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Karami-Gadallo L., Pouladian M.
Cancer cell survival model after photodynamic therapy

CANCER CELL SURVIVAL MODEL
AFTER PHOTODYNAMIC THERAPY

Karami-Gadallo L., Pouladian M.
Islamic Azad University, Tehran, Iran

Abstract

Photodynamic therapy (PDT) is known as a routine treatment method in which cell survival index like viability plotted versus 'O, concentration or
light fluence in the form of a curve. In this paper, a mathematical model was proposed with ability of generating a mirrored-sigmoid curve which
seems to be fitted to any experimental data relating to cell viability, survival probability or any cellular index representing living conditions through
adjusting three parameters. It was validated by showing an excellent curve fitting relatively with data obtained from cancerous lung cells under
ALA-PDT process in vitro.

It was tried to define the relations between model’s parameters and biological/clinical factors with the curve regions of plateau (at low doses; non-
sensitive part), steep (high-sensitive part), and steady state (at high doses; low-sensitive part). It seems this model could be excellently fitted to any
data presenting the cell-living index versus the killer agent in «any cancer therapy technique (e.g. radiotherapy)». Although this claim showed to
be correct for PDT, different relevant data of other researchers should also be used for this model and other usual models too, in order to compare
their fitness rates.

Key words: cell survival curve, mathematical modeling, photodynamic therapy.

For citations: Karami-Gadallo L., Pouladian M. Cancer cell survival model after photodynamic therapy, Biomedical Photonics, 2022, vol. 11, no. 2,
pp. 4-11. doi: 10.24931/2413-9432-2022-11-2-4-11.

Contacts: L. Karami-Gadallo, e-mail: leilakarami271@yahoo.com

MOJIEJ1b BbDKMBAEMOCTU OIMYXOJIEBbIX KJIETOK
NOCJIE POTOOANHAMUYHECKOM TEPANNU

L. Karami-Gadallo, M. Pouladian
Wcnamckuii YHnBepcuteT Asaa, TerepaH, MpaH

Peslome

Mpu npoBepeHnn dotoguHammueckoi Tepanumn (OAT) NHAEKC BbIKMBAEMOCTU (KM3HECMOCOOHOCTD) KIIETOK B 3aBUCMMOCTU OT KOHLIEHTPa-
umm 'O, MM NIOTHOCTU MOWHOCTM 06/ydeHNs Ha rpadvke NpeacTaBaseT coboil KpuByto. B 3Tol cTaTbe 6bina npeanoxeHa maTemaTnye-
cKaa Mofenb C BO3MOXHOCTbIO MOCTPOEHNA 3ePKaJibHO-CUTMOBUAHOW KPYBOW, KOTOPas, MO MHEHMIO aBTOPOB, MOXET ObiTb UCMOJNIb30BaHa
A1 IOObIX SKCMEePVIMEHTaNbHBIX AaHHBIX, KacaloWMXCA XMN3HECMOCOOHOCTU KNETOK UV BEPOATHOCTY BbKMBAHUA, MyTEM HaCTPOMKN Tpex
napamMeTpoB. 3TO OblfI0 MOATBEPKAEHO AEMOHCTPALMEN COBMAjeHNA KPUBOI C AaHHBIMU, NOyYEHHbIMM B SKCNiepumeHTe in vitro gna OAT c
5-aM1HONEBYNIMHOBOW KNCNOTON KIETOK pakKa Jierkoro.

Bbina npeanpuHATa NoNbITKa oNpeAenvTb B3aMMOCBA3b MeX/Ay NapameTpamu 61onornyeckoin Moaeny n GopmMon yyacTKoB KpusoW. Mpu
HM3KMX j03aX Habnogany Ha KPMBOW Y4YacTOK MiaTo (HeuyBCTBUTENIbHAA YacTb), NPU CPefHMX A03aX — YHaCcTOK KPYTOro noagbema (BbICOKO-
YyBCTBUTENIbHAA YaCTb) U MPU BbICOKMNX A03aX — CTaLMOHAaPHOE COCTOAHME (HN3KOUYBCTBUTE/IbHAA YacTb). ABTOPbI CUMTAIOT, UTO NPeSIOKEH-
HasA MMM MOZEJTb MOXET ObITb MPUMEHEHA K OMMCAHMIO NOObIX AaHHDBIX, MPEeACTaBNALMX COOO NMOKa3aTesb BbIXKMBAEMOCTH KIETOK, B 3aBU-
CUMOCTY OT A03bl BO34ENCTBUA MPU NI0OOM MeTofe NeyeHns paka (Hanpumep, Npu ny4vyeBoi Tepanun). XoTa 3TO YTBEPXKAEHME OKa3anocb
BepHbiM Ana O[IT, npefcTaBnAeTCcA NepcnekTMBHOW OLeHKa NPUroAHOCTY NPesIoKEHHOW MoOAeny Ana ApYrux AaHHbIX.

KnioueBble cnoBa: KpWBble BbI)KMBAa€MOCTU KNETOK, MaTeMaTU4YeCKOoe MOLENNPOBaHNe, ¢0TO,C|VIHaMVILIECKaH TepanuA.

Onsa yutnpoBaHusa: Karami-Gadallo L., Pouladian M. Cancer cell survival model after photodynamic therapy // Biomedical Photonics. — 2022.
-T.11,N2 2. - C. 4-11. doi: 10.24931/2413-9432-2022-11-2-4-11.

KonTtakTbi: L. Karami-Gadallo, e-mail: leilakarami271@yahoo.com
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Cancer cell survival model after photodynamic therapy

Introduction

In order to treat cancer in human, there are different
techniques depending on some factors such as type
and stage of cancer, specifications of 3D-contour
of cancerous tissues (planned tumor volume: PTV),
surrounded healthy organs (especially organs at risk:
OAR), and cancer distribution from skin toward depth in
the diseased organs.

Inadditiontotraditional methodsfor cancertherapy
such as chemotherapy, other techniques might apply
photons (from low-frequency electromagnetic waves
till x- and gamma-rays), accelerated massy particles
(e.g. electrons, neutrons, protons and atoms) and/or
mechanical waves (e.g. ultrasound beam). Such rays
or beams should transfer energy into the tissues with
so characteristics (i.e. spatial/temporal distribution
of its intensity) that maximally kill the cancerous
cells (through necrosis or apoptosis, mostly) whilst
minimally harm surrounding healthy cells. In order to
optimize the absorbed energies, a proper treatment
plan is required. Different type/energy of any beam/
ray has different interactions with the surface to inner
tissues leading to different absorbed doses within
them. For example, the electron beam is proper for skin
and superficial cancers because of its low penetration
depth (below a few cm). Although, such beams lead to
apoptosis of the cells, unfortunately, generation and
applying of them are relatively expensive, complicated
and time consuming in addition to their ionization
problems for healthy cells.

In contrast, some relatively low cost and accessible
techniques are just applying non-ionization waves such
as the laser or ultrasound (in the form of high intensity
focused) to provide hyperthermia and necrosis in
cancerous cells.

Recently, a lot of low power techniques provide some
‘killer agents’ between cancerous cells using a substance
which would be toxic after radiation e.g. photodynamic
therapy (PDT).

PDT is a promising treatment modality for cancer
therapy using photosensitizer (PS), oxygen and light to
destroy malignancy. Photochemical reactions between
PS, light and oxygen in the cells leads to production of a
cytotoxic agent known as singlet oxygen which could kill
the cell. In contrast to chemotherapy and conventional
radiotherapy, PDT is known as a minimally invasive
technique with selectivity in cancer treatment without
any complicated side effects [1-8].

The effectiveness of PDT depends on a large number
of parameters including the type and dose of PS, the
presenting oxygen level within the cells, the specifications
of applied light (including its wavelength and irradiance
and also the start/end instants of irradiation after PS
incubation) and the optical properties of the tissue at the
applied wavelength as well as the type and spreading

out of the cancer [9]. In the cases of deep cancers (e.g.
head and neck or liver cancer), PDT is performed through
optical fibers to reach the light photons to cancerous
region [10].

In order to determine the optimized parameters
to obtain the most effectiveness of PDT, a variety of
experimental and theoretical methods have been
suggested by a number of researchers.

In addition to introducing the reliable techniques for
PDT dosimetry, our objective in this work was to show
the role of the PDT dose in the cell survival through
modeling their relation. Some treatment factors (e.g.
type and characteristics of drug and light), biological
conditions (e.g. cancer type and its distribution) and
instrumentation specifications could have main roles
in selecting dosimetry method [11]. Some investigators
have compared two reported PDT dosimetry techniques
through measurement of the 'O, luminescence or
the PS photobleaching fluorescence by which the 'O,
production orthe PS consumption respectively could also
be tracked during treatment [12]. Some researchers have
proposed a microscopic model using the six differential
equations (SDE) representing the complex reactions
between PS, 0, molecules, and the emitted photons for
producing 'O, which could react with nucleus receptors
leading to apoptosis and cell death [13-14]. Some
models quantitating PDT cytotoxicity through showing
the relation between survival ratio and different types of
killer agents has been introduced by some researchers
[15-16]. In one survival model, in addition to the main
killer agent [102], the unoxidized receptors concentration
(denoted by [R]) was also accounted as the model’s inputs
[17]. In other words, they added another differential
equation showing survival ratio to SDE. Unfortunately,
moreover the dependency between these two inputs,
[R] could not be obtained practically by measurement.
It should be extracted from solving SDE with the inputs
of PS concentration, photon density and some variable’s
initial conditions.

The PDT appears to stimulate several different
signaling pathways, some of which lead to cell death,
via caspase-dependent and -independent apoptosis
whilst some other might cause cell survive depending
on biological (e.g. cell type and cell’s oxygen magnitude
or hypoxia occurrence) and treatment (e.g. structure and
concentration of PS, light fluence, and spatial/temporal
conditions of PS distribution during irradiation) factors.
Additionally, some other factors such as increased repair
of induced damage to membrane, to proteins and
occasionally to DNA [18], as well as cell cycle phase [19]
might also cause resistant to PDT.

Based on these two different cell responses, two
pathways with two different resistances against the
killer agent could be imagined. Therefore, we would
try to make such two-path model for estimation of cell

ORIGINAL ARTICLES
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response with only one practical input representing
a reliable killer agent (which could be [102], fluence or
irradiation time duration).

Materials and methods

Usually, increasing PDT dose (even till infinite dose)
cannot reach the cell living index (e.g. survival ratio or
viability) to zero or in other words mostly there is ‘non-
zero steady state' It happens because of two possible
classes of reasons: measurement error of index and
survivor cells.

First class of reason includes common mode factors
affecting the index measurement such as background
noise and recording (instrumentation) errors. Second
class of reasons might correspond to hypoxia occurrence
(leading to stopping 1O2 generation); lack of enough PS;
the cells far from access of diffused PS and/or photons;
and other factors making the killing process unsuccessful
(e.g. cell repair mechanisms).

Therefore, it's possible to make all of the cells to be
killed under treatment by increasing PDT-dose, especially
by applying simultaneously another treatment technique
too (e.g. hyperthermia or photon therapy). At first, the
survival index with non-zero steady state is analyzed to
be modeled.

Model of nonzero steady-state survival index

Since the resistances of the cells against death
determine the living index, we could divide the targets
(including the cells) under applying killer agent (i.e. PDT
dose) in two groups:

1. dose-independent group with constant resistance
against the dose variations as shown in Fig. 1 in the form
of horizontal line at resistance 40 au (arbitrary unit);

2. sensitive dose-dependent group from infinite
resistance at zero dose with an ascending manner toward
aresidual resistance (e.g.at 20 au in Fig. 1) at infinite dose.

