoBaTtenbHoe o6nyyeHne 6MopaHToMa
Sequential biophantome irradiation
1560 2 60 120 7x3 65,9 -
970 2 60 120
970 2 60 120 7x4 879 NoMyTHeHue paHToMa
1560 2 60 120 8x5 (nosToOp) 125,6 clouding of the phantom

an important factor was a smoothly and uniformly
progressing increase in the area of clouding of the round-
oval phantom due to protein coagulation. We did not
observe boiling, phantom evaporation, gas bubbles, or
smoke. When the phantom was heated, there were no
noises, clicks, crackles, etc. This fact indicates the optimal
performance of laser radiation for a smooth increase in

temperature to 82.8°C from the point of view of safety for
the use in brain tumor surgery.

Thermometry

The measurement and distribution of temperature in
the phantom as a result of laser irradiation was carried
out both using a thermal sensor located near the tip of
the optical fiber and using a thermal imaging attachment
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Puc. 6. Busyanusauua pa3suBalolleiics 30Hbl Koarynsiuum (BblaeneHo KpYXXKoM) Npu BO3AEeWCTBUM Ha yHacTOK ¢paHTOMa la3epHbIM
usnyvyexHmem 1560 Hm:

a - Hab5cob6nyyeHus; b — Ha 20 c;

c—-Ha40c;d-Ha60c.
Fig. 6. Visualization of the developing coagulation zone (highlighted by a circle) when the phantom site is exposed to 1560 nm laser
radiation:

a — for 5 s of radiation; b — for 20 s;

c—for40s;d-for60s.

a b

Puc. 7. PacnpepeneHue nasepHoro uanyyenus 970 Hm B paHTOMe: a — 5 ¢ Bo3gencTeus; b — 60 c Bo3aencreums.
Fig. 7. Distribution of 970 nm laser radiation in the phantom: a — 5th s of exposure; b — 60th s of exposure.
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for a FLIRONE PRO for I0S smartphone, fixed above the
phantom (see Fig. 4). The thermal imaging attachment
made it possible to estimate the temperature distribution
in various parts of the phantom by registering the
radiation pattern of the object in the infrared region.Thus,
it was possible to simultaneously record the temperature
in real time both with the help of a thermal sensor fixed
at a distance of 3 mm from the end of the light guide
and at three points of the thermal image selected at a
distance of about 2 mm from one another. An example
of a thermal image of the temperature distribution and
the results of its evaluation at 3 points near the end of the
optical fiber at the end of 60 s of laser irradiation is shown
in Fig. 8. The temperature equal to 82.8°C in the center
of irradiation indicated coagulation in this zone. Such a
temperature gradient from the fiber tip correlates with ex
vivo thermometry literature data [19].

Dynamic measurements of the temperature of the
F1 phantom at the tip of the optical fiber using a digital
thermograph, performed in a constant irradiation mode
at a wavelength of 1560 nm, established a relatively rapid
increase in temperature in the first 10 s. After 20 s, the
temperature changed slightly, averaging 71.8°C (Fig. 9).

When the F1 phantom (with a lower hemoglobin con-
centration) was irradiated with a laser with a wavelength
of 970 nm, a less dynamic and lower heating temperature
of the phantom was obtained. In 60 s, it gradually
increased from room temperature to 50°C (Fig. 10).

When the phantom was irradiated with a combination
of 1560 nm and 970 nm wavelengths with a total power
of 2 W, a gradual rise in temperature was also observed,
resembling the course of the curve for the 970 nm wave,

but reaching a higher level (88°C) with some decrease
after 50 s of irradiation. The average temperature during
irradiation was 66.9°C (Fig. 11).

Puc. 8. TennoBu3anoHHoe n3o6paxkeHune yyactka ¢aHtoma. Mapa-
MeTpbl Temnepatypbl B 3 To4Kax ¢aHToma Ha 60 ¢ 06nyyeHus anu-
HOM BOJIHbI 1560 HM: 82,8°C y KOHYMKA CBETOBOJIOKHA; 51,5°C
Ha paccTtosiHun 2 mm n 33,1°C Ha pacCcTosiHUM 4 MM OT KOHYMKa
CBETOBOJIOKHA.

Fig. 8. Thermal imaging of the phantom site. Temperature
parameters in 3 points of the phantom on the 60th with exposure
to a wavelength of 1560 nm: 82.8°C at the tip of the fiber; 51.5°C
at a distance of 2 mm and 33.1°C at a distance of 4 mm from the
tip of the fiber.

