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USE OF ENDOGENOUS PIGMENT ANALYTES TO ASSESS THE
INVASIVE POTENTIAL OF SUPERFICIAL SKIN MELANOMAS

Borisov A.V.!, Chernov |.A.!, Avdalyan A.M.% Timofeev S.E.2, Ronzin A.V.2, Nichiporov A.l.2,
Kukushkin V.1.3, Kirillov Yu.A.'24

"Tyumen State Medical University, Tyumen, Russia

2Moscow Multidisciplinary Clinical Center "Kommunarka", Moscow, Russia

3Institute of Solid State Physics of the Russian Academy of Sciences, Chernogolovka, Russia
*Petrovsky National Research Centre of Surgery, Moscow, Russia

Abstract

Cutaneous melanoma, which accounts for 72-80% of all diagnosed tumors developing from melanin-producing tissue, is an example of a malig-
nancy whose initiation and development, with rare exceptions, are associated with the realization of endogenous pigmentations in the morpho-
logical substrate of the tumor. However, the existing diagnostic paradigm for superficial cutaneous melanomas does not take into account the
significance of endogenous pigmentations in assessing the tumor's invasive capacity. This article examines the relationship between changes in
the biochemical composition of superficial cutaneous melanomas and their invasive capacity, as well as the possibility of using this relationship in
melanoma diagnostics. A comparative pathomorphological, ultrastructural, and spectroscopic study of 128 samples of superficial spreading mela-
noma removed during radical surgical excision was conducted. A higher frequency and diversity of endogenous pigment analytes were detected
during the horizontal phase of tumor growth compared to the vertical phase. Diagnostically significant analytes included carotenoid pigments
(p=0.02257), porphyrin (p=0.09080), and melanin precursors tyrosine (p=0.01554) and phenylalanine (p=0.01753). The use of a comprehensive
pathomorphological and spectroscopic study and multiplex analysis of the obtained results made it possible to simultaneously identify a signifi-
cant number of statistically confirmed endogenous pigment analytes in superficial melanoma skin samples. These analytes have diagnostic value
in assessing the invasive capacity of superficial melanomas.

Key words: superficial melanoma of the skin, endogenous pigment, analyte, melanin, carotenoid, porphyrin, invasive capacity.
Contacts: Nichiporov A.l, e-mail: andrei.nidiporov@yandex.ru

For citations: Borisov A.V., Chernov I.A.,, Avdalyan A.M., Timofeev S.E., Ronzin A.V., Nichiporov A.l, Kukushkin V.I, Kirillov Yu.A. Use of endoge-
nous pigment analytes to assess the invasive potential of superficial skin melanomas, Biomedical Photonics, 2026, vol. 15, no. 1, pp. 4-10. doi:
10.24931/2413-9432-2026-15-1-4-10

NUCNOJIb3OBAHMNE AHAJIMTOB SHOOTEHHbIX
MUTMEHTOB AJ19 OLEHKU CMMOCOBHOCTU K UHBA3UU
MOBEPXHOCTHbIX MEJTAHOM KOXHU

A.B. bopucos', U.A. Yepros'!, A.M. Asgansan?, C.E. Tumodees?, A.B. Ponsunr?,

AMN. Huuunopos?, B.U. Kykywkun3, FO.A. Kupunnos'24

'TioMeHCKMM roCyaapCTBEHHbIN MEAUUMHCKMI YHMBEPCUTET, TiomeHsb, Poccus
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Pesiome
MenaHoma Koxu, Ha fonto Kotopoi npuxoautca 70-80% Bcex AMarHOCTMPYEMbIX OMyXOJsel, PasBMBAKOLLMXCA U3 MeNaHnHobpasyloLlel
TKaHW, NpefcTaBnaeT coboli NpuMep 3710Ka4eCTBEHHOW OMyXONW, MHALMALMA 1 pa3BrUTUE KOTOPOW 3a PeAKUM UCKIIOYEHNEM COMPAXKeHbI
C peanu3aumen SHAOreHHbIX NMrMeHTaLMii B Mopdonornieckom cybcTpate onyxonu. Bmecte ¢ Tem, cyliecTsytollas AnarHoCTUYeckan napa-
[UrMa MOBEPXHOCTHBIX MENIAaHOM KOXU He yU/TbiBaeT 3HaueHre SHAOTEHHbIX MUrMeHTaLMA ANA OLEHKU CMOCOBHOCTM OMyXOonu K MHBa3uW.
HacTosLana ctaTba NocBALieHa NCCNeA0BaHMNIO CBA3W MeX/y U3MEHEHUAMMN B OBMOXMMUYECKOM COCTaBe NMOBEPXHOCTHBIX MeTaHOM KOXM U 11X
CMOCOBHOCTN K UHBA3WK, @ TaKKe BO3MOXXHOCTW UCMOMb30BaHWA 3TON CBA3W NPU NPOBEAEHWN ANAarHOCTUKN MenaHoMbl. bbino nposeaeHo
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CpaBHUTENbHOE MAaTOMOP(ONOrMYECKOE, yNbTPACTPYKTYPHOE 1 CMEKTPOCKOMMYECKOoe 1ccnefoBaHvie 128 06pasLioB MOBEPXHOCTHO Pacnpo-
CTpaHAIoLWenca MenaHoMbl, yaaneHHbIX BO BPems paguKanbHOro Xnpypruyeckoro ncceyeHus. BoisisneHa 6osbluas YactoTa U pa3Hoobpa-
31e aHaJITOB SHAOTEHHbIX MUFMEHTOB B FOPU3OHTabHYI0 $asy pocTa Onyxonun No CPaBHEHMIO C BEPTMKaNIbHONW. K AnarHoCcTnyeckun 3Hauu-
MbIM aHaNNTaM OTHECEHbI MUIMEHTbI KapoTHougbl (p=0,02257), nopdurpuH (p=0,09080), a TakKe NpefLecTBEHHVKM MeNlaHUHa TUPO3UH
(p=0,01554) n dpeHunananuH (p=0,01753). icnonb3oBaHMe KOMMIEKCHOTO MAaTOMOP(ONIOrMUYECKOro 1 CNeKTPOCKOMMYECKOro NCCIefoBaHMs
N MySIBTUMIEKCHBIV aHanW3 NOYYeHHbIX Pe3ybTaToB MO3BOIMAN AEHTUONLMPOBATL B 06pa3Liax MOBEPXHOCTHOM MeNaHOMbl KOXMW OfHO-
BPEMEHHO 3HauuTeNIbHOe KONMYECTBO MOATBEPXKAEHHbIX CTAaTUCTUYECKN aHANUTOB SHAOTFEHHbIX MUFMEHTOB, UMEILWNX ANArHOCTMYeCKoe
3HayeHMe B OLieHKe CMNOCOBHOCTN NMOBEPXHOCTHBIX MENIAHOM KOXW K MHBa3un.

KnioueBble cnoBa: NoBepXHOCTHasA MeNaHoOMa KOXW, aHaSINT, SHAOTEHHDBIV MUTMEHT, MeflaHVH, KapoTUHOUE, NOPGUPUH, CMOCOOHOCTb K MH-

Basunn.

KoHTtakTbi: Hnuvnopos A.U., e-mail: andrei.ni4iporov@yandex.ru

Ona yntupoBaHusa: bopucos A.B. YepHos W.A., AspansH A.M., Tumodees C.E., PoHsuH A.B., Hnumnopos A.U., KykywkuH B.W., Kupwun-
nos 0.A. Vicnonb3oBaHne aHanNTOB SHAOFEHHbIX MUTMEHTOB ANA OLEHKN CMOCOBHOCTM K MHBA3MM MOBEPXHOCTHBIX MENaHOM KOoXu //
Biomedical Photonics. - 2026. -T. 15, N2 1. - C. 4-10. doi: 10.24931/2413-9432-2026-15-1-4-10

Introduction

The results of numerous studies on the epidemiology
of oncological diseases convincingly demonstrate an
increase in morbidity and mortality rates in the vast
majority of countries worldwide [1,2]. All this fully applies
to cutaneous melanoma, which accounts for over 70%
[3] of all diagnosed tumors developing from melanin-
producing tissue. The progress observed in recent
years in the early and effective diagnosis of melanoma
is due to the use of precision immunohistochemical
and molecular genetic research methods [4,5]. The
diagnostic paradigm for cutaneous melanoma remains
relatively conservative and does not take into account
the importance of endogenous pigmentations found
in the tumor tissue substrate, which play a key role in
determining its invasive potential.

Materials and Methods

We studied 128 samples of superficial spreading
melanoma removed during radical surgical excision
and submitted for pathohistological examination
in accordance with Order No. 179n of the Russian
Ministry of Health dated March 24, 2016, "On the Rules
for Conducting Pathological and Anatomical Studies."
The first group (n = 83) included superficial melanoma
samples with a predominantly horizontal growth phase,
often with features of Pagetoid melanoma. The second
group (n = 45) included samples with a predominantly
vertical growth phase. The control group (n = 10)
consisted of facial skin samples (autopsy material) with
no clinical or morphological manifestations of skin
pathology. Skin samples were fixed for 24-48 hours in
10% neutral formalin in a phosphate buffer (pH 7.4).
Skin processing was performed automatically using a
Pathos Delta processor (Milestone, Italy), and paraffin
embedding was performed using a Leica HistoCore
(Leica, Germany). Serial 3-4 um-thick sections, prepared
on a ThermoFisherScientific HM 325 microtome (USA),

were stained with hematoxylin and eosin, picrofuchsin
according to van Gieson, and according to Mallory.
Melanin was detected by silvering using the Fontana-
Masson method. Skin samples directly adjacent to the
melanoma and visually unchanged were examined
under an electron microscope. Skin fragments, 1T mm?
in volume, were fixed in a 2.5% glutaraldehyde solution
in collidine buffer (pH 7.4) at room temperature for 1.5
h, and post-fixed in a 1% osmium tetroxide solution for
1.0-1.5 h at +4—+6° C. The material was dehydrated in
alcohols of increasing concentration (from 50° to 96°)
and several portions of ether, and embedded in Araldite.
Semi-thin sections were stained with methylene blue,
and ultra-thin sections were contrasted with uranyl
acetate and lead citrate [6].

Tissue structure was visualized in ultrathin sections
using a Zeiss EVO LS10 scanning electron microscope
(Zeiss, Germany) with a STEM detector.

Spectroscopic  examination of the biological
samples was also performed using an InSpektr M
spectrometer, version M-532 (RU dated June 18, 2021,
No. RZN 2015/2419, manufacturer: RamMix LLC, Russia),
consisting of an Olympus CX41 optical microscope and
a spectrometer unit with an excitation wavelength of
532 nm. The laser spot diameter at the focal point was
10 um, and the laser power was 10 mW. Instrument
control, spectral recording, and spectral acquisition
were performed using the specialized InSpektr software,
also developed by RamMix LLC (Chernogolovka). The
program identified chemical substances and recorded
changesin their quantitative and qualitative composition
in the biological sample under study using spectra
combining Raman and fluorescence signals. The spectra
of biological molecules identified during the study were
assigned to the corresponding substance class and
displayed as separate columns or fields in the database.
Their detection or absence was reflected as a binary
indicator (yes/no). Raman spectroscopy was used to
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identify both certain pigments (porphyrin, carotenoids)
and analyte components related to melanin pigment
precursors (tyrosine, phenylalanine) (Table 1).

To compare the identified changes, the results of
studies of control skin tissue samples obtained from
individuals without skin pathology were used. Database
creation and subsequent statistical processing were
performed using specialized software: R-4.3.0 (The R
Foundation, Austria) and RStudio Desktop (Version
2023.06.1, RStudio Inc, USA). Additional R packages
within this software were used for descriptive statistics,
building regression models, and data visualization.

Statistical significance of differences was assessed at
a significance level of p < 0.05.

The study protocol was reviewed and approved by
the Ethics Committees of the State Budgetary Healthcare
Institution "Moscow Multidisciplinary Clinical Center
"Kommunarka" of the Moscow Department of Health
(extract from protocol No. 6 dated August 8, 2023) and
the Federal State Budgetary Educational Institution
"Tyumen State Medical University" of the Ministry of
Health of the Russian Federation (extract from protocol
No. 121 dated May 22, 2024).

Results and Discussion

Macroscopically, all melanomas examined exhibited
at least three of the five ABCDE features [7] (Fig. 1a) and
were confirmed dermoscopically (Fig. 1b). In the first
group of samples (n = 83), the tumor was localized in the
dermatoepidermal junction, epidermis, and partially in
the papillary dermis (Fig. 1cd).

Atypical melanocytes could be located singly (Fig.
2a) or formed tumor clusters, which was expectedly
accompanied by the development of intercellular

Puc. 2. YnbTpacTpyKTypHbl€ 0COGEHHOCTU KNETOYHON COCTaBNSAI0-
en NoBepXHOCTHON MeTaHOMbI KOXMU:

a — aTMNU3M YNbTPaCTPYKTYpP MeNaHouUTa Onyxosu, HapylleHue
/€ PHO-LUTONNA3MATUYECKOIO OTHOLLEHUS!, FeTEPOreHHOCTb Me-
naHocom. TpaHCMUCCUOHHAaNA 3NEeKTPOHHasa MUKpocKonusa x 9000;
b — BKIOYEHUS] MeNaHUHA U MEXKNETOYHbIA OTEK (CMOHrMo3)
Mexay 6a3anbHbiM U LUIMMNOBATLIM CAOSIMU anuaepmuca. Jecmo-
coma — 6enas cTpenKa. TpaHCMUCCUOHHANA 3/IEKTPOHHAA MUKPO-
ckonusa x 11000;

¢ — aMnodycumnH B UUTOMIa3Me KepaTuHouuTa 6a3anbHOro cios
anuaepmuca - 6enas crpenka. TpaHCMUCCMOHHAA 3NEKTPOHHasn
MUKpockonusa x 12000.