By paying some attentions to the data presenting the
relation of index (viability or survival ratio) versus [‘02] (as
PDT-dose or d) which obtained in vitro studies by a lot of
researchers [17,20], it could be seen as a «hyperbolical»

Karami-Gadallo L., Pouladian M.
Cancer cell survival model after photodynamic therapy

curve (i.e. 1/d) fitted between logarithm of index versus
d. Hence, for ‘sensitive cells’ the relation of resistance R,
could be considered as the form of below:

R =R "9 ()

In which the parameter of R_ is the resistance of
sensitive cells at infinite d and s shows the sensitivity (in
Fig. 1, s is 0.25 for more and 0.07 for less sensitive curves;
R_is 20 for both).

Two resistances of non-sensitive RnS (i.e. constant RO)
and sensitive R, (i.e.Eg. 1) actin parallel to make the total
resistance of all cells as (R*R J/(R+R ) which simplified
in the form of

RO/[1+(R0/Rw)*exp(—1/s*d)] appeared as a mirrored
(right-to-left) “S"-shaped (i.e. mirrored sigmoidal).

Finally, we could present our model in the following
equation to quantitate the PDT response “with nonzero
steady state” (i.e. nonzero v at infinite d) as the variable v

versus d as: v

_ 0
V(d) 1+m .e—l/s.d (2)

where v(d) can be interpreted as either the cell
viability, the survival index, the numbers of cells, or the
probability of cell survival with setting relevant (positive)
value of parameters v, (i.e. 100 or 1), m, and s for each
one. In Fig. 2, the effect of m variation on the steady state
(up) and s variation on the slope or sensitivity (down)
could be seen for mirrored-sigmoid curve of Eq.2.

The parameters Concepts of the Model

In Eq. 2, the parameter v, means the magnitude of v at
d equals to 0 (usually V,is 100 or 1), whilst at‘steady state’
d=coitisv_= v/(1+m). Hence, the parameter m could be
calculated based on the initial condition v, and the final
condition v_ (if presented) as follows:

m=(v,-v)/v_ (3)

The parameter s shows the slope of descending part
of mirrored sigmoid curve and relates to sensitivity.

It could be obtained by setting d at value 1/s (in Eq.2)
at which vreaches to 1/(1+m/e) of its initial (v,)as follows:

V(atd = s"l) =L_] 4)
1+ me

Puc. 1. [Iea TMNa yCTOW4YMBOCTH
KNETOK NMpuU U3MEeHeHUn napame-
TpoB PAT: po3o3aBucumas (aBa
TUMUYHbIX C/lydasi C BbICOKOW U
HU3KOW YYBCTBUTENbHOCTbIO) W
NOCTOSIHHAsA YCTOWYMBOCTb (HEUyB-
cTBUTENbHasA). Ocu umeloT npo-

M3BOJIbHble €AUHULbI U3MEpPEHUS
(ycn.en.).
— Fig. 1. Two types resistances
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Fig. 2. Samples of mirrored sigmoid-shaped (with arbitrary units of the dose) for V =100 and altered two parameters:

(Up) different m for s=1/3; (Down) different s for m=8.

One of the important points of such curves is the
critical point (CP) d_at where the curve appears linear
(around dc) with the most descending slope; and the

2
second derivative of v becomes zero (i.e. % =0atd= dc).

Therefore it could be found a relation between Dc, m,
and S as follows:

1= me V6

0T 2d6(1+me—1/(s.du) (5)

It could be shown that according to Eg.5, one could
write down:

if m< e’ thens=1/(2d,)
if m>1thens <(d,log m)_1 (6)

Model of Zero Steady-State Survival Index

If any cell killing-factor was added to a treatment
process (e.g.adding a second therapy technique), residual
sensitive cells initiated to decrease their resistance against
death (i.e. decreasing R ) so that Rs trends to zero at high
doses (i.e. steady state). Hence, Eq. 1 could be enhanced
by multiplying the parameter R_ to an exponent term
(i.e., e9) in order to increase decaying the steady state.
After affecting non-sensitive parallel resistance and some
simplifications, survival index became as:

v(d) = )

S,d-1/(S,d
1+ me™ (5:4)

that could be applied with related initial condition v (v at
zero d) and three parameters m, s, and s,. By setting s, to
zero the Eq. 7 converts to Eq. 2.

Data Acquisition

In order to validate the final model, type-Il PDT data
extracted from other (in vitro) work [20] was applied.
The drug of 5-AminoLevulinic Acid (ALA; from ‘Sigma
Chemical Co') was dissolved in distilled water to obtain
the stock solution (1mg/ml). After applying ALA-PDT for
some 15-samples groups and providing a control group,
the cell viabilities were obtained for different irradiated
times for model validation.

Cell Culture

The human lung carcinoma cell (A-549) was supplied
by Iranian Biological Resource Center and cultured in
DMEM: Ham'SF12 + 2Mml-Glutamine+ 10% FBS in a 5%
CO2 incubator at 37°. A549 cell lines were seeded into
96-well plates at concentration of 1x10* cells per well and
were incubated for 24 hours for proper attachment to
substratum. After 70-75% cell confluence, the media of
wells was removed then phosphate buffered saline and
10pl 5-ALA per well added to them and incubated for 3 h.

ALA-PDT

Except the control (no ALA; no light) and ALA groups,
others were irradiated with LED light (632 nm at a fixed
flounce rate 35mw/cm?) for different time durations
(till 300 seconds). We repeated the test for another ALA
administration too in order to obtaining 5 and 10 pl
5-ALA per well.

MTT Assay

At 24 h after the treatment, cell viabilities were
obtained through MTT evaluation method using an
optical densitometry technique at 570 nm measuring
the activity of mitochondria and cellular dehydrogenase
enzymes. The data were analyzed by one-way ANOVA
statistical method in SPSS software.
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Results

We proposed a model (as shown in Eq. 7) to obtain
the cell survival index (that could be cell viability,
survival probability, or any index representing cell
living conditions) as a function of PDT-dose (that could
be illuminating time, fluence, ['O,] or any variable
representing the killer agent dose).

When experimental findings show a number of points
in dose-v plane, one could extract approximately some
specifications (such as the location of CP and its slope,
shoulder/plateau width, vanishing speed, and the steady
state magnitude) to find the model’s parameters roughly.

Moreover, one could easily fit the best sigmoid-curve
with the data by different mathematical techniques
(found in the curve fitting toolkit of MatLab software) to
obtain the optimized parameters (with minimum root
mean squared error-RMSE).

In order to understand the effects of the parameters
alterations on the shape of model, different magnitudes
of m, s, and s, were applied (v,=100) and the results
compared with a control curve appeared in the central
of curves in Fig. 3.

As seen in Fig. 3, the parameters could control curve
features as follows:

top: m could control CP’s slope and the ascending
window width, whilst maintain approximately CP’s
location;

middle: s, could control CP’s location, whilst
maintain approximately its slope, hence control the
plateau width,;

bottom: s, could control CP’s slope, whilst maintain
approximately its location and also the ascending
window width, hence control the steady state
magnitude.

[%6
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Fig. 4. The ALA-
PDT data and the
model output
(with m=0.6444,
s,=0.02052,
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As shown in Fig. 4, the model was validated using
the obtained ALA-PDT data showing an excellent fitting
relative to other models (such as single/multi target/hit
inactivation, two components and linear quadratic models).

Furthermore, based on our findings, ALA did not
produce considerable dark toxicity at any concentration
or incubation time as verified by the MTT assay. It was
found that increasing the irradiation time make the cell
survival to be decreased. These findings are consistent
with different ALA doses used in similar studies with
other cell lines [1,3,16]. The cell death of 90% was seen
(for 10 ul ALA per well) for the irradiation time of about
21 min (i.e. 24 min by the model) whilst at about 300 s
(i.e. 320 s by the model) the lethal dose 50% (known as
LD, observed.

By repeating the test for half ALA concentration (i.e. 5
pl per well; not shown in Fig. 4), the findings didn't vary
significantly for low doses whilst a little difference for
high doses (e.g. LD,, appeared at about 7 min) was seen.

Discussion

The PDT is a promising modality and clinically
approved for treatment of certain tumors and several
types of neoplasms including cutaneous lesions, non-
small cell lung carcinomas, head/neck and esophageal
cancers [1-8,10,21]. In PDT researches, presenting
multifactorial and complex photochemical processes
(e.g. multi molecular interaction, spatial/temporal
variation of the concentration before and during the
irradiation time) could cause challenging problems in the
analysis and dosimetry of PDT and hence limit the related
studies variety.

This study was designed firstly to determine the effect
of varying the ALA-mediated PDT dose (i.e. different
flounce; or irradiation time here) on the survival of non-
small cells of lung carcinoma (in vitro) and secondly to
model mathematically their relation.

It could be noticed that the relation curve between
the cell survival and the killer agent in all of the cancer
treatment methods (even including radiotherapy) has a
mirrored sigmoidal form such as radiobiological models
(e.g. m-hits n-targets or linear quadratic models) [22].

However, it could be imagined that for any survival
curve there are approximately three ideal main regions:
the plateau (negligible effect; a bit cell death at low
doses), the descending slope (the most sensitivity; the
most killing rate at the critical dose) and the steady state
segment as shown in Fig. 5.

In Eq.7, the survival index v could be approximately
(assuming error under 10%) equivalent to 1/
[1+m*exp(-1/(s1*d)] for low doses (i.e.,, d < 1/(10%s,), and
1/[1+m*exp(sz*d)] for high doses (d > 10/s,). Hence,
these three geometric features (as shown in Fig. 5) could
be determined through three parameters of the model
(as could be noticed in Fig. 2). Nonetheless, the features
could be visualized to have some proportional relations
with the most affectivity parameters as follows:

s, v = plateau width

mTor s, T:>slope T (ifd > 1/m then s, is more affec-
tive else, m is)

m\ ors, L\ =tail heightT (if d > 1/m then s, is more
affective else, mis) (7)

Hence, from biological viewpoint, the sensitivity
parameters (i.e., s, and s,) and the sensitivity magnifier
parameter (i.e., m) could be mostly interpreted as follows:

The ‘cell killing dose threshold’ could be controlled
mostly by s.; whilst the ‘cell killing velocity’ by s, and the
‘steady-state survived cells’ by m.

Also, from biochemical viewpoint, it could be said:
the more affective and proper of PS, the more S, value;
the more diehard and resistant of the cells against killer
agent, the less S the more concentration of PS and
oxygen, the more m value.

100 -z

90

8O- Plateau Width
Slope; tan( 8 )

GO

Survival Rabio

! | == ideal approx, ||
— hodel |
] Puc. 5. Mpumep
il mopaenu (¢
napameTpamu:
T m=491, s,=0,00385,
all Helght 52=0)
Fig. 5. Asample
of the model (with
""""""""""" parameters: m=491,

5,=0.00385, 5,=0).
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However, accurate biological interpretation of our
model’s parameters is still unknown as well as other
model’s ones.

From the mathematical view (i.e. MSER), our model
could fit better than other models (e.g., target-theory
based models [23]) on the obtained PDT-data (MSER
findings were not presented here).

If a treatment technique could not kill all of the
cancerous cells (i.e. constant steady sate), the model
of Eq.2 (or Eq.7 with s,=0) might be applied with two
parameters (asfollows: mdepending ontherequirements
of the technique (e.g., PS and oxygen concentrations)
and target conditions (e.g., the population rate of non-
sensitive cells); and s depending on the effectiveness
of the killer agent (i.e. the sensitivity). According to Fig.
5, it could be said that the more m, the less tail height
whilst the more s, the more slope and the less plateau
width. If a second treatment technique is also applied
simultaneously, one might use its sensitivity as s, in the
model Eq.7.

The presented model could show a plateau or
shoulder on the cell survival curve whose size could be
varied by the model parameters (i.e. mostly s,) based on
the technique performance in low doses. Moreover, in
contrast to other models (including two compartment
and/or linear quadratic ones), the curve maintains its
sigmoid shape even in logarithmic scales (not shown in
figures here) which is consistent with experiments.