OuHamuka Temnepatypbl GaHTOMa
phantom temperature dinamics

Temneparypa oC
temperature oC

0 10 20 30 40

nasep 1560 Hm
Bpema oBnydeHus Cex.

laser 1560 nm

exposure time s

50 60 70

Puc. 9. iIntHamuKa Temnepartypbl
daHTOMa Npu na3epHom o6nyye-
HWUU Ha ANMHEe BOJHbI 1560 HM,
MOLLHOCTb 2 BT.

Fig. 9. The temperature
dynamics of the phantom under
irradiation with a 1560 nm laser,
2 W power.
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AMHaMKKa TemnepaTtypbl ¢paHTOMa
phantom temperature dinamics
60,0
50,0
(&)
>3 40,0
gz
3
E & 300
g2
03 5 20,0
10,0
00 Puc. 10. [luHamuka Temnepa-
0 10 20 30 40 >0 60 70 Typbl daHTOMa NpU nasepHoM
970 HM 061y4€HUMN Ha AJInHe BOJIHbI 970
BpemA 0DNy4YeHUA Cek. HM, MOLWWHOCTb 2 BT.
970 nm Fig. 10. The temperature
exposure time s fiyna'mif:s of_the phantom under
irradiation with a 970 nm laser, 2
W power.
AMHaMKKa TemnepaTtypbl dpaHToOMa
phantom temperature dinamics
100,0
90,0
80,0
22 700
% 2 600
o ® 50,0
T o
z g 40,0
a§ & 300
20,0 Puc. 11. [IuHamuka Temnepa-
10,0 Typbl paHTOMa y KOH4YUKa CBETO-
0,0 BOJIOKHA, NPU CUHXPOHHOM 061y-
0 10 20 30 a0 50 60 70 YeHUU nasepom BOJIHAMM ASIUHON
15604970 £ 1560 HM 1 970 HM.
BoemA O6AVUEHI Cor Fig. 11. The temperature
P 1560 ;70 ’ dynamics of the phantom at the
+970nm tip of the optical fiber, during
exposure time s synchronous irradiation with a
laser of 1560 nm and 970 nm.

The uneven heating of the phantom observed during
irradiation at a wavelength of 1560 nm or a combination
of radiation with a wavelength of 970 nm and 1560 nm
can be explained by a phase transition of the second type
of substance due to heating [20].

Discussion
Thus, the real-time video recording of the process of
laser irradiation by the camera visually demonstrated

the process of phantom hyperthermia as a brain
tumor model. The smoothness of heating, the safe
achievement of the coagulation temperatures of the
modes used and the dose of laser radiation have been
confirmed. The absence of phantom boiling, gas and
smoke formation indicates that the temperature in
the zone of interaction between the phantom and the
laser beam is less than 100°C, which is supported in the
methodology of hyperthermia of brain tumors. This fact

20

BIOMEDICAL PHOTONICS T.11, Ne2/2022



Ostreiko 0.V., Galkin M.A., Papayan G.V., Grishacheva T.G., Petrishchev N.N.

Application of biophantomes to evaluate the thermal effects

of laser radiation with wavelengths of 970 nm and 1560 nm under different exposure modes

was also confirmed by us in an experiment with direct
temperature measurement by thermosensors and a
thermal imager. This study showed differences in the use
of radiation at two wavelengths in temperature effects,
sizes of coagulation zones, features of the distribution of
the coagulation zone in relation to the tip of the optical
fiber. We observed all these effects with the F1 phantom
containing a lower concentration of hemoglobin and
used as a model of a weakly or moderately vascularized
tumor. The F2 phantom with a high hemoglobin content
showed coagulation only immediately near the tip of the
optical fiber. These features of the interaction should be
taken into account when planning the operation, well
visualizing areas of the tumor with hypervascularization.

Both methods of temperature measurement
demonstrated its smooth rise during irradiation.
The farther from the tip of the optical fiber was the
thermocouple probe or the temperature measurement
point of the thermal imager, the lower the temperature.
The difference between temperature measurements by
a thermocouple and a thermal imager reached 7°C. This
insignificant measurement error by two different methods
can be explained by the fact that the thermocouple
measures the temperature inside the phantom, while
the thermal imager measures the temperature from its
surface [21]. Therefore, when fixing the temperature with
a thermal imager, we placed the optical fiber at a depth
of 1 mm from the phantom surface.

The work was performed on two types of phantoms
differing in hemoglobin concentration. This choice
was made due to the fact that we consider it important
to separate the effects of laser exposure on tumors
with different degrees of vascularization, which is due
to differences in the level of hemoglobin in tumors.
Differences in blood supply require a differentiated
approach to the practical application of the laser
hyperthermia methodology. Methods for fixing the
temperature in a phantom during laser irradiation have
been developed and tested. Based on the temperature
indicators, it was found that when using real operating
modes, the temperature does not exceed 83°C, does not
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