Fig. 2. Ultrastructural features of the cellular component of
superficial skin melanoma:

a - atypia of tumor melanocyte ultrastructures, violation of
the nuclear-cytoplasmic ratio, heterogeneity of melanosomes.
Transmission electron microscopy x 9000;

b - inclusions of melanin and intercellular edema (spongiosis)
between the basal and spinous layers of the epidermis.
Desmosome - white arrow. Transmission electron microscopy x
11000;

¢ - lipofuscin in the cytoplasm of the keratinocyte of the basal
layer of the epidermis - white arrow. Transmission electron
microscopy x 12000.

Puc. 1. lMoBepxHOCTHO-pacnpocTpaHaolwasncs mMenaHoma
KOXM TyNnoBULLa:

a — HepaBHOMEPHOCTU FpaHuL, HOBOOGpPa3oBaHMA M pac-
npefgeneHus NUrMeHTa, LBeToBoe pa3HooGpa3ue B OTCYyT-
CTBME BblpaX€HHON aCUMMETPUU U BO3BbILLIEHUS;

b — poTtodpukcaumnsa uso6paxeHma Hoeoo6pas3oBaHus, Nosy-
YEHHOro Npu NOMoLUKU AepMaTocKona;

C - nea)etomaHasi NOBEPXHOCTHasi MelaHOMa, aTUNUYHble
MenaHouuTbl U GopMUpyeMble UMU KOMMIEKCbl B 061acTn
nepmMaToanuaepmasnbHOro aébpuca, anuaepmMuce U YacTuy-
HO COCOYKOBOM c/loe iepMbl. OKpacKka reMaToKCUIMHOM 1
303MHOM X 150;

d — cKonneHus menaHuHa B anuaepmuce u aepme. Cepe-
6peHue no ®oHtaHa-MaccoHy x 70.

Fig. 1. Superficial spreading melanoma of the skin of the
trunk:

a - uneven boundaries of the neoplasm and distribution
of pigment, color diversity in the absence of pronounced
asymmetry and elevation;

b — photographic recording of an image of a neoplasm
obtained using a dermatoscope;

c — pagetoid superficial melanoma: atypical melanocytes
and the complexes they form in the area of the
dermatoepidermal outline, epidermis and partially the
papillary layer of the dermis. Hematoxylin and eosin
staining x 150;

d — accumulations of melanin in the epidermis and dermis.
Silvering according to Fontana-Masson x 70.
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Puc. 3. [loBEpXHOCTHO-pacNpOCTpaHsOLWasca MeNaHOMa KOXU CO CNeKTpanbHbIMU 06pa3LamMmu ropu3oHTaNbHOW U BepTUKanbHoM dpa3
pocta:

a — uronbyaTtbie O0TIOXKeHUs nopdupuHa (6enble CTPeNKU) U KonnareH (4epHas cTpesika) B cy6anuaepmanibHOM NPOCTPaHCTBE AepMbl.
TpaHCMUCCUOHHAA INEKTPOHHaA MUKpockonusa x 12000;

b — cneKTpanbHaa xapaKTepUCcTUKa MenaHoMbl B a3y ropu3oHTaNbHOro pocTa (MOSICHEHUS B TEKCTE);

C — CNeKTpa/ibHasA XxapaKTepucTMKa MelaHoMbl B pa3y BePTUKaNbHOro pocTa (MosICHEHUS B TEKCTE).

Fig. 3. Superficial spreading melanoma of the skin with spectral patterns of horizontal and vertical growth phases:

a — needle-like deposits of porphyrin (white arrows) and collagen (black arrow) in the subepidermal space of the dermis. Transmission
electron microscope x 12000;

b — spectral characteristics of melanoma in the horizontal growth phase (explanations in the text);

¢ — spectral characteristics of melanoma in the vertical growth phase (explanations in the text).

edema in the spinous layer of the epidermis (Fig. 2b).  objects, minimal differences between the initial,
Keratinocytes in the basal layer of the epidermis often  maximum, and residual fluorescence values, and the
contained small lipofuscin inclusions (Fig. 2c), which  presence of Raman peaks of analytes of precursors of
differed from melanin grains by their ultrastructural  proteinogenic chromoproteins (Fig. 3c).
heterogeneity and lower electron density. To statistically evaluate the relationship between
Porphyrin accumulations in the form of needle- each of the two tumor growth phases and the analytes
like formations were localized predominantly in the detected in it by Raman spectroscopy, binary logistic
dermatoepidermal junction and dermis (Fig. 3a). regression was used as a statistical analysis method. In
In samples from the second group (n = 45), tumor this model, the dependent or studied variable was the
complexes and individual atypical melanocytes were tumor growth phase, and the independent variables
localized in the papillary and reticular layers of the dermis.  were the analytes detected during spectroscopy [8, 91.
Tumors with a vertical growth phase were characterized  Two working hypotheses were formulated. The first,
by higher rates of invasion, tumor substrate thickness, designated as H, assumed the absence of differences
mitosis, and the frequency of both pigments and their in the frequencies of determination of tyrosine,
precursors compared to those in the first group (Table  phenylalanine, porphyrin and carotenoids between
1). The spectra of the control group skin samples were  the horizontal and vertical phases of tumor growth.
characterized by high initial fluorescence values and an  The alternative hypothesis H, assumed the presence of
abundance of both non-specific and specific identifiable  statistically significant differences between the tumor
analytes, including melanin precursors (phenylalanine  growth phases and the identified analytes. The obtained
and tyrosine) with a distribution of molecular vibration  results demonstrated the statistical significance of
intensities of phenylalanine at 1003.8 cm™ and 1045.1  carotenoids (p = 0.02257), tyrosine (p = 0.01554) and
cm’, and tyrosine at 11724 cm™. In comparison, the  phenylalanine (p =0.01753) (Table 2).
spectra of skin samples with superficially spreading It should be noted that each coefficientin theresulting
melanoma in the horizontal growth phase showed modelrepresents the logarithmic odds ratio of transition
higher total initial fluorescence (from 3000 arbitrary to the vertical growth phase for each unit increase in the
units) and a diverse composition of specific, so-called  corresponding analyte value, holding all other variables
“pigment” analytes, with molecular vibration intensities  constant. Carotenoids, tyrosine, and phenylalanine
at 1002cm™ (phenylalanine), 1614.4cm™' (tyrosine), have a negative effect on the probability of transition
1122 cm™ (porphyrin), and 1480 cm™ (carotenoids) to the vertical growth phase of superficial spreading
(Fig. 3b). melanoma, as their estimated values are less than zero.
The initiation and development of the vertical phase  This means that detection of these components by
of melanoma growth in the spectra were accompanied = Raman spectroscopy increases the probability of a tumor
by low values of the initial fluorescence of biological being in the horizontal growth phase.

ORIGINAL ARTICLES

BIOMEDICAL PHOTONICS T. 15, Ne 1/2026



w
-
O
—
(0
<
<
yd
O
oz
O

Borisov AV, Chernov |.A., Avdalyan A.M., Timofeev S.E., Ronzin A.V., Nichiporov A.l., Kukushkin V.I., Kirillov Yu.A.
Use of endogenous pigment analytes to assess the invasive potential of superficial skin melanomas

Ta6nauua 1

BbisiBieHHble NPY paMaHOBCKON CNEKTPOCKOMUU MUTMEHTbI U UX NPeALIEeCTBEHHUKHU B pa3nnyHble ¢pasbl pocta
NOBEPXHOCTHO-PACMNPOCTPAHAIOLLUXCA MENaHOM KOXHU

Table 1

Pigments and their precursors identified by Raman spectroscopy in different growth phases of superficial spread-
ing melanomas of the skin

H“ Kon"quTBOI %

Ma3bl pocta onyxonu / The phase of tumor growth 128 (100%)
1 PapuanbHas / Horizontal 83 (64,8%)
BepTukanbHas / Vertical 45 (35,2%)

KoMNOHeHTbI, BbIABNEHHbIE NP MOMOLLM PAaMaHOBCKOM cnekTpockonuu/ Raman
Spectroscopy-detected biomarkers

Tupo3uH / Tyrosine 86/128 (67,2%)
2 ®eHnnananuH / Phenylalanine 69/128 (53,9%)

MopdupuH / Porphyrin 75/128 (58,6%)

KapotuHouabl / Carotenoids 62/128 (48,4%)

YacToTbl BbIABNEHVA KOMMOHEHTOB NMOCPEACTBOM PaMaHOBCKOW CMEeKTPOCKONUN B

pasnuuHble da3bl pocTta MenaHoMbl / Raman Spectroscopy-based detection rates of

biomarkers during melanoma growth phases

A) ®aza paguanbHoro pocta / A) Horizontal growth phase

Tupo3uH / Tyrosine 63/83 (75,9%)

QOeHnnanaHuH / Phenylalanine 54/83 (65,1%)

MopdupwuH / Porphyrin 44/83 (53,0%)
’ KapotunHougpil / Carotenoids 47/83 (56,6%)

B) ®a3a BepTuKkanbHoro pocta / B) Vertical growth phase

Tupo3uH / Tyrosine 23/45 (51,1%)

®eHunanannH / Phenylalanine 15/45 (33,3%)

MopdupwuH / Porphyrin 31/45 (68,9%)

KapotunHougbl / Carotenoids 15/45 (33,3%)
Ta6nuuya 2

Pesynbratbl pacyeta KO3pPULUNEHTOB, BKIOYEHHbIX B MOAE/Ib GUHAPHOM TOrMCTUYECKON perpeccum

Table 2
Results of calculating the coefficients included in the binary logistic regression model

K03¢¢MumeHTbl “ CTaHAapTHaﬂ omMGKa

Intercept (cBo60AHbIN UneH) / 13934

Intercept (free member) 0,5923 0,01865*
KapotunHougbl / Carotenoids -1,0158 0,4454 0,02257*
MopdupuH / Porphyrin 0,7829 0,4629 0,09080
Tnpo3uH / Tyrosine -1,1103 0,4589 0,01554*
®eHunananuH / Phenylalanine -1,0596 0,4461 0,01753*

*CTaTUCTUYECKM 3HaUMMble NoKasaTeny aHannToB $pasbl POCTa MeNaHOMbI
*statistically significant indicators of melanoma growth phase analyte values
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Fig. 4. ROC-analysis for assessing the

model of cutaneous melanoma transition
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The quality of the binary classification was assessed
using a Receiver Operating Characteristic (ROC) curve
(Fig. 4). The area under the curve (AUC) was 0.81,
indicating the good ability of the model to differentiate
tumor growth phases. The specificity of model was 0.77,
sensitivity was 0.67, and the proportion of correctly
classified cases among all examples (accuracy) reached
0.73.

Based on the obtained results, a model for predicting
the vertical growth phase of superficial spreading
melanomas based on Raman spectroscopy data is
presented as follows:

1

1+ef(l.3934-1.0158XCarotenoids+0.7829XPorphyrin-1.1103XTyrosine-1.0596XPhenylalanine)

where:

« p is the probability that the melanoma is in the
vertical growth phase

« e is the base of the natural logarithm = 2.718

If p>0.5, the model predicts a vertical growth phase; if
p<0.5, it indicates a horizontal growth phase.

It should be noted that, despite the obtained
significance level for porphyrin being p = 0.09080,
which exceeds the established one for this study, we
considered it necessary to include it in the prognostic

AUC, Area Under the Curve = 0.81

to vertical growth phase.

1.00

model. This decision is based on data from reputable
scientific sources indicating a high concentration of
porphyrins in malignant tumors [10-12]. The lower
number of melanoma cases in the vertical growth phase
observed in our study compared to the horizontal
phase may explain the lack of statistical significance of
porphyrin and does not allow to confidently exclude it
from the model.

Conclusion

Despite significant advances in the diagnosis and
therapy of melanomas, treatment of these tumors
remains a challenge, as the stability of positive results
is not always achieved. The need to update existing
diagnostic criteria became evident after the publication
of R. Virchow's seminal work on oncology [13]. Over the
years, this approach has been repeatedly revised due to
the introduction of highly accurate diagnostic methods.
Today, medical science seeks to understand the nature
of melanoma precisely through the lens of its metabolic
features, suggesting that it is the metabolic products,
including pigments, that may serve as potential
diagnostic markers [14-15]. The present study aims to
assess the importance of endogenous pigmentation in
identifying the invasiveness of cutaneous melanoma.
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PHOTOBIOMODULATION OF ACUTE PAIN SYNDROME
AFTER COMPLEX TOOTH EXTRACTION

Yudin D.K.", Kastyro I.V.!, Romanko Yu.S.2, AliR.B.", Popadyuk V.L.',

Zaborova V.A.2, Dragunova S.G.!, Gusev K.S.!
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Abstract

The study evaluated various types of low-intensity photobiomodulatory therapy (PBMT) in reducing acute pain after complex tooth extraction.
Complex extraction of maxillary molars and premolars (no more than two teeth, on one side) was performed in 119 patients (aged 18-44 years).
In Group 1 (n = 28), PBMT was not performed. In Group 2 (n = 32), pulsed infrared laser radiation in combination with a magnetic mirror tip was
used. In Group 3 (n = 30), dental tips with a pulsed infrared laser emitting head were used in the area of the socket formed after tooth extraction. In
Group 4 (n = 29), a laser head with a continuous red spectrum was used. The exposure time of the tips and heads in all groups was 3 minutes in the
projection of the extracted tooth. All patients underwent PBMT at 1, 24, and 48 hours after surgery. At these same times, acute pain was assessed
using a visual analog scale (VAS) and a numerical rating scale (NRS) in millimeters. Acute pain was lowest already on the first postoperative day
in the pulsed infrared laser group with a mirror magnetic head. Among the PBMT groups, the continuous red laser demonstrated the worst pain
results. In the group without PBMT, pain requiring medical management persisted for up to 48-72 hours after tooth extraction.