In order to modeling of the viability, survival
probability, and the population of the cells, v, in Eq.7
should be set respectively to 100, 1, and the cells initial
number.

By using a radioisotope in ‘for example gamma
camera, a variable presenting cellular metabolism could
be obtained from an image of cancerous region. On the
other hand, the absorbed dose of related killer agent
(e.g. x-ray or electron-beam) could also be measured
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APPLICATION OF BIOPHANTOMES TO EVALUATE THE
THERMAL EFFECTS OF LASER RADIATION WITH
WAVELENGTHS OF 970 NM AND 1560 NM

UNDER DIFFERENT EXPOSURE MODES

Ostreiko O.V., Galkin M.A., Papayan G.V., Grishacheva T.G., Petrishchev N.N.
Pavlov First Saint-Petersburg State Medical University, Saint-Petersburg, Russia

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.

Key words: biophantom, biophantom laser irradiation thermometry, laser hyperthermia of intracerebral tumors, hyperthermia modes.
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MPUMEHEHUE BUOPAHTOMOB [J14 OLUEHKUA
TEPMUNYECKUX 2D DPEKTOB JIASEPHOTIO U3JTYHEHUA
C DJJIMHAMM BOJIH 970 HM 1 1560 HM TP PA3HbIX
PEXXMMAX BO3OENCTBUA

O.B. Ocrpeiko, M.A. Tankun, I.B. ManasH, T.T. lpuwavesa, H.H. MeTtpuwes
Mepebit CankT-lNeTepbyprekmit rocyaapCTBEHHbIN MEAULMHCKMIA YHUBEPCUTET
wm. akag. M.MN. TMasnosa, Cankr-lNeTtepbypr, Poccus

Pesiome
JlazepHas MHTepcTUManbHasa rMnepTepmMms — akTMBHO Pa3BMBAIOLLEEC HampaBieHVe B XMPYPrn BHYTPUMO3rOBbIX onyxonen. B pabote
npeAcTaBneHbl TEPMUYECKUE 3PdEKTbI B MONMaKpuIamMmmaHbIX 6ruopaHTomax ¢ 6b14bMM anbOyMVHOM 1 LIMTPATHOW KPOBbIO MPU NlasepHOM
06y4YeHV Ha anuHe BosHbl 970 HM 1 1560 HM. [InA na3epHOro o6ayyYeHVs NCMob30BaH XMPYPruyeckuii 4BYXBOMHOBDIN annapat (UP3
«Monucy, r. OpasuHo, Poccns). O6yyeHne dpaHTOMa OCYLLECTBAANOCH Yepes KBapLieBOe CBETOBOJIOKHO AvameTpoM 400 MKM C TOpLIEBbIM
BbIXOAOM. Pe3ynbtaTtom 06nyyeHus Gbina 30Ha Koarynaumuv, KoTopas BU3yanu3mpoBaHa ¢GnyopeculeHTHbIM opraHockornom «FLUM-LL».
Tepmometpus ocylectnAnack Tennosmsopom FLIRONE PRO for I0S v uudposbim Tepmorpadom T-8 Ha 6ase HOyTOyKa C TepMOCEHCOpamy,
pasmelleHHbIMK B dpaHToMe. Vcnonb3oBaHme 0651yYeHns MOLHOCTbIO He 6onee 2 BT B pexrme Koarynauum ¢ CyMMapHOW AO301 SHeprum
£0 120 [’ no3BonAno focTuraTb NIaBHOro noagbema Temnepatypbl Ao 88°C. 3oHa Koarynauum npu obnyyeHun BonHon 1560 HM Bcerpa
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6bina 6onbLue, YeM Npu obsiyuYeHUr BoNHON 970 HM, XOTA CTaTUCTMYECKU pa3HuLa Gblia HegocToBepHo (p=0,41). CpeaHaAsa nnowaab NATHa
Koarynaumu ana nsnydeHus 970 Hm coctaBuna 43,2 (39,3 - 47,1) mm?, ansa 1560 HM — 99,4 (56,5 — 141,3) mm>2 MNpy cymmapHOM 0bnyyeHUn
[BYMSA BOJIHaMW, 30Ha Koarynsumm 6bina 6osblue, eciv npeobnagana MOLHOCTb n3nyyeHusa 1560 Hm. Mpw obnyyeHnn BonHo 970 HM 30Ha
KOarynaumsa YacTMYHO PacpOCTPAHAETCA K3aAMu OT KOHUMKa CBETOBONOKHA, Npu 1560 HM — Koarynupyet daHTom Knepegu. MNonyyeHHble
pe3ynbraTbl UMEIOT NPaKTUYECKY0 3HAYMMOCTb NPY MPUMEHEHWUN Ta3ePHOW FMNePTEPMMN BHYTPUMO3FOBbIX OMyXOnen.

KnioueBble cnoBa: 610paHTOM, TEPMOMETPYUA Jla3epHOro 06nyyeHna bruodaHToMa, nazepHas rMNepTeEPMmUA BHYTPYMO3TOBbIX ONyxXosnen,

PeXrMbl TMNEPTEPMUN.

Ana yntupoBanma: Octpeiko O.B., lankuH M.A., NManasH .B., Ipuwayvesa T.I., MeTpuwes H.H. NpumeHeHre 61nodpaHTOMOB Ans OLEHKM Tep-
MUYeCKMX SPEKTOB Na3epHOro 13syyeHus ¢ AnrHamv BosiH 970 HM 1 1560 HM Npu pa3Hbix pexunmax Bosgenctausa // Biomedical Photonics.
-2022.-T.11,Ne 2. - C. 12-22. doi: 10.24931/2413-9432-2022-11-2-12-22.

KoHTakTbi: Octpeliko O.B., e-mail: oleg.v.ostreiko@mail.ru

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 is important
that the phantom is made of transparent material. One
way to determine the temperature gradient in 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
[8-111.

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.

Puc. 1. KoadouuumeHt abGcopbumm
OCHOBHbIX TKaHEBbIX XpOMObOpPOB AN
AMnH 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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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/HCl 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 U3y4EeHUS BAUSIHUA Na3epHOro U3nyvyeHus
Ha onTuyeckuin 6uodaHTom: 1 — nasepHoit annapart JICI (<MPI-
Montoc», r. PpsA3nHO), 2 — CBETOBOJIOKHO B AepxkaTene, 3 — uuod-
poBon 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. BHelHnI BUA KOH-
TenHepa ¢ ¢paHTOMOM: B
¢daHTOM BBeAEeHO CBeTo-
BOJIOKHO (1), 4yepe3 Topel,
KOTOpOro  HaGnwpaetcs
NMUNOTHOE na3epHoe cBe-
YyeHue; psSAoOM C TOPLOM
yCTaHOBNEH TEPMOCEHCOP
(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 yKa3sblBaeT Ha TenjioBU30p, pacnonoXeHHbl KaK npu-
cTaBKa K cMapTdOHy Hag ¢paHTOMOM.

Fig. 4. Appearance of FLIRONE PRO for 10S 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

XapaKTepuCcTUKKN UCMOJIb3YEMOIO JITA3E€PHOI0 U3Jly4eHus
Table 1

Characteristics of the laser radiation used

MouwHocTb n3nyueHus
AnuHa BonHbI (HM)

(BT)
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
pes3ynbTare na3epHoro 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 061y4eHnss 6uodpaHToMa asepHbiM U3Jly4EHUEM 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 BONHDbI
(Hm)

DHeprusa

(Bx)

MouwHocTb
(BT)

yum (mm)

Mnowapb
NATHa
(mm?)

Koarynsa-

3¢ deKTbl KOarynayum

O6nyueHne ogHOW ANVHON BOMHbI
Single wavelength irradiation

NOMyTHeEHNe d)aHTOMa

ey 2 e [2Y 2% 471 clouding of the phantom
1560 2 60 120 9x5 141,3 nomyrreHne panToma
clouding of the phantom
OpHOMOMEHTHOE 06y4eHue ABYMA AJIVIHAMM BOJTH
Simultaneous irradiation with two wavelengths
970 2 60 240 10x4 125,6 OTYETNINBO CAbILWHbI LWENYKN B
560 2 30He NOMYTHeHusA paHToMa
CYyMMapHoO 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
CyMMapHoO
total
2
970 0,5 60 120 6x3 56,5 HEMHOro cnabblIX LenYkoB 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 HEeMHOro c/labbIX LLEeNYKOB B 30He
1560 2,5 rnomyTHeHusA ¢paHToma
CyMMapHO a few weak clicks in the phantom
total clouding zone
3
MNocnepoBatenbHoe o6nyyeHne 6MopaHTOoMa
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 (nosTOp) 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 passuBaiolieics 30Hbl Koarynsiuum (BbliaeneHo KpYXXKOM) Npu BO3AEeWCTBUM Ha yHacTOK ¢paHTOMa la3epHbIM
u3nyyeHmem 1560 Hm:

a - Ha 5 co6nyyeHusn; 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;

¢ —for40s;d-for60s.

Puc. 7. PacnpepeneHue nasepHoro uanyyenus 970 Hm B paHTOMe: a — 5 ¢ Bo3gencTeus; b — 60 c Bo3gencreums.
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 10S 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).

$FLIR

Puc. 8. TennoBu3anoHHoe nao6paxkeHne yyactka ¢aHtoma. Mapa-
MeTpbl Temnepatypbl B 3 To4Kax ¢paHTomMa Ha 60 ¢ 06nyyeHus anu-
HOM BOJIHbI 1560 HM: 82,8°C y KOHYMKA CBETOBOJIOKHA; 51,5°C
Ha paccTtosiHun 2 mm 1 33,1°C Ha paccTosiHUM 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.
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HWUU Ha ANMHE 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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HM, MOLWWHOCTb 2 BT.

Fig. 10. The temperature
dynamics of the phantom under
irradiation with a 970 nm laser, 2
W power.

AWHaMKWKa TemnepaTypbl daHToMa
phantom temperature dinamics

Puc. 11. [uHamuKa Temnepa-
Typbl paHTOMa y KOHYMKa CBeTo-
BOJIOKHA, NPU CUHXPOHHOM 06.1y-
4YeHUMU na3epom BONHaAMU AJIMHON
1560 HM 1 970 HM.

Fig. 11. The temperature
dynamics of the phantom at the
tip of the optical fiber, during
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
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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 measurementerror 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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Abstract

In this experimental work the acute toxicity of a chemically modified derivative of the natural pigment chlorophyll a called monocationic chlorin
e6, which is a promising photosensitizer (PS) for antimicrobial and antitumor photodynamic therapy, was studied using white rats. The advantages
of the PS under investigation are an intense absorption in the long-wavelength region of the visible spectrum, a sufficiently high quantum yield of
singlet oxygen generation, pronounced amphiphilic properties along with an appropriate solubility in water, and a high level of photocytotoxic-
ity in relation to both malignant HeLa cells and antibiotic-resistant hospital strains of E. coli bacteria., P. aerugenosa and others. It has been shown
that the value of LD, of the considered PS can be calculated as the value of 100 mg/kg. In the reproduced experimental model of acute toxicity,
pathomorphological changes in the vital organs of laboratory animals indicate a pronounced vasopathic effect of the drug with the development
of cerebral edema and respiratory distress syndrome, which have become the main signs of thanatogenesis.