Key words: photobiomodulating therapy, tooth extraction, pain syndrome, visual analogue scale, digital rating scale.
Contacts: Kastyro L.V., e-mail: ykastyro@gmail.com
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1-11-18

dOTOBMOMOAYINAUMNA OCTPOIO BOJIEBOTO
CUHOPOMA NOCIIE CJIOXHOIO YOAJIEHNA 3YBA

A.K. KOauu', 1U.B. Kactbipo', HO.C. Pomanko?, P.b. Anu', B.M. Monagiok’,

B.A. 3a6opoea?, C.I. OparyHosa', K.C. lyces'

'TDIAQY BO Poceuitckuin Yrmsepcutet apyxbsl Haponos nmerm MNatpuca Jlymym6esi,
Mockea, Poccus

Mepsbit MOCKOBCKMIM rOCYAAPCTBEHHbBIN MeanumHckuin yHnsepcuteT um. .M. Ceuerosa,
Mockea, Poccua

Pe3siome
B unccnegoBaHuM 6bINMU OLeHeHbl pPasfiyHble BUAbl BO3AENCTBUA HU3KOMHTEHCUBHON doTobromoaynvpytowein Tepanun (OBMT) Ha
CHVXKEHWEe OCTPOro 60/1eBOro CHAPOMA NOCIIe CIOXKHOTO yaaneHus 3y6a. CnoXxxHoe yaaneHne MosifipoB 1 MPeMONIAPOB BEPXHEN YenocTu (He
6onee AByx 3y60B 1 C OHOM CTOPOHbI) 6bIN0 NpoBefeHo y 119 nauuneHToB (Bo3pacT 18-44 ropa). B 1-i1 rpynne (n = 28) He nposoguny ®BMT.
Bo 2-i1 rpynne (n = 32) NpUMEHANN MMMyNbCHOE MHPPAKPACHOE NIa3epHOE M3JTyYeHNE B COYETAHNN C MAarHUTHOW 3ePKasibHON HacafKon.
B 3-1 rpynne (n = 30) npyMeHANN CTOMaTONOrMyeckne Hacagkm ¢ MMMYNbCHON UHPPaKPaCcHOI Nla3epHON U3JyyatoLLel roIoBKOi B 06nactu,
chopmrpoBaHHO nocne yaaneHns 3yba nyHku. B 4-i1 rpynne (n = 29) ucnonb3oBan nas3epHyo rofioBKY € HEMPepPbIBHbIM KPAaCHbIM CMEKTPOM.
Bpems aKkcno3nyum HacagokK v ronoBOK BO BCEX FPyrnax COCTaBAAN0 3 MVH B NPOeKUUn yaaneHHoro 3y6a. Bcem naumeHtam OBMT npoBogunu
yepes 1, 24 1 48 4 nocrie XMpypruyeckoro BMeLLATeIbCTBA U B 3TU e CPOKY OLLeHMBAIM OCTPbI 60NEeBOI CMHAPOM NPY MOMOLLM BU3yanbHO-
aHanorosoi Wwkanbl (BALL) n undposoii peiituHrosoi wikanbl (LIPLL) B Mm. OcTpbiii 601€BO CUHAPOM 6biN1 CAMbIM HU3KMM Y>Ke B MepBble
NoCTornepaLVioHHbIe CyTKW B Fpymnmne NMMYIbCHOTO MHPPaKpacHOro Ta3epHOro 13Ny4YeHUs C 3epKanbHOV MarHUTHoM ronoskoi. Cpeaw rpynmn
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Introduction

Tooth extraction is a surgical dental procedure
that can lead to a number of complications [1]. The
histological healing process of sockets after tooth
extraction is a four-stage sequential process, including a
blood clot phase, an inflammation phase, a proliferation
phase, and a modeling and remodeling phase [2, 3].
Following tooth extraction, a blood clot begins to form
within the first minutes, performing a protective function
and serving as a matrix for further thrombus formation
and subsequent healing. During the inflammation
phase, immune-inflammatory reactions are triggered,
accompanied by the formation of granulation tissue,
which is critical for wound cleansing of necrotic tissue
and creating conditions for healing [1, 4, 5]. Early in this
stage, acute postoperative pain syndrome develops [6,
7]. During the recovery phase, active proliferation of
bone cells, particularly osteoblasts, and the formation
of a trabecular bone structure are observed, which is
completed within 4 to 8 weeks after tooth extraction [8].
During the modeling and remodeling stage, bone tissue
maturation and remodeling continue, ensuring the
mechanical strength and stability of the alveolar ridge.
These stages are key to successful healing and tissue
restoration after dental interventions, and understanding
these processes facilitates the development of effective
treatment and rehabilitation methods [9].

The search for new methods to accelerate wound
healing after tooth extraction and improve bone
restoration is driven by the need for subsequent
dental implantation [10, 11]. The use of low-intensity
photobiomodulatory therapy (PBMT) allows for the
development of new methods for patient rehabilitation
during dental surgery [12]. The use of low-intensity
PBMT in dental practice helps to reduce inflammatory
reactions, has an antibacterial effect, prevents the
development of pain, and promotes accelerated tissue
healing in the area of damage due to its immune-
correcting effect [13].

The aim of the study was to evaluate various options
for the effect of low-intensity PBMT on reducing the
intensity of acute pain after complex tooth extraction.

Materials and Methods

All patients were divided into 4 groups. Group 1
included 28 patients (7 women and 21 men) aged
18 to 46 years. These patients underwent complex
maxillary molar extractions without the use of PBMT.
Group 2 included 32 patients (10 women and 22 men)
aged 20 to 47 years. PBMT was performed in Group
2 using a LO-904-25 cutaneous laser emitting head
with a wavelength of 904 nm and a ZM-50 magnetic
mirror attachment with a wavelength of 0.89 um and a
magnetic field strength of 50 mT. The pulsed radiation
power in this group was 10 W, and the radiation
frequency was 80 Hz. Group 3 included 30 patients
(10 women and 20 men) aged 19 to 43 years. In this
group, dental tips from the S-1 set were used for PBMT
together with the LO-904-25 laser emitting head
with a wavelength of 904 nm. The tips were placed
in the oral cavity in the area of the socket formed
after tooth extraction. The pulsed radiation power in
this group was 7 W, and the radiation frequency was
80 Hz. Group 4 consisted of 17 men and 12 women
(29 patients) with complex tooth extraction. For
PBMT with continuous radiation, a laser head with a
wavelength of 0.63 pum (laser head KLO 635-15) was
used, emitting a continuous red spectrum, which has
an anti-inflammatory (vascular) effect and stimulates
cellular proliferation. The radiation power was 10 mW,
the radiation frequency was 635 nm. The exposure
time of the tips and heads in all groups was 3 minutes
in the projection of the extracted tooth. All patients
underwent the procedure 1, 24, 48, and 72 hours
after surgery using the LAZMIK-01 device (Russia).
All patients were prescribed ketorolac 10 mg orally,
1 tablet 3 times daily, for pain relief and amoxicillin
+ clavulanic acid, 875 mg + 125 mg, 1 tablet 2 times
daily for 6 days, to prevent purulent complications.
Complex extraction of maxillary premolars and molars
was performed in all patients using mucosal infiltration
anesthesia and intraosseous administration of articaine
hydrochloride and epinephrine in a 1:200,000 ratio.
The study included patients who had no more than
two teeth removed from one side of the maxilla.
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Fig. 1. Visual analogue scale (a) and digital rating scale (b) for
assessing the intensity of acute pain syndrome.

Pain Assessment

Acute pain was assessed at 1, 3, 24, 48, and 72 hours
after complex tooth extraction using a visual analog
scale (VAS) (Fig. 1a) and a numerial rating scale (NRS) (Fig.
1b), each 100 mm long. Patients indicated their pain level
on the scale using a vertical line at the point on the scale
that they believed corresponded to the intensity of their
pain. The scales were presented to patients alternately:
first the VAS and then the NRS [14]. For each patient, the
mean values for both scales were calculated at each pain
assessment interval.

Statistical Analysis

Data were processed using Microsoft Excel, MATLAB,
STATISTICA 12.6,and JASP 0.14.0.0 software. The Wilcoxon
signed-rank test was used to compare data within groups
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at different times after drug administration. The Kruskal-
Wallis, Mann-Whitney, or Student's tests were used to
compare data between groups. For each comparison, a
significance level was determined based on statistical
analysis (from p < 0.0001 to 0.05).

According to the Wilcoxon signed-rank test, acute
pain, assessed by the mean VAS and NRS scores, was
significantly lower in Group 1 at 1 hour postoperatively
than at 3 hours (p < 0.0004). Pain levels decreased at 24
hours compared to 3 hours postoperatively (p < 0.007)
and remained unchanged at 48 hours. On the 3rd day,
the pain intensity significantly decreased compared to
the previous day (p<0.048) (Fig. 2a, Table 1). In the 2nd
group (pulsed laser therapy with a magnetic mirror
attachment), the pain syndrome was significantly higher
after 3 hours than after 1 hour after tooth extraction
(p<0.046). The next day in the 2nd group, the intensity
of acute pain significantly decreased compared to the
previous point of its assessment (p<0.042), and on the
2nd day it decreased significantly again (p<0.0001). After
another 24 hours (72 hours after the operation), the acute
pain syndrome significantly decreased compared to the
previous day (p<0.05) (Fig. 2b, Table 1). In the 3rd group
(the group with pulsed laser therapy), 3 hours after the
operation, the pain, as in the other groups, increased
(p<0.029), and after 3 hours it significantly decreased
(p<0.034) and continued to decrease significantly on the
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Puc. 2. BHyTpurpynnoBas JUHaMUKa OCTPOro nocsieonepaymuoHHoro 601eBoro cuHapoma no cpeaHum aHadeduam BALL w LPLL y naum-
€HTOB CO C/IOXHbIM yaaneHueM 3y6a ¢ npumeHeHnem ®BMT: a — nepBas rpynna (rpynna cpaBHeHus); b — BTopas rpynna (rpynna
MMNYNbCHOMO Na3epa+3epKalibHasg MarHMTHas Hacajgka); ¢ — TpeTbsa rpynna (rpynna MMnyabCHOMo na3epHoro uanyy4eHus); d — yeTeep-

Tas rpynna (rpynna HenpepbIBHOrO 1a3€PHOro U3ny4YeHus).

Fig. 2. Intragroup dynamics of acute postoperative pain syndrome according to average VAS and NRS values in patients with complex
tooth extraction using PBMT: a - first group (comparison group);b — second group (pulsed laser group + mirror magnetic attachment);c
— third group (pulsed laser radiation group); d — fourth group (continuous laser radiation group).
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2nd (p<0.041) and 3rd (p<0.05) postoperative days (Fig.
2¢, Table 1). Thus, after 3 hours, acute pain significantly
increased compared to the 1st postoperative hour
(p<0.015), and at the 24th (p<0.017) and 48th (p<0.008)
hours it decreased and remained the same at the 72nd
postoperative hour of its control (Fig. 2d, Table 1).
One hour after complex tooth extraction, no reliable
differences were found in all groups of patients. The level
of pain syndrome according to the average values of VAS
and NRS corresponded to very mild pain.

According to the Mann-Whitney test, the intensity
of acute pain in Group 1 3 hours after surgery was

Ta6nuua 1

significantly higher than in Groups 2, 3, and 4 (p<0.018,
p<0.032, and p<0.048, respectively). During this period,
patients in Group 2 experienced the least pain compared
to the pulsed laser and continuous laser groups (p<0.045
and p<0.048, respectively).

Twenty-four hours after tooth extraction, the
severity of acute pain was significantly lower in Groups
2 (p<0.012), 3 (p<0.036), and 4 (p<0.043) compared to
Group 1. Also, as at 3 hours after surgery, in patients of
group 2 at the indicated time point, pain intensity was
lower than in group 3 (p < 0.045) and group 4 (p < 0.048)
(Fig. 3, Table 1).