Key words: antimicrobial photodynamic therapy, antitumor photodynamic therapy, photosensitizer, chlorins, acute toxicity.
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Peslome

Ha 6enbix Kpbicax 13y4eHbl 0COOEHHOCTY OCTPOM TOKCUYHOCTY XMMMUYECKN MOANPULIMPOBAHHOTO NMPOV3BOAHOIO MPUPOAHOTO NMUrMeHTa
xnopodunna a MOHOKaTMOHHOIO XJIOpMHa e6 — NepCrneKTNBHOro potoceHcnbunmsatopa (OC) AnAa aHTUMUMKPOOHOW 1 MPOTUBOOMYXONEBOW
doTopmnHammnyeckon Tepanum. MNpenmywecteamm OC ABNATCA UHTEHCUBHOE MOMNOLEHNE B AJIMHHOBOMIHOBOW 0611acTN BUAKMOTO CMEKTPa,
[AOCTAaTOYHO BbICOKMI KBAHTOBbIN BbIXOA reHepaLmy CUHIIETHOTO KUCIIOPOAA, BbipaXkeHHble amduduibHble CBONCTBA HapsAAy C XOpolueil
PacTBOPMMOCTbIO B BOAIE U BbICOKMNIA YpOBeHb GpOTOLIMTOTOKCMYHOCTM B OTHOLLEHMUI KaK 3/10KaYeCTBEHHbIX KJIETOK NNMHUM Hela, Tak v aHTu-
61OTVKOPE3NCTEHTHBIX FOCMUTaNbHBIX WTaMMOB 6akTepwii E. coli, P. Aerugenosa v apyrux. Bennuuna JIl,) Ans MOHOKaTVIOHHOTO XJI0p1Ha €6
coctaBnset 100 Mr/Kr maccbl Tena. B BocnpounsBefeHHO SKCNepYMeHTaIbHOM MOAENN OCTPOI TOKCMYHOCTM natomopdonornyeckre nme-
HEHWA XN3HEHHO BaXKHbIX OPraHOB NabopaTOPHbIX XKMBOTHbIX CBUAETENLCTBYIOT O BblPaXXeHHOM Ba3onaTh4eckom AelcTBUM npenapata ¢
pa3BUTMEM OTEKa FOSIOBHOIO MO3ra U pecnuMpaTopHOro ANCTPECC-CUHAPOMA, CTaBLUVIMN OCHOBHbLIMU 3BEHbAMM TaHaTOreHes3a.

KnioueBble cnoBa: aHTUMMKPOOHaa GpoTogmHaMmnyeckas Tepanus, NpoTnBoonyxoneBasa dotoamHammueckan Tepanus, potoceHcmbunmsa-
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Introduction

Photodynamic therapy (PDT) is a sophisticated
minimally invasive approach to the treatment of a wide
range of oncological diseases and localized microbial
infections, which can be used both independently and
in combination with surgery, drug and radiation ther-
apy [1-14]. Important advantages of PDT, in addition
to its low invasiveness, are the lack of treatment resis-
tance of tumor and microbial cells, as well as the ability
of PDT to induce an immune response in the body [2,
4,5,9,11].

The method is based on the selective accumula-
tion in malignant and microbial cells of low-toxic pig-
ments - photosensitizers (PS), capable of interacting with
molecular oxygen *0, under the action of visible light,
triggering a cascade of photochemical reactions. This
leads to efficient generation of reactive oxygen species
(ROS) and destruction of pathogenic microorganisms or
tumor cells [1-3, 10-15]. Depending on the nature of the
PS, ROS generation can proceed according to one of two
mechanisms: with the formation of singlet oxygen 'O, or
oxygen-bearing radical species, in particular, OH and O,
[1, 11, 15]. The luminescent red glow of malignant tissue
under the action of visible radiation as a result of the
selective accumulation of PS in it is used for fluorescence
diagnostics (FD) of tumors [7, 12].

To date, a number of PS are used in clinical practice
for the diagnosis and treatment of patients with
oncological diseases and bacterial infections [1, 6, 8, 11,
16]. Most of the PSs are macroheterocyclic compounds
of the class of porphyrins, phthalocyanines, chlorins,
or bacteriochlorins [16-20], as well as a number of
5-aminolevulinic acid derivatives. It is important to note
that almost all previously developed PDT preparations
aimed at combating oncological diseases contain

nonionic or anionic substituents in their molecules [11,
211.

Recent studies are aimed primarily at the develop-
ment and testing of new, more effective third-generation
PSs [12, 22]. In addition to intensive absorption of visible
radiation in the area of the “therapeutic window" of bio-
logical tissues (600-850 nm) and efficient generation of
ROS, the main modern requirements for PS are a good
hydrophilic-lipophilic balance, which implies simultane-
ous water and fat solubility (amphiphilicity) of PS, low
cost, stability of dosage forms during storage, and, most
importantly, low dark and pronounced photocytotoxicity
of drugs.

Antimicrobial PDT imposes a number of specific
requirements on PS, the main of which is the presence of
one or several cationic groups in the structure of the mol-
ecule, the positive charge of which significantly increases
the affinity of drugs for the cell wall of microorganisms,
primarily gram-negative pathogenic bacteria [9-12, 23],
since the drugs used for antitumor PDT turned out to be
ineffective in photoinactivation of gram-negative micro-
organisms [11].

Previously, we carried out a series of systematic mul-
tidisciplinary studies on the preparation and study of
superficially active substances (SAS) soluble in water or
aqueous solutions of PS of the porphyrin and chlorin
series. The works included the synthesis of PS, evalua-
tion of their generation of singlet oxygen [24-26], deter-
mination of solubility, hydrophilic-lipophilic balance,
and study of the interaction of PS with potential carriers
based on biocompatible polymers and micellar SAS [27-
32]. The dark and photoinduced toxicity of drugs against
tumor cells and conditionally pathogenic strains of
microorganisms was also studied in vitro and in vivo [14,
25, 26, 33, 34]. Studies have shown that PS with cationic
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groups have a pronounced photocytotoxicity against
gram-negative bacterial microflora [27, 28, 33, 34] both
in vitro and in vivo. It was found that monocationic deriv-
atives of chlorin e6 can effectively inactivate tumor cell
cultures in vitro [12, 35], while tricationic chlorins have a
weak cytotoxic effect.

Several studied compounds, in particular, the
monocationic derivative of chlorin e6 (compound I),
have the best combination of characteristics in terms
of the above requirements. This PS is fairly well soluble
in bidistilled water (more than T mmol/kg at 25°C), and
in aqueous solutions of potential delivery vehicles -
Tween 80 or polyvinylpyrrolidone (PVP), its solubility
increases several times. It has intense absorption in the
red region of the spectrum (660 nm) and in non-aque-
ous media effectively generates singlet oxygen with
a quantum yield of ~0.6 [27], has a good hydrophilic-
lipophilic balance with a distribution coefficient in the
system "1-octanol/phosphate-buffer saline’, equal to
8.6 £ 0.2 at a temperature of 298 K [27, 29], binds quite
strongly to micelles of the nonionic SAS Tween 80 (K, =
4.57 £ 0.22 in the PS concentration range ~0.01 mmol/
kg), being localized mainly near the surface of micelles
[30, 31], and also has a pronounced photoinduced
antitumor effect (against Hela cells in vitro) [35] and
antimicrobial activity against both Gram-positive (St.
aureus) and Gram-negative (E. coli) pathogenic flora in
vitro [27, 33].

The survival index (%) of HeLa cancer cells in vitro at
a PS content of 1 umol/I after irradiation with red light
(660 nm, dose 12 J/cm?) was only 3.71+0.11 [33], which
indicates a pronounced photoinduced antitumor activity
of the drug. The authors showed the photocytotoxicity
of compound | against archival strains of microorgan-
isms [25, 31], and at a concentration of microbial cells
of 10® CFU and irradiation with red light (660 nm, Sps =
50 umol/l) at a dose of 40 J/cm?, complete inactivation

of gram-positive microflora (St. aureus) was achieved,
while the number of gram-negative bacteria (E. coli) did
not decrease. The use of additives that contribute to the
destabilization of the outer membrane of microorgan-
isms (Tween 80, Trilon B) and/or an increase in PS concen-
tration led to complete photoinactivation of microbes
during the experiment [25].

The results of the conducted studies show that com-
pound | has a good potential for use as a PS for PDT. This
dictates the need to study the effects associated with
the toxic effects of the drug on the living organism as a
whole, its organs and systems. Previous studies indicate
the extremely low toxicity of anionic PS for PDT based on
chlorin e6 [8, 21, 22, 31]. In particular, one of the most
commonly used PS of the chlorine series, photolon, has
a lethal LD, dose of about 180 mg/kg of body weight,
which is 100 times higher than the commonly used doses
during PDT [21]. However, the presence of a cationic
group in compound | can significantly increase PS cyto-
toxicity. Thus, information about the features of its effects
on the body is essential for further preclinical trials of the
drug. The aim of this work is to study the acute toxicity of
PS, estimate the LD,, value, and study the mechanisms of
thanatogenesis of monocationic chlorin e6.

Materials and methods

Synthesis of chlorin (compound 1) was carried out
from methylpheophorbide a (compound Il) according
to the described two-stage procedure [25, 33, 34]. Meth-
ylpheophorbide a was obtained by demetallation and
partial acid hydrolysis of chlorophyll a (compound IlI)
extracted from the cyanobacterium Spirulina Platensis
[35]. The purity of the obtained final product weighing
more than 500 mg, spectrally identified by nuclear mag-
netic resonance ("H NMR, Bruker 500 Avance Ill) and mass
spectrometry (MALDI, MALDI-TOF Shimadzu Axima Con-
fidence) was at least 95%.

Puc. 1. O6beKT uccneaoBaHUsa U NPUPOAHbIE UCTOYHUKU XNopUHa €6: | — xnopuH €6 13(1)-N-(2-N'N'N'-TpuMmeTMnaMmMoHUOITUN MOAUA)
amug 15(2), 17(3)-aumeTtrnoBbiv aoup (coeauHerue l); Il - metundeodopoua a; lll — xnopodunn a.

Fig. 1. Objects of study and natural sources of chlorin €6: | — chlorin €6 13(1)-N-(2-N'N'N'-trimethylammonioethyl iodide) amide-
15(2),17(3)-dimethyl ester (comp. 1); Il - methylpheophorbide a; lll - chlorophyll a.
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In a preliminary study of the drug in order to select
doses for further determination of acute toxicity, 11
outbred female rats weighing from 200 to 230 g par-
ticipated. The experiment was carried out in November
- December.

Two rats were injected with a potential carrier (Tween-
80) in 1T ml of 1% and 3% aqueous solution containing 10
and 30 mg of the substance, respectively.

PS solutions were prepared by weight as follows: a
weighed portion of solid PS was mixed with the calcu-
lated amount of Tween-80, then double-distilled water
was slowly added to the resulting viscous mass, the solu-
tion was homogenized by ultrasound (Sonopulse ultra-
sonic homogenizer (Bandelin, Germany)), after which
the resulting solutions were centrifuged (3000 rpm) to
remove air bubbles.

The thus prepared aqueous solution of the study
drug containing various doses of PS in accordance with
the table, as well as 1% of the solubilizer Tween-80, was
injected into 9 rats (Nos. 1 - 9). The injection volume in
all cases was 1 ml. In rats No. 7 and No. 9, the drug was
injected intraperitoneally, the rest - in the tail vein (Table).

Animals that received injections of Tween-80, includ-
ing in amounts exceeding the working concentration of
the solubilizer (1%), did not show any behavioral changes
during the entire observation period, which indicated a
low toxicity of this biocompatible SAS.

In rats that received a cationic chlorin preparation
intravenously at a dose of more than 75 mg/kg of body
weight, ear hyperemia developed the next day, and no

Ta6nuuna
BennunHa po3 ®dC, BBeAEHHOr0 KpbicaM Ha NepBOM
3Tane uccnefoBaHus

Table
The amount of PS doses administered in rats at the first
stage of the study

N2 )KuBoTHOro Ao3a (Mr/kr maccbl Tena)

1 5

2 10
3 20
4 30
5 50
6 75
7 100
8 125
9 150

other features associated with the route of administration
were noted. One animal (No. 9, which received a dose of
150 mg/kg) died on the second day, an autopsy was per-
formed on the day of death. Euthanasia of the rest of the
animals was performed 2 weeks after PS injection by a
sharp displacement of the cervical vertebrae, followed by
autopsy and sampling of the brain, lungs, heart, liver, and
kidneys for histological examination.