Mokasarenu octpor 601u nNo cpeaHum 3HaveHnam BALL v LIPLL nocne cnoxkHoro yaaneHus 3y6a u npuMeHeHus
doTo6MOMOAYNMpYIOLLEN TepanuK B paHHEM NoceonepaLuoHHOM nepuoge

Table 1

Acute pain indices based on average VAS and NRS values after complex tooth extraction and the use of
photobiomodulatory therapy in the early postoperative period

MM 1 vac 3 vyaca 24 yaca 48 yacoB 72 yaca
1-A rpynna (cpasHenis) 21,05+4,05 60,5+11,64 34,82+5,7 31034597  20,98+4,03
1st group (comparisons)
2-a rpynna (MMnynbCHbIiA
nasep+3epkanbHbli MArHAT) 20,04+3,6 28,09+5,04 18,9634 4,79+0,86 3,07+0,55
2nd group (pulse laser + mirror
magnet)
3-A Tpynna (MmnysibCHbl nasep) 21,91+4,06 36,246,72 24,98+4,63 14,6622,72 10,37+1,92
3rd group (pulse laser)
4-A rpynna (HenpepbIBHbIA nasep) 19,48+3,68 41,75+7,89 28,5545,39 17,08+3,22 13,84+2,62
4th group (continuous laser)
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1 yac/1 hour
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11 rpynna (cpaBHeHus)/1 group (comparisons)

12 rpynna (MMnynbcHbIN nasep+3epKanbHblii MariuT)/2 group (pulse laser + mirror magnet)

3 rpynna (MmnynbcHbIi nasep)/3 group (pulse laser)
B4 rpynna (HenpepbiBHbIi fa3ep)/4 group (continuous laser)

Puc. 3. luHaMMnKa ocTporo nocneonepauMoHHOro 601eBoro CMHApoMa no cpegHum 3HavyeHusam BALL v LIPLU y nauneHToB CO CNOXHbIM

yaaneHuem 3y6a c npumeHeHnem ®bMT.

Fig. 3. Dynamics of acute postoperative pain syndrome according to average values of VAS and NRS in patients with complex tooth

extraction using PBMT.
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According to the Student's t-test, after 48 hours, pain
severity was also higher in Group 1 than in the other
PBMT groups (Groups 2, 3, and 4 — p<0.006, p<0.028, and
p<0.033, respectively). In group 2, patients experienced
practically no pain compared to group 3 (p < 0.003)
and group 4 (p <0.0019). On the third day (72 hours)
after tooth extraction, patients in group 1 experienced
significantly higher pain than in the groups with PBMT
(groups 2, 3 and 4 - p < 0.0001, p < 0.0039 and p <
0.042, respectively). In group 4, the pain syndrome was
significantly higher than in groups 2 (p < 0.003) and 3
(p < 0.05). Patients in group 2 experienced less intense
pain than patients in group 3 (p < 0.002) (Fig. 3, Table 1).

Discussion

Healing of dental sockets after tooth extraction
is a complex process involving the reconstruction of
damaged soft and hard tissues. This process involves the
proliferation and differentiation of osteoblasts, as well
as the synthesis and mineralization of the extracellular
matrix, leading to bone formation and remodeling.
New bone formation is regulated by various cytokines,
including transforming growth factor 8 (TGFB), vascular
endothelial growth factor (VEGF), insulin-like growth
factor (IGF), and bone morphogenetic protein (BMP) [15].
Controlling inflammation and reducing acute pain are
particularly important in the early post-extraction period
[5,16-18].In the study, pain levels were significantly lower
in the PBMT groups at all assessment stages compared to
patients without PBMT, indirectly indicating the positive
anti-inflammatory effects of PBMT combined with
nonsteroidal anti-inflammatory drugs (NSAIDs).

An analysis of the use of diode lasers generating
radiation in the infrared region of the electromagnetic
spectrum demonstrated their bactericidal effect in
dental implantation, which can significantly reduce
the risk of infectious complications [19]. Low-intensity
lasers have been shown to have biostimulating and
anti-inflammatory effects, making them useful in
wound healing and bone tissue restoration [20, 21]. In
the present study, in addition to NSAIDs, antibacterial
therapy was also used, but no purulent complications
were identified in any of the groups. Nevertheless, the
observed pain level clearly indicates the advantage of
using PBMT in the early period following complex tooth
extraction.

Low-intensity laser irradiation has been shown to
promote biostimulation and enhance tissue regenerative
potential when applied in doses ranging from 1.5
to 3 J/cm®. It has been shown that the regenerative
properties of the oral epithelium increase, the activity
of human gingival fibroblasts changes, and the activity
of cells interacting with the implant is modulated, which
improves tissue regeneration and reduces the duration of
the rehabilitation period in patients [22, 23]. A study by M.

Khadra et al. demonstrates interesting results regarding
the effect of laser therapy on cellular proliferation and
the synthesis of important biomolecules. An increase in
cell proliferation 96 hours after laser irradiation indicates
that laser therapy can activate tissue regeneration and
restoration processes. Osteocalcin synthesis, a marker
of osteoblastic activity, and TGF-beta (1), a key factor
in tissue regeneration and healing, were significantly
increased in samples exposed to 3 J/cm? laser radiation.
This suggests that this therapy may improve implant
osseointegration and accelerate bone healing. These
results highlight the potential of low-level laser therapy as
an effective tool in dentistry and orthopedics. Although,
as with any new methods, it is important to continue
conducting additional research to confirm and clarify
these effects [24]. In the present study, the use of pulsed
laser therapy in combination with a mirror magnetic tip
resulted in lower pain levels compared to other types of
PBMT, which requires clarification of the mechanisms
of physiological and pathological changes in tissues
depending on the physical characteristics of low-level
laser therapy in further clinical and experimental studies.

It has also been established that the use of low-
intensity PBMT has a positive effect on the stability
of implants 3 weeks after dental implantation [25]. F.
Chellini et al. evaluated the effect of laser radiation of
808+10 nm average power (2 W, 400 J/em? CW or pulsed
mode, 20 kHz, 7 us, 0.44 W, 88 J/cm?) on cell viability,
their proliferation, adhesion, and also characterized the
osteogenic differentiation potential in comparison with
the action of chlorhexidine. The authors showed that
PBMT has osteoinductive potential, when compared
with the cytotoxic effect of chlorhexidine [26]. These
data confirm our results, which showed a decrease in the
level of acute pain. This indirectly suggests that the type
of photobiomodulation applied in the present study
helps to reduce inflammation. Reducing inflammatory
responses and, consequently, pain levels, leads to
improved bone regeneration [27-31].

PBMT improves socket healing during experimental
destructive treatment with alendronate in rats.
However, pulsed infrared radiation also has a positive
effect on the cytoarchitecture of alveolar bone tissue
in rats [32]. The present study demonstrated that the
higher the PBMT frequency used, the less pain patients
reported after complex tooth extraction. These data
are consistent with studies evaluating the effectiveness
of photobiomodulation after septoplasty. Several
studies have shown that in this type of rhinosurgical
intervention, which also involves the bony structures of
the nasal septum, the use of PBMT leads to a reduction
in acute pain in the early postoperative period [33-35]. In
previous studies, we have found that low-intensity PBMT
not only has a positive local effect, but also reduces the
severity of stress reactions, which was demonstrated
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in studies of the hippocampus in rats after modeling
septoplasty and surgical interventions on the maxilla.
Thus, after the use of PBMT in the hippocampus of
rats, the level of metabolism of the dopaminergic,
noradrenergic and serotonergic systems changes [36].
Moreover, recent studies have shown that during the
same experimental surgical interventions, PBMT reduces
the level of expression of the stress protein p53, which
is responsible for apoptosis, in neurons of the pyramidal
layer of the hippocampus [37].

The combined use of PDT and PBMT also promotes
more effectivetissuerestorationafterchemoradiotherapy
or radiation therapy [38]. Studies of the effectiveness
of PBMT demonstrate that increased lipid peroxide
and depletion of the antioxidant system are the
primary mechanisms of the stress response to various
physiological factors. In this process, cell membranes
become targets for stress factors, pharmacological
agents, and physical agents. PBMT can regulate the
formation of free radicals and exert membranotropic
effects during PDT of tumors [39, 40].

Conclusion

Although the obtained results indicate the
superiority of PBMT over drug therapy alone and the
advantage of a pulsed low-intensity infrared laser with a
mirror magnetic attachment over a continuous red laser
in the management of acute pain after complex tooth
extraction, it is necessary to radiographically confirm
the effectiveness of these methods in preserving the
bone socket and alveolar ridge of the maxilla after
complex tooth extraction in clinical practice.

The use of low-intensity PBMT in patients in the
early postoperative period following complex tooth
extraction results in postoperative pain intensity
reductions of 28.2-53.6%, compared to patients
without it.

The use of a pulsed low-intensity laser head in
combination with a magnetic mirror attachment
reduces acute pain in the early postoperative period
following complex tooth extraction, compared to the
use of a single-pulse emitter and continuous magnetic
radiation.
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Abstract

Studying the interaction of optical wavelength radiation with biological tissues can be used in various biomedical applications, including
estimating the absorbed dose of laser radiation during laser-induced therapy. The fraction of absorbed radiation can be estimated using Monte
Carlo and adding-doubling simulations. In this paper, we compare the simulation results obtained using the two methods for multilayered models
of biological tissues of the trachea and colon. Both methods are used to calculate the absorbed dose based on the specified optical properties
of tissues under several types of illumination. Similar incident beam geometries demonstrated repeatability of 94+3% for a collimated beam and
95+3% for an isotropic/diffuse source. The advantage of the adding-doubling method is its higher computational speed compared to the Monte
Carlo method, while Monte Carlo simulation allows for varying a larger number of parameters when specifying the illumination conditions of the
sample. The data obtained can be used to optimize dosimetry in photodynamic therapy.

Key words: optical property, adding-doubling method, Monte Carlo method, multilayer biological tissue, absorbed dose, laser dosimetry.
Contacts: Krivetskaya A.A., e-mail: annakrivetskaya1998@gmail.com

For citations: Krivetskaya A.A., Savelieva T.A., Kustov D.M., Levkin V.V., Kharnas S.S., Loschenov V.B. Investigation of methods for modeling light
propagation in multilayer biological tissues for calculating the absorbed dose of laser radiation, Biomedical Photonics, 2026, vol. 15, no. 1, pp. 19-29.
doi: 10.24931/2413-9432-2026-15-1-19-29

UCCJIEJOBAHUE METOOQOB MOJEJIMPOBAHUA
PACIMPOCTPAHEHUS CBETA B MHOTOCJIOMHBIX
BUOJTIOTUYECKUX TKAHAX OJ19 PACHETA
NOrMOLWEHHOM 0O3bl TAZEPHOTO MU3JTYYEHMS

A.A. Kpuseukas'?, T.A. Casenvesa'?, [.M. Kycros', B.B. Jleskur3,

C.C. XapHxac?®, B.b. JloweHos'?

"Muctutyt obwen dusmkm um. A.M. MNpoxoposa Poccuiickoi akagemumn Hayk, Mocksa, Poccuma
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Pesiome
M3yuyeHne npoLeccoB B3aMMOAENCTBUA N3yYeHUA B ONTUYECKOM [rana3oHe ANVH BOJIH C 6MOMOrMYecKMM TKaHAMU MOXKET NPYIMEHATb-
CA AN1A Pa3NINYHbIX BUOMEJULIMHCKNX NMPUMEHEHWIA, B TOM Y/C/e 1A OLeHKIN NOMOLWEHHON [j03bl Ia3ePHOT0 U3JTyYeHWA NPy NPOBeAeHNN
Na3epHO-NHAYLMPOBaHHON Tepanuu. OLieHKa oM MOMOLWEHHOTO N3/TyYeHNsA MOXEeT OCYLLeCTBIATLCA MPU MOMOLLM MOAENPOBaHMA METO-
namun MoHTe-Kapso v yaBoeHua-gobasneHus. B aaHHoi paboTte npoBeAeH CpaBHUTESNbHDBIN aHaN3 Pe3ybTaToB MOAENMPOBaHNA ABYMA Me-
ToflaMU ANA MHOTOC/IONHbIX MOAENEN 61oNornyeckrx TKaHel Tpaxeu n ToncToi KUWKU. Oba meTofa NPYMEHEHbI ANA pacyeTta NoroLeHHoN
[103bl MO 3aJaHHbIM ONTUYECKMM CBOWCTBaM TKaHel NPu HECKOMbKIMX BUAax ocBelleHnA. CXoxne reoMeTpurm nyyka napatoLlero nsyvyeHus
roka3sasin MOBTOPAEMOCTb C TOUHOCTbIO 94:+3% AnA KONIUMUPOBAHHOTO Myyka 1 95+3% Ana n3oTponHoro/auddysHoro nctouHvka. Mpe-
MMYLLECTBOM METOAA YABOEHNA-A06aBNeHNA ABNAETCA 60bLIaA BbIYNCITENbHAA CKOPOCTb MO CpaBHEHWIO ¢ MeTofoM MoHTe-Kapno, B To
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Krivetskaya A.A., Savelieva T.A., Kustov D.M., Levkin V.V., Kharnas S.S., Loschenov V.B.
Investigation of methods for modeling light propagation in multilayer biological tissues

for calculating the absorbed dose of laser radiation

BpPEMs KaK Mpu MogennpoBaHum Metogom MoHTe-Kapno MOXXHO BapbripoBaThb 6oJbliee KONMYeCcTBO MapameTpoB MpU 3afaHnm YCoBUn
ocBelleHuns obpasua. MonyyeHHble AaHHble MOTYT UCMOMb30BaTbCA ANA ONTUMM3ALUN JO3UMETPUM B GOTOAMHAMUYECKON Tepanuu.