The main experiment, which was conducted in May-
June 2021, involved 15 outbred female rats (nursery:
Andreevka branch of the Federal State Budgetary Insti-
tution of Science "Center for Biomedical Technologies"
of the Federal Medical and Biological Agency) weighing
from 190 to 220 g.

The animals were divided into 3 groups of 5 rats each.
A solution of monocationic chlorin e6 was administered
once intraperitoneally in the morning at the following
doses: group |- 100 mg/kg, group Il - 125 mg/kg, group Il -
150 mg/kg of body weight with subsequent observation.

In all dead animals on the day of death, in survivors
- 14 days after the injection of monocationic chlorin 6,
an autopsy and sampling for subsequent histological
examination of the brain, lungs, heart, liver, kidneys and
spleen was performed. The slaughter was performed by a
sharp displacement of the cervical vertebrae.

After the removal of organs, a histological examina-
tion of the autopsy material was performed. In groups
Il and IlI, all animals died after 1.5-3 days, in group |, 2
rats died before the end of the experiment, on the 4th
and 6th days, respectively. Autopsy of dead animals
was carried out within the first day. The three rats that
remained alive in group | on the 14th day were subjected
to simultaneous decapitation followed by an immediate
post-mortem examination. During autopsy, a craniotomy
was performed, the entire brain was removed and fixed
in 10% neutral formalin solution. One day later, using
frontal incisions, the zone of the precentral gyrus of the
forebrain, the cerebellum, and the brain stem were iso-
lated. When opening the chest and abdominal cavities,
the heart, liver, kidneys, adrenal glands, and spleen were
also removed in their entirety and subjected to primary
fixation. After secondary fixation and washing of the
organ fragments, the material was dehydrated using
99% isopropyl alcohol. Pieces of organs were embedded
in paraffin, and histological sections 5-6 um thick, made
on a Microm sledge microtome, were stained with hema-
toxylin and eosin.

Morphological analysis was carried out on a research
microscope "Micros" MS-200, micrographs were obtained
using a digital ocular camera DCM 900.

Results and discussion

When conducting a preliminary study on the second
day after the injection, a lethal outcome was recorded
only in a rat that received the drug at a dose of 150 mg/
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kg of body weight, the rest of the animals survived. Dur-
ing the main experiment, almost immediately after the
injection, some deterioration in the general condition of
the animals was observed: lethargy, drowsiness, muscle
weakness. The severity of the described symptoms cor-
related with the dose of the test compound received and
increased with its increase.

Over the next two days, all 10 animals of groups II
and Il died. In group |, after the administration of the
drug, 2 rats died, the death was noted on the 3rd and 6th
days. In another rat of group |, during the 5-6th day of
the experiment, muscle weakness, shuddering, dishev-
eled and somewhat dulled hair were noted. In the rest of
the animals of group |, no pronounced external changes
were observed. Thus, in group |, 2 out of 5 rats died; the
PS dose of 100 mg/kg of body weight can be considered
close to LD, . For more reliable conclusions, the number
of observations should be increased.

During histological examination of the organs, the
following data were obtained.

Group | (monocationic chlorin e6 at a dose of 100
mg/kg): in 3 rats that survived until the end of the experi-
ment, moderately pronounced plethora of the postcapil-
lary link of the microcirculatory bloodstream (MCB) was
observed in the brain, accompanied by paretic expansion
of venules, and perivascular edema of the nervous tissue
of cerebral hemispheres. In the cortex of the precentral
gyrus and in the cortex of the cerebellum, the stratifica-
tion of layers is preserved, most of the pyramidal neurons
and pear-shaped Purkinje cells with clear contours of the
nuclei and cytoplasmic Nissl bodies with a uniform dis-
tribution of macroglial elements. The exception is brain-
stem neurons, some of which have the format of revers-
ible ischemic damage in the form of a decrease in the vol-
ume of the cytoplasm, hyperchromia of nuclei, swelling
of axons against the background of pericellular edema of
the nervous tissue (Fig. 2).

Atthe macroscopic level, the cavity of the left ventricle
of the heart is concentrically narrowed, the right ventricle
is moderately dilated, contains liquid blood. Microscopic
examination: the lumen of the MCB vessels are dilated,
filled with erythrocytes, without signs of aggregation;
contractile myocardial fibers of uniform color, with clear
contours and cross striation.

Pasty lungs (doughy consistency), occupy 90% of the
volume of the pleural cavities. In animals that died on the
3rd and 6th days from the beginning of the experiment,
the microscopic picture is characterized by a moderately
pronounced plethora of interalveolar septum, spasm of the
bronchi of medium and small caliber, the lumens of which
are partially or completely obstructed by mucus. In condi-
tions of obstruction of the bronchial apparatus, the forma-
tion of foci of centric emphysema is observed (Fig. 3).

Moderately pronounced acute congestion is observed
in the kidneys, the anses capillaires of the glomeruli

contain erythrocytes, the lumen of the capsule is not
expanded, the nephrocytes of the proximal and distal
convoluted tubules are of the usual form with a uniform
color of the cytoplasm, the lumen of the tubules is free.
Microscopic examination of the liver shows a mod-
erately pronounced plethora of the central and portal
veins, the histoarchitecture of the liver acini is preserved,
the sinusoids are not dilated, with a free lumen, there are
single histiocytes and lymphocytes in the stroma of the
portal tracts. In the 2nd and 5th observations, periportal
foci of fatty degeneration of hepatocytes with moderate
lymphohistiocytic infiltration of the stroma are noted.
Group Il (monocationic chlorin e6 at a dose of 125
mg/kg). In the study of the brain in all rats, signs of cir-

Puc. 2. luctonorus. NMnasmonuMkHO3, rMNepxpoMus agep Hewupo-
HOB (A), HaGyxaHne aKCOHaNbHOro OTPOCTKa HelpoHa (B). Okpa-
CKa reMaTOKCUJIMHOM U 303UHOM. YBenuyeHue 1200.

Fig. 2. Histology. Plasmopyknosis, hyperchromia of neuron nuclei
(A), swelling of the axonal process of a neuron (B). Stained with
hematoxylin and eosin. Magnification 1200.

Puc. 3. luctonorua. MpocBet 6poHxa 06TypupoBaH cnm3bio (A),
nepubpoHXMUanbHbIi o4yar octpoit amousemsl (B). Okpacka rema-
TOKCUJIMHOM U 303UHOM. YBenuyeHue 120.
Fig. 3. Histology. Bronchial lumen obturated with mucus (A),
peribronchial focus of acute emphysema (B). Stained with
hematoxylin and eosin. Magnification 120.
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culatory disorders at the MCB level were revealed, which
was expressed by aggregation of erythrocytes in the
lumen of capillaries, moderately pronounced plethora
and dilatation of venules, perivascular and pericellu-
lar edema of the nervous tissue (Fig. 4). Focal damage
to pyramidal neurons of the cerebral cortex and Pur-
kinje cells (pear-shaped neurons of the cerebellum) was
observed, which was expressed by swelling of neuro-
cytes, karyolysis, destruction of cytoplasmic organelles
with a perifocal reaction of microglia. Brainstem neurons
showed signs of ischemic changes in the form of nuclear
hyperchromia with loss of nucleolar contours and a
decrease in cell volume.

In the examination of the heart, there was an expan-
sion of the cavities of the right and left ventricles, micro-
scopically in all observations there was a violation of
hemocirculation at the level of the microcirculatory
bloodstream, which was characterized by aggregation
of erythrocytes in the capillaries, plethora of venules,
edema of the myocardial stroma. In the subendocardial
parts of the myocardium of the left and right ventricles,
foci of overcontraction (contractures) were found in the
form of wavy contractile fibers with uneven coloring of
the cytoplasm of cardiomyocytes.

Acute plethora, edema of the interalveolar septum
with deformation and a decrease in the volume of the
alveoli were observed in the lungs of experimental ani-
mals (Fig. 5).

Under conditions of significant extensive spasm of
bronchial tubes and bronchioles, a violation of vascular
permeability led to effusion and accumulation of fibrin
on the bronchial mucosa in the form of "hyaline mem-
branes"

In the study of the kidneys, moderate plethora of all
sections is noted, in 4 observations the nephrocytes of the
proximal convoluted tubules were in a state of hydropic
(protein) degeneration, tubule lumen were narrowed.

In the liver, acute congestion was expressed by
changes mainly in the centers of liver acini, where the
central vein and sinusoids of the precentral zone were
filled with blood and expanded. Hydropic degeneration
of hepatocytes was focal in nature, histoarchitecture of
the liver acini was preserved.

Changes in the spleen were characterized by a mod-
erately pronounced plethora of red pulp.

Group Il (monocationic chlorin e6 at a dose of 150
mg/kg). In the brain, against the background of hemo-
stasis in the microcirculatory bloodstream vessels, pro-
nounced perivascular and pericellular edema, neuronal
damage was characterized by a decrease in cell volume,
nuclear hyperchromia, and redistribution of Nissl bod-
ies in the cytoplasm. In the brainstem, changes in single
neurons were irreversible with signs of cell necrosis in the
form of karyolysis, fragmentation of the cytoplasm, and
perifocal reaction of microglia (Fig. 6).

A macroscopic assessment of the heart revealed
that the ventricular cavities were dilated, contained lig-
uid blood, the myocardium had a flabby consistency, at
the microscopic level, stasis of erythrocytes in capillar-
ies, plethora of intramural veins, and myocardial stromal
edema were observed. Focal contractile fibers had wavy
changes, individual cardiomyocytes acquired a baso-
philic color.

The study of the lung tissue showed the presence of a
pronounced plethora of the lungs stroma, against which the
exudate of plasma proteins led to the formation of eosino-
philic films (like hyaline membranes) on the inner surface of
the alveoli and bronchial tubes. A pronounced spastic state

Puc. 4. Tuctonorus. femoctas B Kanunnapax (A), nepuBackynsip-
HbIA U MEepULEenNoNapHbIi OTeK HepBHOW TKaHu (B). OKpacka
remMaToKCUMIMHOM U 303MHOM. YBenuyeHue 480.

Fig. 4. Histology. Hemostasis in the capillaries (A), perivascular
and pericellular edema of the nervous tissue (B). Stained with
hematoxylin and eosin. Maghnification 480.

Puc. 5. uctonorus. Octpoe NosIHOKpoBUe nerkoro, gedopmauus
anbBeosi. OKpacka reMaTOKCWJIMHOM M 303UHOM. YBeNuMvyeHue
480.

Fig. 5. Histology. Acute plethora of the lung, deformation of the
alveoli. Stained with hematoxylin and eosin. Magnification 480.
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of the bronchi is accompanied by peribronchial cuffing by
lymphocytes with single eosinophils (Fig. 7).

In the kidneys against the background of acute
venous plethora, hydropic degeneration of the proximal
tubules epithelium has become widespread.

Morphological assessment of liver tissue in group llI
showed pronounced venous plethora of all parts of the
liver acinus in the absence of significant damage from
hepatocytes.

Changes in the spleen were comparable to the histo-
logical picture of plethora in groups | and Il.

Thus, changes in the brain, lungs and heart turned
out to be morphologically significant. Apparently, the

Puc. 6. luctonorusa. MorM6wmnii HEUPOH NPOAONATOBATOr0 Mo3ra
(A), nepudoKanbHaa peakUUss MUKPOrIUanbHbiX 3nemMeHToB (B).
OKpacKa reMmaToOKCUM/IMHOM U 303UHOM. YBenudenue 1200.

Fig. 6. Histology. Dead medulla neuron (A), perifocal reaction
of microglial elements (B). Stained with hematoxylin and eosin.
Maghnification 1200.

Puc. 7. Tuctonorus. BoipaxeHHbi 6poHxocnasm (A), 303MHOPUINbI
B cOCTaBe JieikouuTapHoro uHéeunstparta (B). Okpacka remaTok-
CUJIMHOM M 303UHOM. YBenudenue 480.

Fig. 7. Histology. Severe bronchospasm (A), eosinophils in the
leukocyte infiltrate (B). Stained with hematoxylin and eosin.
Maghnification 480.

pronounced vasopathic effect of cationic chlorin was the
main link in the pathogenesis, as a result of which edema
and swelling of the brain progressed. The development
of acute vascular encephalopathy was manifested by an
increase in general neurological symptoms (at the stage of
clinical observations) and correlated with the dose of the
administered drug. Irreversible changes in the neurons of
the brainstem revealed in rats of groups Il and Ill indicate
the development of a dislocation syndrome, which can be
considered as the main cause of the death of experimen-
tal animals. Pathological evaluation of the lungs revealed
widespread bronchospasm with mucus hypersecretion,
the severity of which augmented with increasing dose of
the drug. A picture of an acute allergic reaction is formed
in combination with eosinophilic infiltration of the bron-
chial walls. The increased permeability of the vascular
wall caused the formation of fibrin overlays on the inner
surface of the alveoli and small bronchi (like hyaline mem-
branes). Based on the totality of the described changes, it
is possible to draw a conclusion about the development
of acute respiratory distress syndrome, which has a certain
significance in thanatogenesis. Reversible changes in the
myocardium are most likely the result of exposure to an
arrhythmogenic factor that is formed upon administration
of the tested PS. The described morphological changes in
the liver, kidneys and spleen in experimental animals are
stereotyped in case of intoxication of various nature.

Conclusion

1.The value of 100 mg/kg body weight can be consid-
eredasapreliminaryvalue of LD, for the studied monoca-
tionic chlorin (compound I). It is almost two times higher
than that of anionic PS used in clinical practice, however,
from a toxicological point of view, it is quite acceptable
for continuing preclinical studies, since during PDT the
dose of administered PS is usually in the range from 1 to 5
mg/kg. To obtain a more accurate LD, value, the number
of laboratory animals should be increased.

2. Intraperitoneal administration of the studied PS in
toxic doses causes predominant damage to the brain,
lungs, and myocardium.

3. Pathological changes in the vital organs of labora-
tory animals indicate a pronounced vasopathic effect of
compound | with the development of cerebral edema
and respiratory distress syndrome, which were the main
links of thanatogenesis.

The study was supported by the Russian Science Foun-
dation grant no. No. 21-13-00398, https://rscf.ru/proj-
ect/21-13-00398/ using the resources of the Research Equip-
ment Sharing Center of the Institute of Chemistry of Solu-
tions of the Russian Academy of Sciences and Ivanovo State
University of Chemistry and Technology (with the support of
the Ministry of Education and Science of Russia, agreement
No. 075-15-2021-671).
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Abstract

There is a clinical report of successful oral intraluminal laser lithotripsy with subsequent lithoextraction of a large concretion of the common bile
duct in a patient with choledocholithiasis and mechanical jaundice. For the intraluminar lithotripsy a tulium laser "Urolaz" was used with energy
modes 0,025-0,05-0,1 J, up to a maximum of 0.5 J. The average power is 6-10 W. Laser exposure was carried out by pulses in an aqueous medium
in order to prevent carbonation of the light guide and smoke. The effect of exposure to the concretion was manifested in its fragmentation and
the formation of small particles without damage of the mucous membrane of the common bile duct. The total duration of the intervention was 45
minutes. The method is effective and safe, thus it avoids the need of endoscopic papillosphincterotomy and violation of the anatomical integrity
and physiological function of the Oddi sphincter.
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Pesiome

MpepcTaBneHo KIMHMYeCKoe HabiogeHre YCNewHOro BbiNoIHEHUS MEPOPaibHON BHYTPUMPOCBETHOW JIa3epHOMN NMUTOTPUNCUN C NOocie-
OyloLen NIMTOIKCTPaKLUMeN KPYNHOro KOHKPeMeHTa 06LLero XefayHoro NpoToKa y NaLMeHTKN C XON1efOoX0NTNA30M U MeXaHNYeCKom
Xentyxon. lna npoBefeHVA BHYTPUMNPOTOKOBOM IMTOTPUMNCMAN UCMONb30BaNv TYNNEBbIN lasep «Yponas» B Clefylolmnx pexrmax: SHeprmsa
-0,025-0,05-0,1 [, makcumym go 0,5 k. CpeaHAA MowHocTb 6-10 BT. JlTasepHoe BO3feCTBE NPOBOAMIV UMMYNIbCaMUX B BOAHON cpefe C
Lenbio NpodunakTMKn KapboHM3aLumn BONIOKHA CBETOBOAA M 3afbiMieHnA. DPDEKT BO3AENCTBNA HAa KOHKPEMEHT NPOABAANCA B ero ¢par-
MEHTaLMK 1 06pa3oBaHNN MENKIX YacTUL, 63 MoBPeXXAEeHWs CIM3UCTON 0600UKM O6LLETrO KEeNYHOTo NpoToKa. O6LLas NMPofOMKUTENbHOCTb
BMeLLaTeNbCTBa CocTaBuia 45 MvH. MeTop aBnsietca 3¢bEeKTMBHBIM U 6e30MnacHbIM, NO3BOJNIAET U36exaTb HEOOXOAMMOCTM BbIMOJIHE-
HUA SHJOCKOMNNYECKO NanunIoCchUHKTEPOTOMUN N HapYLLEHMA aHaTOMUYECKOW LIeIOCTHOCTY 1 du3nonornyeckon GyHKUUmn chruHKTepa
Opan.
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KnioueBble cnoBa: xonefoxonnTunas, nanuinochrHKTepotomma, GparmeHTaLMA KOHKpEMEeHTa, SHAOCKOMNYecKan lasepHasa IMToTpuncus,
06N KENYHDI MPOTOK.
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nepopanbHO BHYTPUMPOCBETHOW Na3epHON IMTOTPUMNCUM MPU KPYNMHOM KOHKPEMEHTE 06LLEro Xen4YHOro NPoToKa (KNNH1YecKoe Habnoge-

Hue) // Biomedical Photonics. - 2022. - T. 11, N2 2. - C. 33-38. doi: 10.24931/2413-9432-2022-11-2-33-38.
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Introduction

One of the most common complications of cholelithi-
asis is choledocholithiasis - the presence of stones in the
common bile duct. In 10-25% of patients with cholelithi-
asis, concretion is detected not only in the gallbladder,
but also in the common bile duct [1, 2]. The longer the
medical history of cholelithiasis, the greater the risk of
choledocholithiasis. The presence of stones in the com-
mon bile duct against the background of existing cho-
lecystolithiasis or without it, previous cholecystectomy
can cause obstructive jaundice or cholangitis, which in
itself is an unfavorable factor in the course of the disease.
Detected concretion in the common bile duct is sub-
ject to mandatory removal, regardless of its presence or
absence in the gallbladder due to the risk of developing
severe complications: obstructive jaundice, cholangitis,
acute gallstone pancreatitis [3].

The clinical picture of choledocholithiasis is quite
variable and depends on many factors: the size and
number of concretion, the level and degree of block-
ade of the common bile duct, the topographic anatomy
and structure of the terminal section of the common
bile duct and the ampulla of the major duodenal papilla
(MDP), comorbidities of the organs of the pancreatico-
duodenal zone.

In clinical practice, the following manifestations of
choledocholithiasis can be found: a) latent, characterized
by the absence of a clinical picture of the disease and is
detected only during examination of the patient; b) with
complete blockade of the common bile duct up to the
MDP ampulla, manifested by progressive obstructive
jaundice with or without cholangitis; c) with complete
blockade of the common bile duct at the level of the
MDP ampulla, accompanied by progressive obstructive

jaundice and acute pancreatitis; d) with valvular (mov-
ing) concretion and stenotic papillitis, periodic unsys-
tematic outbreaks of obstructive jaundice and cholangi-
tis are characteristic; e) choledocho-intestinal fistula with
a clinical picture of cholangitis [2].

All existing methods for removing stones from the
common bile duct can be conditionally divided into five
large groups: 1) upfront surgery (laparotomy, short-scar
incision); 2) laparoscopic operations; 3) percutaneous-
transhepatic (antegrade) minimally invasive interven-
tions; 4) endoscopic (retrograde) surgical aids; 5) hybrid
operations combining several methods of lithoextrac-
tion. The use of one or another method of lithoextraction
depends primarily on the technical equipment of the
hospital, the qualifications of doctors, the characteristics
of the clinical picture and the course of the disease.

It has been established that in modern conditions
the best way to resolve choledocholithiasis is the endo-
scopic method, and the "gold standard" of the technique
is recognized as endoscopic retrograde cholangiopan-
creatography (ERCP) and lithoextraction with or without
preliminary endoscopic papillotomy/papillosphincter-
otomy (EPST) [4].

Endoscopic lithoextraction is performed using the
Dormia endoscopic grasping basket, which is presented
on the medical market with a wide range of reusable and
disposable instruments of various shapes, sizes and rigid-
ity. It should be noted that the necessary conditions for
the successful removal of a concretion from the common
bile duct are a sufficient diameter of the terminal section
of the common bile duct and MDP, as well as the possi-
bility of inserting a Dormia basket for a concretion for its
full opening and reliable grasping. With small concretion,
no more than 1 cm, the procedure for performing ERCP,
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EPST and lithoextraction, with sufficient experience of
the endoscopist and a typical topographic and anatomi-
cal structure of the MDP, usually does not cause tech-
nical difficulties and in 92-96% of cases can effectively
eliminate choledocholithiasis [4]. The greatest difficul-
ties arise with large and massive stones in the common
bile duct. In most cases, unsuccessful attempts to extract
large stones from the common bile duct end in a switch
to another method of lithoextraction (upfront or laparo-
scopic surgery). In some cases, the endoscopic method
of lithoextraction can lead to a number of specific com-
plications: bleeding after EPST, post-manipulation acute
pancreatitis, strangulation of the Dormia basket in the
terminal choledochus or MDP, perforation of the com-
mon bile duct wall, perforation of the duodenal wall.

In addition to the described technique of intraductal
mechanical lithotripsy, balloon dilatation of the area of
preliminary EPST followed by lithoextraction or extra-
corporeal shockwave lithotripsy followed by endoscopic
removal of concretion fragments is used in clinical prac-
tice with varying degrees of success. The effectiveness
of these treatment methods of choledocholithiasis is
noticeably inferior to the method of ERCP, EPST and
mechanical lithoextraction. Extracorporeal shockwave
lithotripsy, due to its low efficiency and high risk of acute
cholecystitis, is not considered by most surgeons as an
independent method of treating choledocholithiasis.

In recent years, a number of foreign authors recom-
mend using electrohydraulic or laser lithotripsy for large
concretion in the common bile duct [5, 6]. The technique
of oral transpapillary cholangioscopy and subsequent
intraductal laser lithotripsy makes it possible to break
stones into small pieces in the common bile duct with-
out damaging its walls, and then remove them using the
Dormia basket.

Given the few foreign publications and single reports
in the Russian-language medical literature on the imple-
mentation of endoscopic laser lithotripsy for choledo-
cholithiasis, we considered it possible to present our own
clinical observation.

Clinical observation

Patient A., 56 years old, was hospitalized in the
Department of Surgery of the Federal State Budgetary
Institution Federal Clinical Research Centre of Russia's
Federal Medical-Biological Agency on July 15, 2021 on
an emergency basis with a referral diagnosis: obstructive
jaundice. From the medical history it is known that in
2017 she underwent laparoscopic cholecystectomy for
cholelithiasis, chronic calculous cholecystitis. During the
last 6 months before hospitalization, she suffered from
periodic pulling pains in the right hypochondrium after
eating, which were relieved by antispasmodic drugs.
From July 03, 2021, she noticed scleral and skin icteric,
from July 08, 2021 - dark urine and discolored feces. Due

to the increasing jaundice and the deterioration of the
general condition, the patient was referred for hospital-
ization in a hospital for examination and treatment.