KnioueBble cnoBa: onTnyeckoe CBONCTBO, meToq y,U,BOEHI/Iﬂ-ﬂOGaBﬂeHI/IH, meToq MOHTG-KapJ'IO, MHOTOC/I0ViHas 6ronornyeckas TKaHb, NMorio-

LLieHHasA 4033, Na3epHas JO3UMETPYS.
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Ana untuposaHua: Kpuseukaa A.A., Casenbesa T.A., Kyctos [1.M., JleskuH B.B., XapHac C.C., JloweHos B.b. iccneposaHne metofos mope-
JIMPOBAHNA PACNPOCTPAHEHUs CBETA B MHOTOC/IOMHbIX GUONOrMYeCcKrX TKaHAX ANA pacyeTa MorfioweHHON A03bl TA3€PHOro u3nyyeHus //
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Introduction

In biomedical optics, the results of researches on
modeling the propagation of light in biological tissues
can be used for various biomedical applications, such as
spectral diagnostics of photodynamic therapy, optical
biopsy and monitoring of tissue oxygenation (StO,),
as well as for predicting the absorbed dose of laser
radiation during laser-induced therapy [1, 2]. For a more
accurate description of the interaction processes of
optical radiation with real tissues, it is necessary to take
into account their multilayeredness, since the optical
properties of different layers can vary significantly,
which reduces accuracy if the tissue is considered
homogeneous.

Lightpropagationintissueisdeterminedbytheoptical
properties of the medium: the absorption coefficient (),
the scattering coefficient (1), and the anisotropy factor
(9). The absorption coefficient determines the probability
of photon absorption per unit path length in the tissue.
The main absorbers in biological tissues are hemoglobin,
water, lipids, and melanin [3]. The scattering coefficient
describes how often a photon changes direction in a
medium. In the ultraviolet and far-infrared ranges, the
contribution of scattering is relatively smaller compared
to intense absorption. In the spectral range of 650-1000
nm, scattering dominates over absorption, creating the
biological transparency window - the range in which
optical radiation penetrates most deeply into biological
tissue [4, 5]. The anisotropy factor (the average cosine of
the scattering angle) determines the direction of light
scattering.

Light propagation in biological tissues, which are
turbid, i.e., highly scattering, media, can be described
using radiative transfer theory. This theory ignores
certain wave properties of light, such as interference
and polarization, and considers only the transfer of
light energy in the medium. It is assumed that the
particle energy remains unchanged on average during
interaction, and the analysis is limited to studying
the propagation of monochromatic photons. The
fundamental equation of radiative transfer theory
incorporates the optical properties of the medium
(u, and ps). Spectral measurements of multilayered

biological tissues can yield values for parameters such
as diffuse reflectance Ry and transmittance (T, whose
values are determined by the optical properties of the
object being studied and the measurement conditions.

Various approximations are used to solve the
equations of radiative transfer theory. One of the
standard methods for numerical solution is the Monte
Carlo (MC) method [6, 7], which provides high accuracy
due to stochastic modeling of photon trajectories,
allows for the presence of layers with different values of
optical properties to be taken into account, but requires
significant computing resources and, accordingly,
time costs [8]. An exact solution to the radiative
transfer equation in biological tissues is only possible
numerically, making the Monte Carlo method one of the
most widely available and accurate tools for modeling
diffuse reflectance and transmittance. The Monte Carlo
method can be used both to solve the direct problem -
modeling the diffuse reflectance and transmittance of
a three-layer model of biological tissue based on given
optical properties — and to solve the inverse problem
- reconstructing optical properties based on diffuse
reflectance and transmittance values [9]. A series of
papers, including the first examples of simulating diffuse
reflectance from a semi-infinite scattering medium and
subsequent scalable methods for multilayer geometries,
showed that the Monte Carlo method can take into
account arbitrary distributions of M by and g, as well as
complex geometries and illumination conditions [10].
In particular, photon trajectory scaling methods can
significantly reduce calculation time for a wide range of
optical parameters [11].

The adding-doubling (A-D) method can also be
used to account for the multilayer nature of biological
tissues. It allows for the rapid calculation of integrated
reflectance and transmittance coefficients for layered
media using the reflectance and transmittance matrices
ofindividual layers. Due toits high speed, the A-D method
is widely used to describe the light field in multilayered
tissues and validate more complex models. However, the
classical A-D method assumes the homogeneity of each
layer and does not account for local inclusions. It is also
limited in its analysis of the spatiotemporal structure of
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the field, which limits its application in problems with
strong heterogeneity [12, 13].

Systematic comparative studies of the effects of
layers with different M My and g on diffuse reflectance
and transmittance in multilayer fabrics are scarce.
Based on publicly available data, there is only one study
comparing Monte Carlo and adding-doubling methods
for a single-layer sample [14]. In this paper, the results of
modeling diffuse reflection and transmission in models
of multilayer biological tissues using Monte Carlo and
adding-doubling methods are compared.

Materials and methods

Algorithms describing the propagation of light in
multilayer highly scattering media

The Monte Carlo method is one of the most frequently
used methods for numerically solving the equation of
radiative transfer theory. It involves determining the
trajectory of a photon in a medium before it is absorbed
or exits the medium based on the probabilities of
absorption, scattering, and the scattering angle. These
probabilities are determined by the optical properties of
the medium - the absorption and scattering coefficients,
as well as the anisotropy factor. Monte Carlo simulation
of light propagation in tissue was performed for various
incident beam geometries: from a point downward, from
a point isotropically, from a fiber with a radius of 0.125
mm and an numerical aperture (NA) of 0.37, a collimated
beam with a radius of 0.125 mm, and a Gaussian beam
with a radius of 0.125 mm. A schematic representation
of these incident beam geometries is shown in Fig.
1. In addition to the values of diffuse reflection and
transmission, the Monte Carlo method makes it possible
to determine the values of the fraction of absorbed
radiation, which can be used to estimate the absorbed
dose of laser radiation during laser-induced therapy.

The adding-doubling method can also be used to
solve the radiative transfer equation. It was proposed by
van de Hulstin 1963.The algorithm, as its name suggests,
consists of two parts. First, for each set of optical
properties corresponding todifferentlayersinthe sample,
a "doubling" process is performed. In the first step, the
diffuse reflectance Ry and transmittance (T) values are
calculated for a thin layer whose thickness allows for only
single scattering. The thickness is then doubled, and the
R, and T, values are determined for the new thickness.
This process is repeated until the final thickness of the
layer with a given set of optical properties is reached.
After the "doubling" process is complete for each set of
optical properties, an "addition" process is performed,
which involves calculating the diffuse reflectance and
transmittance values for the entire sample, including
layers with different sets of optical properties. To
simulate the diffuse reflection and transmission of a
multilayer models of biological tissues based on given

Puc. 1. BapuaHTbl reoMeTpumn nagatowiero u3ay4yeHus npu nona-
[laHMKn cBeTa B TKaHb A0 B3aMMOAEWCTBUSA C pacceuBaTensiMu u
nornoTUTeNsiMU: A — U3 TOYKU BHU3; B — U3 ToUKM u3oTtponHo; C —
13 BOJIOKHA C 3afjaHHbIM pajuycom v aneptypoi; D — konammupo-
BaHHbIN Ny4OK 3afaHHOro paguyca; E — rayccoB ny4yoK 3agaHHoOro
paguyca.

Fig. 1. Geometry options for incident radiation when light enters
the tissue before interacting with diffusers and absorbers: A —
from a point downwards; B — from a point isotropically; C — from
a fiber with a given radius and aperture; D — collimated beam of a
given radius; E — Gaussian beam of a given radius.

optical properties, an algorithm was used, implemented
in the Python programming language using the numpy,
scipy, and iadpython libraries developed by Scott Prahl
[15]. Light propagation in tissue was simulated for two
incident beam geometries: collimated and diffuse. The
fraction of absorbed radiation (A) was determined as
A=1-R,-T.

Mathematical models of multilayer media

In this study, the walls of hollow organs, such as
the trachea and colon, were chosen as examples of
multilayered tissues to allow considering different
illumination conditions. Absorbed dose dosimetry
is a practically significant task, for example, for the
personalization of the photodynamic therapy (PDT) of
the organs of the gastrointestinal tract, which performs
for the treatment of gastrointestinal cancers as an
adjunct to surgery, as well as for small tumors and as a
palliative treatment [17-19]. As for trachea, secondary
neoplasms of this organ are more common than primary
tracheal tumors and typically arise from direct invasion
of the trachea from primary malignancies in adjacent
structures, such as the thyroid gland, lungs, esophagus,
head and neck, or larynx. Examples of the effective use
of PDT exist for such cases [20, 21], as well as for primary
tumors of the trachea [22].

To achieve the objectives of this study, several
models of highly scattering media were proposed. First,
to compare and verify the modeling results, a single-
layer model with optical properties on average relevant
to the biological tissues proposed for study (trachea and
intestine) was proposed. More complex models were
constructed taking into account increasingly accurate
representations of the layers in the walls of these
hollow organs. Their geometries, optical properties and
thickness (d) are presented in Tables 1-5.

To perform the simulation, the tracheal wall was
represented as a four or six layer structure with specified
optical properties and thicknesses. The parameters for
each layer, for which the simulation was performed, such
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Ta6nuua 1

OnTU4yecKne cBOMCTBa OJHOCIONHON Mo enn
OGMOJIOrMYECKUX TKAHEN

Table 1

Optical properties of a single-layer model of biological
tissues

m

M, cm’ 3
u, cm’ 130
g 0.77
n 1.38
d, mm 2
Ta6nuuya 2

OnTuyecKkne CBOMCTBA CJI0EB MOAEeNM GUOJIOTMYECKOMN
TKaHU, UMUTUPYIOLLEN C/TON HaaXPALHULbI TPaxXeu
MeXAY CTM3UCTbIMU Ha AJINHE BOJIHbI 542 HM

Table 2

Optical properties of the layers of the biological tissue
model simulating the perichondrium layer of the trachea
between the mucosal membranes at a wavelength of
542 nm

Cnon 2
(HagxpAWHMLA)

MapameTp Cnon 1,3

(cnnsuncran)

M, cm’ 3.6 6.81
, cm’ 142 120
g 0.73 0.79
n 1.38 1.38
d, mm 0.45 0.1
Ta6nuua 3

OnTU4YEeCKne CBONCTBA YETbIPEXCIIONHOW MOAE/IN TPaxeu

Table 3
Optical properties of the four-layer trachea model

Cnon

TonwuHa
cnos, MM

M, 3.6 2
Cnmn3sncTas
MUCOSa 0.35 M 142 139
g 073 0.78
M, 2.8 1.6
noacnn3ncTas
submucosa g K 140 138
g 0.72 0.77
$unbpo3Ho - H, 4 11
XpALleBas 060/104Ka
fibrocartilaginous ! K, 120 1
membrane g 0.79 0.81
M, 35 1.4
afiBeHTULMS
adventitia ol K, 78 70
g 086 089

for calculating the absorbed dose of laser radiation

as thickness, scattering and absorption coefficients, and
the anisotropy factor, are presented in Tables 3 and 4
[23-28]. The refractive index for all layers was taken equal
to 1.37 29, 30].

The normal colonic wall thickness ranges from 0 to 2
mm in colonic segments >4-6 cm in diameter, from 0.2
to 2.5 mm in colonic segments 3-4 cm in diameter, from
0.3 to 4 mm in colonic segments 2-3 cm in diameter,
and from 0.5 to 5 mm in colonic segments 1-2 cm in
diameter. The maximum colonic wall thickness reaches 6
and 8 mm in the proximal and distal colon, respectively,
if the measured colonic segment demonstrated a lumen
width <1 cm [31].

In work [32], measurements were made on 13
human colon samples (adenomal and normal sample
in each case) for four tissue types (mucosa/submucosa
and muscularis/chorion) using two integrating spheres
and laser sources at wavelengths from 476.5 to 532 nm.
Optical properties were assessed using the adding-
doubling method. For normal tissues at a wavelength of

Ta6nuua 4
OnTU4YECKne CBOUCTBA LECTUCIONHOM MOoeNnu Tpaxeun

Table 4
Optical properties of the six-layer trachea model

Cnowm

TonwmHa
cnos, MM

" 36 2
CNN3nNCTaa

mucosa 0.35 M 142 139
g 0.73 0.78
H, 28 16
noacnn3ncTas
submucosa 0.55 M 140 138
g 0.72 0.77
M, 681 1.2
oxyg.

HaaxXpAWHNLA
perichondrium de“ca>x. 6.54 1.36
o H, 120 117
drbpPo3HO - 9 079 0.1
XpAwesan M, 4 1.1

060s10uKa
fibrocartilaginous & My 120 117
membrane g 0.79 0.81
1T mm
M, 681 1.2
oxyg.

HaaXpALWHNLA

perichondrium detlsx. 6.54 1.36
o
0 b 120 117
g 0.79 0.81
W, 35 14
afBeHTMLMA

adventitia 0.1 M, 78 70

g 086 089
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532 nm, the optical properties of the layer containing the
mucous and submucosa were represented by the values
M, =3.33+0.14 cm”, y_=208+5.16 cm™, g = 0.908+0.029,
and for the tissues of the muscular layer p_ = 1.53+0.06
cm’, M, =193+5.05 cm’, g =0.941+0.048.