On admission, the general condition of moderate
severity. Skin with a pronounced icteric tinge and traces
of scratching, there is no clinical picture of cholangitis
and acute gallstone pancreatitis. Arterial pressure 130/75
mmHg, pulse 78 beats/min. The abdomen is not swollen,
soft, moderately painful in the right hypochondrium and
mesogastrium, there are no symptoms of peritoneal irri-
tation. Peristalsis is auscultated, palpation revealed no
neoplasms in the abdominal cavity, no ascites. Urination
is not disturbed, the urine is dark brown in color, with
rectal examination there are traces of light feces.

Blood tests dated July 15, 2021 for hepatitis B and C
are negative. Biochemical blood test dated July 15, 2021:
total protein 70 g/I, urea 4.7 mmol/I, creatinine 96 umol/I,
total bilirubin 420 umol/I (direct 378 umol/l, indirect 49
pmol/l), pancreatic blood amylase 26 U/l, glucose 3.92
mmol/I, AST 390 U/I, ALT 320 U/I, ALP 460 U/|, C-reactive
protein 1.6 mg/l. Clinical analysis of urine dated July 15,
2021:dark brown color, relative density 1.39 g/ml, pH 6.5,
urobilinoids 2.8 pumol/l, bilirubin 18.5 pmol/I. Indicators
of the general blood test, hemostasiograms within nor-
mal values.

The patient underwent the necessary instrumental
studies. ECG dated July 15, 2021: sinus rhythm, heart rate
76 beats/min, ECA sharply deviated to the left, block-
ade of the anterior branch of the left branch of the His
bundle. X-ray of the chest organs dated July 15, 2021:
no pathology. Conclusion from the Ultrasound of the
abdominal cavity and retroperitoneal space dated July
15, 2021: choledocholithiasis (a single concretion 20 mm
in the terminal section of the common bile duct), signs
of biliary hypertension (dilation of the intrahepatic bile
ducts up to 5-7 mm, common bile duct up to 21 mm).

On July 16, 2021, under intravenous anesthesia, the
patient underwent gastroduodenoscopy (duodeno-
scope JF-Q150, Olympus), cannulation of the common
bile duct. In order to minimize the risk of wirsungography
and postoperative pancreatitis, preliminary contrasting
of the ductal systems from the mouth of the duodenal
duodenum was not performed and was guided by the
position of the radiopaque conductor during fluoros-
copy. After confirming the location of the conductor in
the common bile duct, 5 mm long papillotomy was per-
formed, up to the level of the 1st transverse fold, balloon
dilatation of the mouth of the common bile duct with
QBD-10x3 balloons (Wilson-Cook) up to 10 mm. With
repeated attempts to extract the concretion, it is not pos-
sible due to the impossibility of holding the lithoextrac-
tor above the concretion and its incomplete coverage by
the Dormia basket. It was decided to perform oral chol-
angioscopy, laser intraductal crushing of the calculus,
followed by its lithoextraction.
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After replacing the duodenoscope with an ultrathin
Olympus GIF-N180 gastroscope with an outer diameter
of 4.9 mm, the latter was passed into the duodenum, then
into the terminal section of the common bile duct. Due
to the high elasticity of this device model, a 0.035"/0.89
mm nitinol conductor wire was used to create rigidity,
which was inserted into the instrumental channel of the
endoscope.

After the stage of cholangioscopy and visualization
of the concretion, the conductor was removed from
the lumen of the endoscope, the common bile duct
was filled with physiological sodium chloride solution
without pressure, followed by its aspiration (Fig. 1). This
maneuver in some cases allows "bringing down" the
concretion directly to the tip of the endoscope located in
the common bile duct.

For laser lithotripsy, a laser optical fiber 200 um and
400 pum thick was used, which was initially passed into a
Teflon catheter 1.5 m long, 1.5 mm in diameter, intended
for use with instrumental channels of endoscopes up to
2.0 mm.The catheter had an additional port for fluid sup-
ply. The use of such a design makes it possible to protect
the instrumental channel of the endoscope from dam-
age by the optical laser fiber, as well as the fiber itself

Puc. 1. 3tan X0NaHrMOCKONUN 1M BU3yanu3auun KOHKpeMeHTa B
o6LeM Ken4yHoM NpoToke: 1 — KoHueBas YacTb Jla3epHoro onTu-
YECKOro BONIOKHA; 2 — KOHKPEMEHT.

Fig. 1. Cholangioscopy and visualization of the concretion in the
common bile duct: 1 - the end part of the laser optic fiber; 2 -
concretion.

of the common bile duct (clinical report)

from creases, and makes the position of the laser fiber in
the lumen of the bile ducts more manageable.

After passing the catheter through the instrumental
channel of the endoscope, liquid was supplied into the
lumen of the common bile duct, the optical fiber was
removed 5 mm from the lumen of the Teflon catheter
and brought directly to the concretion.

To perform intraductal lithotripsy, a Urolaz thulium
laser was used in the following modes: energy setting
- 0.025-0.05-0.1 J, up to a maximum of 0.5 J. Average
power 6-10 watts. It should be noted that the higher the
average power, the greater the effect of crushing and
heating of the liquid. The higher the energy in the pulse,
the greater the crushing effect, but at the same time,
the risk of damage to the wall of the common bile duct
increases when the laser pulse directly hits it.

Laser exposure was carried out by pulses in an aque-
ous medium in order to prevent carbonization of the
fiber of the light guide and smoke. The effect on the
concretion was manifested in its fragmentation and the
formation of small particles (Fig. 2). At the same time,
there was no damage to the mucous membrane of the
common bile duct, despite the sliding of the optical laser
fiber from the concretion.

Puc. 2. 3tan na3epHoOn IUTOTPUNCUK:

1 — KOHUeBas YacTb Na3epHOro ONTUYECKOro BONIOKHA;
2 — GparmMeHT KOHKpEMEHTA.

Fig. 2. Stage of laser lithotripsy:

1 - end part of the laser optical fiber;

2 - a fragment of a calculus.
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The surgical intervention ended with the washing out
and extraction of fragments of the concretion with the
Dormia basket. The total duration of the intervention was
45 minutes.

The course of the postoperative period is smooth,
without complications. The patient was discharged
with recommendations from the hospital on July 22,
2021 in a satisfactory condition under the supervision
of a surgeon at the place of residence. Total bilirubin
on the day of discharge 62 umol/I (direct 41 pmol/I,
indirect 21 umol/I), AST 80 U/I, ALT 65 U/I, alkaline
phosphatase 180 U/I.

Discussion

In recent years abroad, when it is impossible to per-
form mechanical lithotripsy and lithoextraction from
the common bile duct in choledocholithiasis, meth-
ods of endoscopic laser or electrohydraulic destruc-
tion of large concretion have been used, followed by
sanitation of the duct and extraction of fragments
with a Dormia basket. The efficiency of laser lithotripsy
is slightly higher than electrohydraulic one: 99% and
96.7%, respectively [5, 6].

For the first time, the use of laser technologies
began more than 23 years ago in urology for urolithia-
sis, and then in maxillofacial surgery for sialolithiasis.
The mechanism of destruction of concretion by free-
running pulses of these lasers is based on the effect
of explosive vaporization of concretion, which leads to
its uncontrolled fracture into small fragments [7, 8].

For a long time, the main option for intraductal
laser lithotripsy was the use of a holmium laser. In
2013-2015 the first publications began to appear on
the possibilities of a new type of laser, the operation
of which is based on ions of the rare earth metal thu-
lium (No. 69), which, like holmium (No. 67), belongs to
the lanthanides [9-12]. However, thulium lasers have a
higher degree of absorption of their radiation by water
compared to holmium ones. In the domestic medical
literature, there are only a few data on the use of laser
technologies for choledocholithiasis, so many issues
of their technical implementation, indications and
contraindications, the choice of optimal operating
modes for safe exposure to the bile ducts still require
further study [3, 91.

Our first clinical experience with oral intraluminal
laser lithotripsy of a large common bile duct concre-
tion using a thulium fiber laser was a complete suc-
cess. In total, the clinic successfully performed 3 simi-
lar surgical interventions for choledocholithiasis (1
clinical case presented above, and 2 observations for
acute calculous cholecystitis complicated by choledo-
cholithiasis and cholangitis).

Endoscopic laser lithotripsy of common bile duct
concretion followed by lithoextraction allows, if con-

ventional ERCP, EPST and lithoextraction are not pos-
sible, to not resort to upfront (laparotomic) surgery or
laparoscopic choledochotomy and removal of concre-
tion, which can be technically difficult and not always
feasible surgical intervention.

In addition to the undeniable advantages, the
method of traditional ERCP, EPST and lithoextraction
has its drawbacks. So, to extract large stones from the
common bile duct, their preliminary mechanical frag-
mentation and EPST are necessary. Performing EPST
at the height of obstructive jaundice, disorders of the
blood coagulation system (high INR, taking antico-
agulant drugs, etc.) significantly increases the risk of
bleeding and poses a certain threat to the patient's
life. There are frequent cases of infringement of the
Dormia basket with a captured large concretion in
the intrapancreatic part of the common bile duct,
which leads to the need to perform an already open
surgical intervention to remove the instrument with
the concretion. It is not always possible to bring the
Dormia basket above the place of obstruction of the
common bile duct with a concretion and its capture,
and excessive and rough manipulations with the
lithoextractor can lead to perforation of the duct
wall. Large concretion with a dense structure cannot
always be fragmented using the Dormia basket or
other lithoextractors.

Another very important fact: EPST, in addition to
the risk of bleeding, perforation of the posterior wall
of the duodenum leads to the inevitable dysfunction
of the sphincter of Oddi, and in some cases to cholan-
gitis.

Oral intraluminal laser lithotripsy makes it possible
to fragment a large concretion, even of a dense struc-
ture, in a short time frame, while there is no need to
perform EPST with all the ensuing risks of its compli-
cations. To extract fragments of the concretion from
the common bile duct, it is sufficient to perform only
papillotomy without destroying the sphincter appa-
ratus of the MDP or balloon dilatation. The risk of
complications such as bleeding, perforation of the
posterior wall of the duodenum or common bile duct,
post-manipulation pancreatitis with endoscopic laser
lithotripsy is significantly lower than with traditional
ERCP, EPST and lithoextraction. We did not observe
these complications when performing oral intralumi-
nal laser lithotripsy.

Conclusion

Thus, endoscopic laser lithotripsy followed by
lithoextraction is an effective and safe minimally
invasive treatment for choledocholithiasis with large
or strangulated concretion in the common bile duct,
avoiding the need to perform EPST and disrupting the
anatomical integrity and physiological function of the
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sphincter of Oddi. A full visual revision of the common
bile duct is possible before and after sanitation, the
lithotripsy process is carried out under visual control in
real time. It is possible to avoid unwanted damage to
the wall of the common bile duct and reduce the dura-
tion of the intervention due to the targeted bringing
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lpaBuna gns asTopos

MPABUITA OJ19 ABTOPOB

O6wune Tpe6oBaHnA
K NpeAcTaB/ieHHbIM MaTepuanam

OTBeTCTBEHHOCTb ABTOpa

MpeacTaBneHHble B paboTe AaHHblE AOJKHbI ObITb
opurnHanbHbiMU. He gonyckaeTca HanpaBneHue B pe-
Jakuuio paboT, KoTopble ObIIM HameyaTaHbl B ApYyrux
M3JaHWAX UKW NOCNaHbl ANA ny6nukauum B gpyrue pe-
fakuum. OTBETCTBEHHOCTb 3a NpefoCTaBeHme MaTe-
pVanos, NOMHOCTbIO UM YaCTUYHO OMYyOIMKOBAHHBIX
B 4PYroM neyaTHOM u3faHuu, Hecet ABTOp.