Intheworkofthe samegroup[33], the optical properties
of normal and adenomatous human colon tissues were
investigated in vitro at wavelengths of 630, 680, 720, 780,
850 and 890 nm using a titanium-sapphire laser and the
inverse Monte Carlo method. For the normal mucosa/
submucosa at a wavelength of 630 nm, the values of M=
0.143£0.004 cm™ and p, = 208+5.27 cm™ were determined.
For the normal muscular layer, M, = 0.0997+0.0025 cm’™?
and p_=203+5.08 cm. For the muscular layer/chorion of
the human colon, the scattering anisotropy coefficient g at
633 nm was not reported directly in the main study using
the integrating sphere. Since the value of the considered
parameter increases smoothly with wavelength, and such
studies often use a helium-neon laser with a wavelength
of 632.8-633 nm, other studies of colon tissue at 633
nm typically use anisotropy coefficients in the range
g=~0.94-0.96 for muscular or highly scattering layers of
the colon. Thus, a practical estimate for the muscular layer
of the colon at 633 nm is g=0.945+0.01 for normal tissue
and slightly higher for adenomatous tissue, suggesting
the same monotonic trend extrapolated from the range
532—633 nm.

Inthearticle[34],20 samplesof human colontissue (10
samples of mucosa and 10 samples of submucosa) were
placed in a 0.9% aqueous NaCl solution after resection
and stored in it for 8-12 h at a temperature of ~4°C
before spectral measurements were carried out. Optical
properties were determined using a spectrophotometer
with an integrating sphere in the range of 350-2500 nm.
To restore the optical properties, the inverse doubling-
addition method was used to estimate the initial values,
and the inverse Monte Carlo method was used for the
final determination. As a result, approximations were
obtained for the spectrum of the scattering coefficient
of the mucosal membrane by the function ps()\) =
138.896\ 34 + 14460M°¢"7 and the submucosa by
the function p(A) = 125.725A3%%* + 999.947A\ 0%,
where A is wavelength in nanometers. This results in
values of “50‘) = 300.8 cm™ for the mucosa and “50‘) =
99.3 cm™ for the submucosa at a wavelength of 532
nm, and ”5(7‘) = 270 cm™ for the mucosa and “50‘) =
93 ¢cm™ for the submucosa at a wavelength of 633
nm. This means that the scattering coefficient for the
mucosa is approximately three times higher than for the
submucosa. Approximations were also obtained for the
anisotropy factor of the mucosa and submucosa: g(\) =
0.77 + 0.18 [1 - exp (- (\ - 378.7)/111.1)] and g(\) = 0.77
+ 0.19 [1 - exp (- (A — 380.4)/128.1)]. The authors also
showed that absorption in the mucosa is higher than in
the submucosa.

In [35], an inverse adding-doubling method was used
to rapidly estimate optical properties based on spectra
in the range from 400 to 1000 nm for pre-frozen colon
mucosa and early-stage adenocarcinoma samples.
For healthy mucosa, the absorption coefficient was
2.5 cm™ at 532 nm and 0.75 cm™ at 633 nm, while the
reduced scattering coefficient was 19 cm™ and 15.5
cm’, respectively. The anisotropy factor at 532 nm was
determined to be 0.82, and at 633 nm, 0.865.

Therefractive index of the tissues examined was taken
from [36] and was 1.38 for mucosa, 1.36 for submucosa
and muscle.

Combining the results of the works discussed
above, we took for our mathematical model of
the intestinal wall the values of optical properties
presented in Table 5.

Ta6nauua 5
OnTU4YecKne napameTpbl TPEXC/IOMHON MOAENU
HOPMaJibHbIX TKAHEN CTEHKU TOJICTON KULLKU

Table 5
Optical parameters of a three-layer model of normal colon

wall tissues
B Eﬁﬁ
cnos, Mm
B 278 080
cnn3sncTas 0.4 H, 204,52 197,60
mucosa 9 088 090
n 1,38 1,38
H, 1 0,7
noacnu3uncTas 04 M, 99 93
submucosa g 096 0,96
n 136 1,36
H, 1,53 0,0997
MbILLEYHbIN CIION 5 M, 193 203
muscular layer g 0941 0945
n 1,36 1,36

Results and discussion

Results of mathematical modeling of light propagation
in primary models

Tables 6 and 7 present for comparison the results
of doubling-addition and Monte Carlo simulations for
simplified models of biological tissues with optical
properties in the range corresponding to real values at a
wavelength of 542 nm.

The results of the Monte Carlo and adding-doubling
algorithms show repeatability under similar illumination
conditions (the isotropic source from a point for Monte
Carlo can be compared with the diffuse illumination of
the doubling-addition method, and the comparison of
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conditions under collimated illumination requires no
further comment).

Despite the fact that collimated incident beam is
not an absolutely adequate model for experimental
conditions under illumination through an optical fiber
with a given aperture, we see from the Monte Carlo
simulation results that these two illumination scenarios
are still closer to each other than the isotropic/diffuse
radiation source case. In the latter case, we obtain
overestimated values for the diffuse reflectance signal.

Results of mathematical modeling of light propagation
in trachea models

Tables 8-11 present the results of Monte Carlo and
adding-doubling simulations of diffuse reflectance
and transmittance values, as well as the fraction of
absorbed radiation, for four-layer and six-layer tracheal
models at wavelengths of 542 and 630 nm. Figure 2
shows a diagram of the light propagation trajectory in

Ta6nuya 6

for calculating the absorbed dose of laser radiation

tissues during the recording of a diffuse reflectance and
transmittance signal using the example of a four-layer
trachea model.

When illuminated from the adventitia, diffuse
reflection is expectedly lower due to light scattering,
which is almost half as strong in the adventitia as in the
mucosa. Moreover, the anisotropy factor is higher in the
adventitia, meaning that for the scattering event the
scattered photon is more likely to be directed forward,
rather than backward, toward the diffuse reflectance
signal receiver. This means that the mucosa acts as a kind
of highly scattering mirror, reflecting light twice higher
than adventitia.

For the six-layer tracheal model, a decrease in the
agreement between the Monte Carlo and doubling-
addition methods is observed (94+1%) compared to
the four-layer model (95+2%). This is due to the fact that
the six-layer model contains layers with a high level of

[MonyyeHHble NyTeEM MOAENIMPOBAHUSA pacnpoCTpaHEHUS CBETa B OQHOC/IOMHON MOAENN GUONOrMYECKUX TKaHEN

3Ha4YeHuqa AM¢¢y3HOF0 OTpaXeHusd n nponycKkaHua

Table 6
Diffuse reflection and transmission values obtained by simulating light propagation in a single-layer model of biological tissue

N3 TOYKWN BHU3 | M3OTPOMHDbINA | KONMIMMUPO- Fayccos andodysHbIn | KonAMMMPO-
BaHHbIN BaHHbIN
R, 0.27 0.27 0.33 0.27 0.27 0.32 0.29
T, 0.03 0.03 0.02 0.03 0.03 0.03 0.03
Ta6nuua 7

Pe3ynbraThl MOAeNUPOBaHUA AN MOAENU, NpeacTaBasaowein co60i HaaXPALHULY TPaxeu MeXxay C/IM3UCTbIMU

Table 7

Simulation results for a model representing the tracheal perichondrium between the mucous membranes

MC A-D

NA 0.37 N3 TOYKN BHN3 | M3OTPOMHDbIN | KOAAMMUPO- KONAMMMpo-
BaHHbIN ELTS]
R, 0.269 0.268 0.329 0.267 0.268 0.32 0.29
T, 0.071 0.072 0.056 0.071 0.071 0.09 0.1
lo Ty

< —

Cnusucras / mucosa
<«— Nopacnunsucras / submucosa —»

<— —

Xpaw, / fibrocartilage

i ApseHTuuma / adventitia —_—

Puc. 2. Cxema reomeTpumM ocBelle-
HMA (NOTOK najailowero M3nyYyeHus
10) u pernctpauunun curHanoB auddys-
Horo otpaxeHus (Rd) n audodysHoro
nponyckaHnus (Td).

Fig. 2. Schematic diagram of the
illumination geometry (incident
radiation flux 10) and registration of
diffuse reflection (Rd) and diffuse
transmission (Td) signals.
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Ta6nuuya 8
Pe3ynbratbl MOAENMPOBaHUA pacnpocTpaHeHUs U3ny4yeHus ¢ AJAMHON BOJIHbI 542 HM B YETbIPEXC/IONHOW MOAENU
Tpaxeu

Table 8
Results of modeling the propagation of radiation at a wavelength of 542 nm in a four-layer model of the trachea

CO CTOPOHbI cNM3ncTon R 0.287 0.343 0.351 0.286 0.302
SO TIEEEE] A 0.700 0.647 0.63 0.702 0.676

T, 0.013 0.010 0.019 0.013 0.022

CO CTOPOHbI R, 0.166 0.216 0.246 0.164 0.212
fror tha advantitia A 0.798 0.807 0.737 0.800 0.769
T, 0.035 0.027 0.017 0.035 0.019

Ta6nuuya 9
Pe3ynbratbl MOAENMPOBaHUA pacnpocTPpaHeHUs U3yyeHus ¢ AJIMHON BOJIHbI 630 HM B 4eTbIPEXC/IONHOW MOoAenu
Tpaxeu

Table 9
Results of modeling the propagation of radiation at a wavelength of 630 nm in a four-layer model of the trachea

CO CTOPOHbI cM3ncTon Ry 0.35 0.40 0.402 0.35 0.369
from the mucosa 0.57 0.53 0513 0.57 0.538

T, 0.08 0.06 0.085 0.08 0.093

CO CTOPOHBbI R, 0.30 0.34 0.408 0.29 0.377

fror tha atitic A 0.56 0.54 0.506 0.56 0.528
T, 0.14 0.11 0.086 0.14 0.095

Ta6nuuya 10
Pe3ynbratbl MOAENIUPOBaHUS pacrnpoCTPaHEHUs U3/1ly4EHUS C AJIMHOM BOJIHbI 542 HM B LLECTUC/IOMHON MOAENU Tpaxeun

Table 10
Results of modeling the propagation of radiation with a wavelength of 542 nm in a six-layer model of the trachea

OKcureHnMpoBaHHasA HapXPALHMLA  CO CTOPOHbI CIM3MCTON R, 0.287 0.342 0.340 0.285 0.306
Oxygenated perichondrium from the mucosa A 0.705 0652 0.64 0.707 0672
T, 0.008 0.006 0.020 0.008 0.022

CO CTOPOHbI aABeHTLUMN R, 0.146 0.182 0.225 0.145 0.193

fromtheadventitia o 830 0801 076 0.831 0.79

T, 0.024 0.017 0.015 0.024 0.017

[e3oKkcrreHnpoBaHHasA CO CTOPOHbI CIN3NCTON R, 0.286 0.342 0.339 0.285 0.305
Deoxygenated perichondrium from the mucosa A 0705 0651 0644 0707 0.675
T 0.008 0.007 0.017 0.008 0.020

CO CTOPOHbI afBEHTULMN Rd 0.148 0.184 0.227 0.147 0.195

fromtheadventitia  »' 878 0708 0758  0.828 0.788

T, 0.024 0.018 0.015 0.025 0.017
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blood filling (perichondrium), for which the absorption
coefficient and the reduced scattering coefficient
become closer, and the assumptions of the diffusion
approximation of the radiative transfer theory no longer
satisfy the conditions of light propagation [37]. Moreover,
the modeling results differ to a greater extent when
illuminated from the adventitia. This is explained by
the fact that in this case the thin, but highly absorbing,
perichondrium layer is closer to the source (in this case
it is separated by only 0.1 mm of adventitia, as opposed
to 0.9 mm of mucosa and submucosa in the case of
illumination from the mucosa). Since the absorption of
oxygenated hemoglobin at 630 nm is lower than that of
free hemoglobin, these perichondrium layers, despite
their blood supply, satisfy the conditions of the diffusion
approximation and yield results closer to those of Monte
Carlo simulation. Therefore, we can conclude that
when a multilayered organ contains layers with a high
absorption coefficient, Monte Carlo numerical simulation
is preferable for calculating the absorbed dose. In other
cases, the adding-doubling method provides results
close to those of Monte Carlo simulation under similar
illumination conditions.

Results of mathematical modeling of light propagation
in a colon model

Tables 12 and 13 show the simulation results for the
three-layer model of the colon wall.

Tables 12 and 13 shows that Monte Carlo simula-
tions have a higher contrast between the recorded
parameters of diffusely reflected and diffusely trans-

Ta6nuuya 11
Pe3ynbratbl MOAENMPOBaHUA PAcNpOCTPAHEHUS U3TyYEHUS C AJIMHON BOIHbI 630 HM B LLECTUC/IONHOW
MoJenu Tpaxeu
Table 11

Results of modeling the propagation of radiation with a wavelength of 630 nm in a six-layer model of the trachea

—

OKCUreHNPOBaHHAA HaAXPALHMLA
Oxygenated perichondrium

CO CTOPOHbI CN3NCTON
from the mucosa

CO CTOPOHbI afIBEHTMLIAN
from the adventitia

[le3oKkcureHmpoBaHHas
HaAXpALWHMLA
Deoxygenated perichondrium

CO CTOPOHbI C/IN3NCTON
from the mucosa

CO CTOPOHbI aABEHTULINN
from the adventitia

for calculating the absorbed dose of laser radiation

mitted radiation for illumination from the mucosa and
muscle compared to the adding-doubling simulations
for a wavelength of 532 nm, while the opposite is true
for 630 nm. Regardless of the simulation type, we see
that the proportion of absorbed radiation is higher for
illumination from the mucosa, which is clearly related
to the fact that the more or less absorbing layer is
located first in the path of the incident radiation, as
it receives the higher radiation dose. However, the
question is not what the total absorbed dose is across
layers, but rather which layer is the focus of interest. If
we consider the absorption by layers when illuminated
with collimated light, then when illuminated at 630 nm
from the mucosa, the mucosa will receive 0.146 of the
total radiation, the submucosa 0.129, and the muscle
0.048. When illuminated at the same wavelength from
the muscle side, the mucosa will absorb in fractions
of 0.065, the submucosa 0.070, and the muscle
0.074. Thus, the best illumination option depends on
the problem statement, since in the case of a neoplasm
in the mucosal layer, it is logical to irradiate from this
side, and in the presence of invasion into the muscle
layer, we see that greater uniformity of the absorbed
dose will be achieved when illuminating from
this side.

During comparison of the absorbed radiation values
for the trachea and colon models obtained using the
Monte Carlo and adding-doubling methods, it was
found that the methods considered show agreement
with an accuracy of 95+3% (95+3% for the diffuse beam
and 94+3% for the collimated beam).

IR
e A“¢¢y3Hblﬁ

Ry 0.352 0.405 0413 0.350 0.381
A 0.577 0.537 0.503 0.578 0.526
I 0.071 0.058 0.084 0.071 0.093
R, 0.304 0.346 0.402 0.303 0.37
A 0.567 0.549 0.512 0.567 0.535
T, 0.129 0.105 0.086 0.130 0.095
R, 0.351 0.404 0.408 0.349 0.376
A 0.580 0.539 0.509 0.581 0.533
1Ty 0.069 0.057 0.083 0.069 0.091
R, 0.298 0.340 0.402 0.297 0.369
A 0.575 0.558 0.513 0.576 0.538
T, 0.127 0.103 0.085 0.127 0.093
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Ta6nuuya 12

Pe3ynbratbl MOAENMPOBaHUA pacnpoCcTPpaHEeHUs U3ly4eHUs C AJIMHON BOJIHbI 532 HM B TPEXCIOMHOW MOJENIN CTEHKU

TOJICTOrO KULIEYHUKA
Table 12

Results of modeling the propagation of radiation at a wavelength of 532 nm in a three-layer model of the colonic wall
T e e e
- 0-37 A“‘bd)ysublﬁ

CO CTOPOHbI C/IN3NCTON R, 0.277 0.325
from the mucosa A 0.684 0643

1y 0.039 0.031

CO CTOPOHbI MbILLLibI Rd 0.228 0.282
from the muscle A 0676 0.643

T, 0.096 0.076

0.289 0.276 0.252
0.632 0.685 0.66

0.079 0.039 0.088
0.287 0.226 0.249
0.637 0.677 0.666
0.076 0.097 0.085

Ta6nuuya 13

Pe3ynbTaTthl MOAENMPOBAHUA PAcMPOCTPaHEHMUS U3NTyYEHUS C ANTMHOM BOJIHbI 635 HM B TPEXCNOWHOW MOAENU CTEHKU

TOJICTOro KUlle4yHuKa

Table 13
Results of modeling the propagation of radiation at a wavelength of 635 nm in a three-layer model of the colonic wall

AndedysHbIN KOJUIMMMPOBaHHbIN
CO CTOPOHbI CIN3UCTON R, 0.471 0.514 0.457 0.470 0.425
from the mucosa A 0323 0312 0.282 0323 0.293
T 0.206 0.174 0.261 0.206 0.282
CO CTOPOHbI MbILLLibI R ’ 0.484 0.544 0.543 0.482 0.509
from the muscle A 0.208 0.189 0.175 0.209 0.184
T 0.308 0.267 0.282 0.309 0.307

Conclusion

Comparing Monte Carlo and adding-doubling
methods for modeling light transport in multilayer
biological tissues has great significance for the biomedical
application of calculating the absorbed dose of laser
radiation during various types of laser-induced therapies,
such as hyperthermia or photodynamic therapy.
These modeling methods represent fundamentally
different approaches to solving the radiation transport
problem. By comparing the results of Monte Carlo with
those of the adding-doubling method in the same
multilayer configuration, the numerical accuracy of
the latter's implementations can be verified and the
errors introduced by its assumptions can be quantified.
The adding-doubling method wuses an analytical
approximation of radiation transfer theory, enabling
rapid calculation of the required transmission, reflection,
and absorption parameters. Monte Carlo, as a numerical
simulation method, is computationally expensive but can
naturally handle complex 3D geometries, heterogeneous
layers, and arbitrary source and detector configurations.

In this article, we compared various implementations of
these two methods for multilayer models of biological
tissues such as the tracheal wall (with progressively more
complex structure in the models) and the colon wall. We
examined the influence of the illumination side of the
multilayer tissue on the light propagation parameters, the
effect of thin but blood-filled layers on light propagation,
and the effect of the degree of blood oxygen saturation
in the tissues. We demonstrated that for multilayer media
with inclusions of layers containing blood at a such
concentration that the absorption coefficient and the
reduced scattering coefficient become sufficiently close
that the assumptions of the diffusion approximation of
radiative transfer theory do not satisfy the conditions
for light propagation, the use of Monte Carlo numerical
simulation is preferable for calculating the absorbed
dose, while in other cases the adding-doubling method
yields values of absorbed dose close to Monte Carlo
results under similar illumination conditions.

The work was funded by the Russian Science Foundation,
grant No. 25-25-00516.
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SECONDARY LYMPHEDEMA AS A COMPLICATION
OF SURGICAL TREATMENT FOR BREAST CANCER:
AUTOTRANSPLANTATION OF LYMPH NODES
USING ICG LYMPHOGRAPHY

Troshenkov E.A., Polyak M.A., Shakhbanova K.A., Kaprin A.D.,
Filonenko E.V., Kutsuradis A.F., Mantaridis D.
National Medical Research Center of Radiology of Ministry of Health of Russia, Moscow, Russia

Abstract

Secondary upper limb lymphedema remains one of the most significant complications of surgical and radiation treatment of breast cancer
and is characterized by progressive impairment of lymphatic drainage, chronic inflammation, and soft tissue fibrosis. In cases of pronounced
anatomical and functional damage to lymphatic collectors, the effectiveness of conservative therapy and lymphovenous anastomoses is
limited, necessitating the use of physiological microsurgical reconstruction techniques. Vascularized lymph node transfer (VLNT) is considered a
pathogenetically substantiated approach to restoring lymphatic drainage, combining the mechanical «lymphatic pump» effect with stimulation of
lymphangiogenesis through growth factor secretion. Imaging modalities of the lymphatic system, including indocyanine green (ICG) lymphography
and lymphoscintigraphy, play a crucial role in patient selection and in the assessment of surgical outcomes by enabling visualization of dermal
backflow, collector obliteration, and the formation of new lymphatic pathways. The paper presents a clinical case of a patient with stage IIA
lymphedema following comprehensive breast cancer treatment, in whom the absence of clinical improvement after lymphovenous bypass served
as an indication for delayed breast reconstruction with a free DIEP flap combined with inguinal vascularized lymph node transfer. Postoperative
follow-up demonstrated a reduction in limb volume, decreased dermal backflow, and the appearance of linear lymphatic flow patterns in the
transplant area. These findings confirm the potential of vascularized lymph node transfer as a component of a comprehensive surgical strategy for
the treatment of secondary lymphedema in patients after combined breast cancer therapy.

Key words: lymphedema, breast cancer, lymph node transfer, ICG lymphography, microsurgery
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BTOPUYHAA IMM®PEOEMA KAK OCJIOXXKHEHUE
XUPYPIMYECKOTO JIEYEHMSA PAKA MOJTOYHOM
XENE3bl: AYTOTPAHCINTAHTAUUUN NTNMMBPATHUHECKUX
Y3/10B C MCINOJIbSOBAHUEM ICG-JIUM®POIPADUA

E.A. Tpowenkos, M.A. Monsk, K.A. LLax6anoea, A.l. KanpuH,

E.B. Punonenko, A.®D. Kyuypaguc, [. ManTapumamc

HaumoHanbHbIM MEAULMHCKMIA MCCNENOBATENLCKMA LIEeHTP paauonorimn Munsagpasa Poccuu,
Mockea, Poccus

Pesiome
BTOpI/ILIHaf-I nMMd)e,qema BerHeIﬁ KOHEeYHOCTN OCTaéTCﬂ Oo4HUM U3 Ham6onee 3HAYNMbIX OCHO)KHeHI/Iﬁ xmpyprvlquKoro n nyquoro neyeHma
paka MOJIOUHOW »esie3bl Y XapaKTepr3yeTcs NPOrpeccupyoLMm HapyLleHneM TMMdaTMYeCcKoro OTToKa, Pa3BUTMEM XPOHMNYECKOro BocCMane-
HUA 1 prnbpo3a MArKKX TKaHew. Mpy BbiparkeHHbIX aHaTOMO-GYHKLMOHANIbHbIX M3MEHEHMAX NMMMbaTNUYECKMX KONIEKTOPOB 3GGEKTUBHOCTb
KOHCEepBaTUBHOW Tepanum 1 NMMPOBEHO3HbIX aHACTOMO30B OrPaHNYEHa, YTO OnpesensieT HEOO6XOANMOCTb NPYMEHeHUsE GU3NONOTMYECKNX
MUKPOXUPYPIMYECKMX METOAOB PEKOHCTPYKLUMMW. AYyTOTPaHCMNaHTaLUA BacKynsapn30BaHHbIX MMMPATAUYECKMX Y3/10B pacCMaTprBaeTCA Kak
naToreHeTnyeckn o60CHOBaHHbI cnocob BOCCTaHOBNEHUA J'II/IM(])OJJ,pEHa)Ka, COHETaFOLLIVIVI MeXaHnyeckumn 3¢¢eKT <<J1I/IM¢aTVIHECKOFO HacocCa»
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1 CTUMYNALMIO TMMPaHToreHesa 3a CYET cekpeLmn GpakTopos pocTa. CylecTBeHHYI0 posib B OTOOPe NaLMEeHTOK 1 oLieHKe 3pPeKTUBHOCTH
BMeLLaTeNbCTBa MIPalOT METOAbI BU3yanv3auumn numdatnyeckon cuctembl, Bkmoydas ICG-numdorpaduio n numdocumHTMrpadumio, no3sonsato-
LWKe BbISBAATb AePMasibHbI pedioKc, 06nm1TepaLmio KOIEKTOPOB U GOpMUPOBaHEe HOBbIX MyTel NMMdaTnyeckoro TpaHcnopTa. B pabote
NpeAcTaB/ieHO KIMHNYecKoe HabnoaeHne naumeHTkn ¢ numéegemot [IA ctagmm nocne KOMMIEKCHOrO NleYeHnA paka MOJIOUHON Xenesbl,
y KOTOpPOW OTCyTCTBYE 3P deKTa OT IMMPOBEHO3HOTO LYHTUPOBAHNA MOCYKN0 OCHOBAHVEM [/1A BbINOJIHEHNA OTCPOYEHHOW PEKOHCTPYK-
L1 MOJTIOYHOM xene3bl cBo6oaHbIM DIEP-nocKyTOM B cOYeTaHMM C TPaHCMIaHTaUvel NaxoBblX MMMaTnyeckmx y3noB. B nocneonepaumoH-
HOM Mepuofie OTMEYEHO yMeHblleHne 06béMa KOHEUHOCTM, CHUKEHWE BblPaXKEHHOCTV AepManbHOrO pedriioKkca 1 NoABneHne JIMHENHbIX
Y4acCTKOB NMGaTNYECKOro TPaHCMopTa B 30He TpaHCniaHTaTa. [lolyyeHHble AaHHble NOATBEPX/AAlOT NePCNeKTUBHOCTb TPaHCMIaHTaLMm
BaCKYNIAPM30BaHHbIX NMMMATUYECKMX Y3/10B Kak KOMMOHEHTa KOMMIEKCHON XPYPruyeckon CTpaTeruy neyeHns BTOPUYHON nmdeaembl

Yy naumeHToK nocne KOM6VIHI/IpOBaHHOFO JleYyeHnA paka MOIOYHO Xene3bl.

KnioueBble cnoBa: numdeaema, pak MOIOYHON Xene3bl, TPaHCMIaHTauua nuMmdatnyeckmx y3nos, ICG-numdorpadus, MUKpOXUpYpris.
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Introduction

Lymphedema is a chronic disease caused by
impaired lymphatic transport and characterized by
the accumulation of protein-rich fluid in the interstitial
space, followed by chronic inflammation, fibrosis, and
structural remodeling of soft tissues [1]. According to
the literature, lymphedema is considered a dynamic
pathological process that includes not only mechanical
obstruction of the lymphatic pathways but also complex
immune-inflammatory changes leading to progressive
tissue remodeling [2].