ABTOp rapaHTMpyeT Hanuumne y Hero NCKIUYnTeNb-
HbIX MpPaB Ha MCMNoONb30BaHMe nepepaHHoro Pepak-
umMn matepuana. B cnyyae HapyweHuna gaHHOM rapaH-
TN N NPeabABNEHNA B CBA3N C 3TUM MPETEeH3UN K
Pepgakuynn, ABTOp CaMOCTOATENbHO W 3a CBOM CyeT
o6sA3yeTCca yperynuposaTb Bce npeTeH3uu. Pepak-
UMA He HeceT OTBETCTBEHHOCTW nepepn TPeTbUmM
nMuamn 3a HapyleHne AaHHbIX ABTOPOM rapaHTuin.
3a JOCTOBEPHOCTb M NMOJIHOTY CBEAEHWUN, N3/TOMKEHHbIX
B Ny6NMKaLMaAX, a TakXe 3a TOYHOCTb MHOpMaL My no
uMTUpyemMomn nutepaTtype, HeceT OTBETCTBEHHOCTb AB-
TOp cTaTen.

NMpoueaypa npeaocraBneHVs
ctatbm B Pegakyuio

CraTby B pefaKkuuio XXypHana nogatot yepes bopmy
Ha calTe XypHana www.pdt-journal.com.

ABTOpY, OTBETCTBEHHOMY 3a KOHTaKTbl ¢ Pefakuu-
e, HeobXoaMMO NPOWNTK Ha CalTe KypHana npoueny-
py permcTpaunm, Nocne Yero NoABAAETCA TeXHNYecKas
BO3MOXHOCTb HanpasuTb CTaTblo B pefakumio yepes
cneumanbHyto Gopmy.

O6wune Tpe6oBaHunA

ABTOp, OTBETCTBEHHbIN 3a KOHTaKTbl ¢ Pegakuven,
3arpy»KaeT CTaTbl0 Ha CAlT XXypHana oTaeNbHbiM dan-
nom B popmate doc. unu docx.

MeTapaHHble He06XO4VMO AOMONIHATENBHO BHECTHU
B OTAE/bHYIO 3NIEKTPOHHYI0 hopmy.

TeKkcT cTaTby B MpuKpernsieHHoOM dalne AoKeH
O6bITb HabpaH B TEKCTOBOM pepaktope Kernem 12
MyHK-TOB Yepes 1,5 MHTepBana, >kenatenbHo WprdTom
Times New Roman Cyr, nepeHoC CnoB He penaetcs,
a63auHbin otcTyn — 10 MM. Pa3mepbl nonein: BepxHee
M HuXHee — 20 mm, nesoe — 30 mm, npasoe - 20 mm.
PekomeHayembln 06beM CTaTbu, BKtOYas Tabnuubl u
nuTepatypy - B npegenax 12-15 ctpaHuy dopmata A4.
Bce cTpaHuLbl fOSIXKHbI ObITb MPOHYMEPOBAHbI.

TutynbHasa cTtpaHuya

TuTynbHas cTpaHMLUA JOJIKHa COofepXaTb:

+ Ha3BaHVe CTaTby (BblpaBHMBaHME MO LEHTPY, 3a-
rnaBHble 6yKBbl);

« MHUUManbl 1 GamMuUNunIo Kaxkaoro aBTopa (Bblpas-
HUBaHWe NO LEeHTPY);

« Ha3BaHWA OpraHM3auuii, B KOTOPbIX paboTaloT
aBTOPbI (ecnu aBTOp paboTaeT U BbIMOHAN UC-
CNnefoBaHNA B HECKOJNbKMX OpraHuM3auuax, »e-
naTesbHO YKa3blBaTb Ha3BaHMA BCEX OpraHu3a-
Lunin), ropofa n CTpaHbl (BbipaBHMBAHME MO LEH-
TPY, Ha3BaHUA OpraHu3aLunii JONKHbl ObITb AaHbI
B COOTBETCTBUU C AAaHHbIMU nopTana e-library, B
Cnyyae HeCKOJIbKMX OpraHun3auun nepep Ha3Ba-
HMEeM KaX[oW YKa3blBaeTcA NOPAAKOBbIA HOMeP
B dopMaTe BepXHero nHaeKca u nocse pammnmnm
KaXK[10ro aBTopa TaKXe BEPXHUM UHAEKCOM 060-
3HAYaeTCA ero NPUHaANEeXHOCTb K onpepnenex-
HOW OpraHM3aunn UM opraHn3aLmam);

+ pe3ioMe CTaTby B HECTPYKTYPUPOBAHHOM BUfeE
(6e3 BblgeneHWss OTAENbHbIX pPa3fenoB) 00b-
emom 150-200 cnos;

« KitoyeBble cnioBa (5-10 cnos);

+ KOHTaKTHYyI nHdopmaumio as oblieHmsa yntaTe-
nen c OTBETCTBEHHBIM aBTOPOM A5 Ny6nukaumnm
B cBO6OAHOM focTyne (e-mail);

+ CCbIJIKY Ha CTaTbio A4J18 LUTUPOBAHMUS.

Bce BblwenepeyrcneHHble pasgensl gyo6nupyTcs

Ha aHINIMNCKOM f3blKe.

Paspenbi ctatbm

OpuruHanbHble CTaTbW [AOJIKHbI CoAepaTb cCre-
Jyole pasfenbl: BBeAeHUE, mMaTepuan U MeToabl,
pe3ynbTaThl, 06CyXAeHue (nocnegHve fBa pasgena
MOryT ObiTb 06befHeHbl), 3aknouyeHue. HaspaHus
pa3fenoB [OOMXKHbl OblTb BbigeNIeHbl MOMY>KUPHbIM
wpudTOoM.

O630pbl NMTEpaTypbl MOTYT ObITb HE CTPYKTYPUPO-
BaHbl.

A66peBunaTypbl

B TekcTe cnepyeT ucnonb3oBatb TONIbKO obule-
NpuUHATbIe COKpalleHuna (abbpesuatypsl). He cnegyet
NMPUMEHATb COKPALLEHUs B Ha3BaHUM cTaTby. MosHbIN
TEPMUH, BMECTO KOTOPOro BBOAUTCA COKpaLlleHue,
cnefyeT pacwndpoBbIBaTb NPV NEPBOM YNOMUHAHUM
ero B TeKcTe (He TpebytoT pacwndpoBKM CTaHAAPTHbIE
efVIHNL bl U3MEePEHNA N CUMBOJbI).
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Ta6nuubi

Tabnuvupbl N TEKCT JOSIXKHbI AOMONHATL APYr APYra, a
He oy6nvpoBatb.

Tabnuupbl HYMepPYIOTCA B COOTBETCTBUM C MOPALKOM UX
LUMTUPOBaHUsA B TeKcTe. Kaxkpaa Tabnuua fo/MKHA UMETb
KpaTKoe Ha3BaHWe 1 MMETb CCbUTKM B TeKCTe (Hanprmep:
Tabn. 1). EguHcTBeHHaA Tabnuua B cTaTbe He HymepyeT-
cs1. 3aronoBKu rpad JONIXKHbI TOYHO COOTBETCTBOBATb WX
cofepxaHuio. icnonb3oBaHHble B TabnyLe COKpaLleHus
nogsiexkaT paclndpoBKe B KOHLE TabnmLpl.

Ha3eaHusa Tabnuy v Bcs nHbopmauma B Tabnuuax ay-
6nMpyeTCca Ha aHITIMNCKOM A3bIKe.

PucyHkn

PricyHKM OOMKHBI JOMONHATL MMELWMecs B CTaTbe
Tabnuubl 1 TEKCT, a He fy6NIMpPOBaTh MX.

QoTtorpadun JOMmKHbI ObITb KOHTPACTHBIMW, PUCYH-
KU — yeTKMm. Mimetowmecs B cTatbe rpadurKkm JOMKHbI
ObITb NpefAcTaBieHbl (BO3MOXKHO, OTAENbHbIM (aliom)
B BUZE TabnuL, C NCXOLHBIMU AaHHBIMM.

Ha mukpodoTorpadmsax HeobXoaumo ykasaTb MeTof
OKpacKu, yBeJInyeHue.

PricyHKIM HymepyIoTCA B COOTBETCTBUM C MOPALKOM UX
LUUTUPOBaHUSA B TEKCTE. KaXkabl pUCYHOK JOMKEH UMETb
KpaTKoe Ha3BaHWe 1 MMETb CCbUTKM B TeKCTe (Hanprmep:
puc. 1). EBUHCTBEHHbIN PUCYHOK B CTaTbe He HyMepyeTCs.

He cnepyeT ncnonb3oBaTtb Ha pUCYHKaxX, B TOM uucsie
Ha rpadukax, KpaTtkue obo3HaueHus, gaxe pacwmndpo-
BaHHble B TeKcTe (t, S v gp.).

Bce noanncn K prcyHkam gy6nvpytloTca Ha aHrnui-
CKOM s3blKe.

Bce TeKcTOBblE HaANUCK Ha PUCYHKaX Takxe Ay6nu-
PYIOTCA Ha aHIMIMACKOM A3bIKe Yepes CaLL.

lpasuna gna aBTopos

Bce ctatbu, noctynawwme B pepakuuio, Npoxogat
MHOrFOCTYyMNeH4YaToe peueH3poBaHue, 3ameyaHusa pe-
LIEH3eHTOB HaMpaBnsTCA aBTOpy 6e3 yKasaHus UMeH
PELIEH3EHTOB Yepes INYHbBIN KabMHET Ha caliTe XKypHana.
MNocne nonyyeHna peueH3nn 1 OTBETOB aBTOPa peaKon-
nervs NPYHUMAET peLleHne o nybnukauum (unu oTko-
HEeHUK) cTaTbu.

Penakuus octaBnseT 3a co60ii NpaBo OTKJIOHUTDb CTa-
TbIO C HanpaB/ieHNeM aBTOPY MOTUBUPOBAHHOTO OTKa3a
B NucbmeHHoI popme. OuepepgHocTb NybnmMkauum cTa-
Tell yCTaHaBNMBAETCA B COOTBETCTBUN C PEAAKLMOHHBIM
MIaHOM U3[aHMsA XypHana.

Pepakuma XypHana ocTtaBnseT 3a coboli npaBo co-
KpalaTb 1 pefakTMpoBaTbh MaTepuasbl cTatbu. Heb6onb-
LIKe NCNPaBIEHUA CTUIMCTUYECKOTO, HOMEHKATYPHOTO
unv GopmMasibHOro XapakTepa BHOCATCA B CTaTbio 6e3 co-
rNacoBaHWA C aBTOPOM.

Pepakuma nmeeT NpaBo YaCTUUYHO WM MOSTHOCTbIO
npefocTaBAsATb MaTepuanbl Hay4YHbIX CTaTell B pocC-
CcuiicKMe 1 3apybeXkHble opraHu3auum, obecneynBa-
IoWmne UHOAEKCAUMI0 HayUYHbIX NyO6nuKauuii, a Takxe
pa3mellaTb AaHHble MaTepuasnbl HA UHTEPHET-canTe
XypHana.

MpencTtaBneHne cTaTby Ans Ny6AMKaLMM B XypHane
nojpasymeBaeT corfacue aBTopa(oB) C ony6MKoBaHHbI-
MU NpaBuIamu.

MonHble npaBuna ¢ npumepamm opopmieHUs Tn-
TYNbHOI CTPaHULbl, PUCYHKOB, Tabnuy 1 cnucka nu-
TepaTypbl, NPMBEAEHDbI Ha caliTe XXypHana B pa3sgene
«MpaBuna pna aBTopoB» https://www.pdt-journal.
com/jour/about/submissions#authorGuidelines.
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