Upper extremity lymphedema following breast
cancer surgery remains one of the most significant
challenges in modern oncology and reconstructive
surgery. Despite the introduction of sentinel lymph
node biopsy and the de-escalation of axillary surgery,
the incidence of lymphedema after axillary lymph node
dissection remains high, reaching 40% [3]. Additional
risk factors include radiation therapy, a high body mass
index, infectious complications (recurrent episodes
of erysipelas or cellulitis), and the extent of surgical
intervention [2].

The development of lymphedema leads to a
significant decrease in the patient's quality of life, limited
upper limb function, chronic pain, and an increased risk
of infectious complications, making this problem not
only medically but also socially significant [4].

A modern approach to treating lymphedema
involves a stepwise approach. In the early stages, the
leading method remains comprehensive physical anti-
edema therapy, including compression therapy, manual
lymphatic drainage, exercise therapy, and meticulous
skin care [5]. However, with the development of severe
fibrotic changes and destruction of lymphatic collectors,
the effectiveness of conservative therapy is significantly
reduced, necessitating the use of surgical correction
methods [6].

The development of microvascular surgery has
led to the introduction of physiological methods for
reconstructing lymphatic drainage—lymphatic venous
anastomoses (LVA) and vascularized lymph node
autotransplantation (VLNT). LVA is most effective in the
early stages of the disease when lymphatic vessels are
preserved, while VLNT is considered the preferred method
for severe anatomical and functional changes and the
development of fibrosis, providing both mechanical
restoration of lymphatic drainage and the potential
lymphangiogenic effect of transplanted nodes [7].

Thus, the search for optimal surgical tactics for
the treatment of secondary lymphedema after breast
cancer surgery remains a relevant task of modern
oncomammology and reconstructive surgery. This article
presents a clinical case of vascularized lymph node
autotransplantation and reviews the current literature
on this topic.

Technical Aspects and Mechanisms
of Effectiveness of Vascularized Lymph
Node Transplantation

Autotransplantation of vascularized lymph nodes is
a physiological microsurgical method for reconstructing
lymphatic drainage and is used in secondary
lymphedema, primarily in cases of severe anatomical
and functional changes in the lymphatic system.
This technique involves isolating a block of lymph
nodes with surrounding adipose tissue and feeding
arterial and venous vessels, forming a vascular pedicle,
followed by transferring the flap to the lymphedema
area and performing microsurgical arterial and venous
anastomoses [8].

The most commonly used donor sites are the inguinal
region, as well as the axillary, omental, submental,
lateral thoracic, supraclavicular, and cervical regions [9].
The choice of donor site is determined by anatomical
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features, the required tissue volume, and the risk of
developing donor lymphedema.

Considering that secondary lymphedema of the
upper limb most often develops after axillary lymph
node dissection combined with radiation therapy, a
pronounced fibrous scarring process often develops
in the recipient site. Preparation of the graft bed is a
fundamentally important stage of the surgery and
includes excision of fibrous tissue, decompression of
vascular and nerve structures, and creation of conditions
for neoangiogenesis and lymphangiogenesis. Removal
of scar tissue reduces mechanical compression and
eliminates the barrier to the formation of new lymphatic
collaterals [10].

Transplantation is performed by placing the
vascularized lymphatic complex into the prepared bed
and fixing it with soft tissue. Vascular anastomoses
of arteries and veins are performed microsurgically,
ensuring the restoration of blood flow and integration of
the graft into the lymphatic system of the limb [11].

The clinical effect of autotransplantation of
vascularized lymph nodes is achieved through several
complementary mechanisms.

The first theory, the so-called "lymphatic pump"
or pressure gradient concept, suggests that the
transplanted lymphatic complex functions as a zone of
reduced interstitial pressure. Active blood flow within
the graft creates conditions for passive lymphatic influx
from surrounding tissues, which ensures early reduction
of edema in the postoperative period [12].

The second theory involves the induction of
lymphangiogenesis. Experimental and clinical studies
have shown that transplanted lymph nodes are capable of
secreting vascular endothelial growth factor-C (VEGF-C),
which stimulates the proliferation of lymphatic endothelial
cells and the formation of new lymphatic collectors. Thus,
new lymphatic drainage pathways and lymphovenous
connections are formed in the long-term period [13].

The functional activity of the graft is confirmed
by instrumental methods. Lymphography using
indocyanine green (ICG) and lymphoscintigraphy
demonstrate a redistribution of lymphatic flow to the
graft area already in the early postoperative period,
followed by the formation of new lymphatic collaterals
and improved drainage function of the limb [12].

Thus, vascularized lymph node transplantation
representsapathogeneticallysubstantiated methodforthe
surgical correction of secondary lymphedema, combining
mechanical, angiogenic, and immunomodulatory effects.

Indications and Contraindications
for Vascularized Lymph Node
Transplantation

The choice of vascularized Iymph node
transplantation as a treatment for lymphedema is based

autotransplantation of lymph nodes using ICG lymphography

on the stage of the disease, the severity of structural
changes in the lymphatic system, and the results of
previous conservative therapy. This method is primarily
considered for patients with stage ll-lll lymphedema
according to the International Society of Lymphology
(ISL) classification, in whom conservative therapy has
failed to achieve a stable functional result [14].

The key selection criterion is the presence of
anatomical and functional failure of the lymphatic
collectors, confirmed by instrumental methods (ICG
lymphography, lymphoscintigraphy), with signs of
severe dermal reflux, segmental vascular obliteration, or
complete vascular destruction. In such cases, performing
lymphovenous anastomoses is technically difficult
or impractical, which justifies the choice of lymph
node transplantation as a pathogenetically targeted
reconstruction method.

The main indications for vascularized lymph node
transplantation include:

« ISL stage II-lll lymphedema with severe soft tissue

fibrosis;

« lack of clinically significant effect from adequate
conservative therapy;

- recurrent episodes of cellulitis (erysipelas);

- obliteration or a sharp decrease in the number of
functioning lymphatic vessels;

- severe pain, decreased limb function, and a
significant deterioration in quality of life.

An additional factor in favor of surgical treatment
may be disease progression despite adherence to a
compression regimen and rehabilitation measures.

Contraindications to vascularized lymph node
transplantation can be divided into absolute and relative.
This approach allows this intervention to be considered
not as a universal method, but as a component of a
personalized surgical strategy for the treatment of
secondary lymphedema.

Absolute contraindications include:

+ local recurrence of breast cancer or progression of

the oncological disease;

- the presence of distant metastases.

Relative contraindications include:

+ severe microcirculation disorders in the recipient
site (post-radiation vasculitis, critically reduced
perfusion);

- severe forms of neuropathy or neuritis of the
brachial plexus, limiting the possibility of full
postoperative rehabilitation;

- lack of suitable recipient vessels for the formation
of microsurgical anastomoses;

- severe somatic diseases that increase the risk of
microsurgical intervention.

Thus, indications for VLNT are determined based on a

comprehensive assessment of the stage of lymphedema,
instrumental imaging data, the effectiveness of
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conservative treatment, and the patient's oncological
status. Optimal patient selection is a key factor in
achieving a sustainable clinical outcome [15, 16].

Clinical Observation

A 49-year-old female patient presented to the
P.A. Herzen Moscow Oncology Research Institute - a
branch of the National Medical Research Center of
Radiology of the Ministry of Health of Russia with a
diagnosis of stage llIC right breast cancer, pT2N3aMO0,
luminal type A, status after combined treatment in
2023 (05.08.2023 - right radical mastectomy, 4 cycles
of neoadjuvant chemotherapy according to the DC
regimen from 28.08.2023 to 01.11.2023, external
beam radiotherapy from 21.11.2023 to 26.12.2023,
total focal dose 50 Gy).

From the medical history, it is known that after
completion of the combined treatment for the primary
disease, the patient began to notice increasing swelling
of the right upper limb. The patient did not wear a
compression sleeve, as a result of which the swelling
became persistent.

At the A.F. Tsyb Medical Radiological Research Center
- a branch of the National Medical Research Center
of Radiology of the Ministry of Health of Russia, on
15.02.2024 and 02.05.2024, lymphovenous bypasses of
the right upper limb were performed: at the level of the
forearm and the hand, respectively.

Despite surgical interventions, conservative therapy,
and wearing of compression garments, the desired effect
on swelling was not achieved. Furthermore, the patient
noted a significant decrease in quality of life due to the
absence of a breast.

The patient was referred to the PA. Herzen Moscow
Oncology Research Institute for further evaluation and
determination of treatment strategies for secondary

/Y7 oV . ?

Puc. 1. BHelwHuWi BUA NpaBoii BepxHe KOHEYHOCTU A0 Ha4yana
neyenus. iumdpepema lIA ctagumn no knaccudpukaumm ISL.
Fig.1.Clinicalappearance of therightupperlimb before treatment.
Stage IIA lymphedema according to the ISL classification.

Puc. 2. ICG-numborpadus npaBon BepxHen KOHEYHOCTU A0 Jieye-
HUS: BblpaXKeHHbIM AepMabHbii pednioKe, OTCYyTCTBUE JIMHEMHbIX
NMMbaTUYECKUX KONINIEKTOPOB B MPOKCUMabHbIX OTAENaX.

Fig. 2. ICG lymphography of the right upper limb before treatment:
pronounced dermal backflow and absence of linear lymphatic
collectors in the proximal segments.

Puc. 3. JlumdbocunHTUrpacdms npaBon BepxHei KOHEYHOCTU: TUM-
daTUYEeCKUit TpaHCNOPT 3amMeaNeH, PErMoHapHbie NoAMbILeYHble
y3Jibl He BU3yanu3upyloTcs.

Fig. 3. Lymphoscintigraphy of the right upper limb: lymphatic flow
is slowed, and regional axillary nodes are not visualized.
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lymphedema and the possibility of right breast
reconstruction.

On examination: the right upper extremity was
enlarged, primarily in the forearm and shoulder area,
with moderate fibrotic changes in the soft tissues and
decreased skin elasticity. The lymphedema corresponded
to stage IlA according to the ISL classification.

According to ICG lymphography data, pronounced
dermal reflux, the absence of formed linear lymphatic
collectors in the proximal parts of the limb and signs
of failure of previously performed lymphovenous
anastomoses were revealed.

Lymphoscintigraphy  confirmed a  significant
slowdown in lymphatic transport and lack of visualization
of regional axillary lymph nodes.

Puc. 5. KnMHuuyeckunin ocmoTp 4yepes 6 mec nocne fie4eHus: BUgHa
BOCCTaHOB/IEHHAss MOJIOYHasA Kenes3a, YMeHbleHue oGbema
KOHEYHOCTHU U CHUXKEeHUEe cCUMNTOMOB numdocTasa.

examination 6 months after treatment:
limb volume reduced, and

Fig. 5. Clinical
reconstructed breast visible,
lymphedema symptoms improved.

autotransplantation of lymph nodes using ICG lymphography

Puc. 4. KT-anrnorpadusa gns niaHupo-
BaHUA MUKPOXMPYPrUYECKON PEKOH-
CTPYKUMU: a — nepeaHss OplolHas
CTeHKa: BuaeH nepdopaHT rnyGoKown
HWXXHeanuracTpasbHON apTepuu ana
BblA€NE€HUS COCYAUCTON HOXKK; b —
rpyAHas KneTka CcO CTOPOHbl paHee
BbIMOJIHEHHOW MaCT3IKTOMMUU: COXpaH-
Hble BHYTPUIPyAHblEe COCYAbl, MPUrOA-
Hbl€ AJ151 PEKOHCTPYKLIMMU.

Fig. 4. CT angiography for micro-
surgical reconstruction planning: a -
anterior abdominal wall: perforator
of the deep inferior epigastric artery
visible for harvesting the vascular
pedicle; b — chest on the side of prior
mastectomy: preserved intrathoracic
vessels suitable for reconstruction.

CT angiography visualized a perforator of the deep
inferior epigastric artery on the anterior abdominal
wall, necessary for isolating the vascular pedicle, as
well as preserved intrathoracic vessels on the side of
the previously performed mastectomy, which made it
possible to plan microsurgical reconstruction.

Given the severe anatomical and functional
impairment of lymphatic drainage, the lack of response
to lymphovenous bypass, and the patient's desire to
restore the lost breast, a decision was made to perform
delayed reconstruction of the right breast using a free
DIEP flap combined with vascularized inguinal lymph
node transplantation.

During the surgery, after excision of scar-fibrous
tissue in the axillary region, an adequate recipient bed

Puc. 6. ICG-numdporpadusa nocne peKOHCTPYKUUU: HaKoMaeHue
KOHTpacTa B 30He TpaHCnaaHTaTa.

Fig. 6. ICG Ilymphography after reconstruction: contrast

accumulation in the transplant area.
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was created. A DIEP flap was harvested, incorporating
superficial inguinal lymph nodes on a vascular
pedicle. End-to-end microvascular anastomoses were
formed with the thoraco-dorsal vessels. The lymphatic
component was placed orthotopically in the axillary area.
No intraoperative or early postoperative complications
were noted.

Six months after surgery, the patient noted a
decrease in the feeling of heaviness and tension in
the limb, decreased tissue density, and a reduced
dependence on constant compression therapy. Follow-
up ICG lymphography showed a reduction in the severity
of dermal reflux and the appearance of linear areas of
lymphatic transport with contrast accumulation in the
transplant area. Clinically, a 2-3 cm reduction in limb
circumference at the forearm level was recorded. No
episodes of erysipelas were observed postoperatively.

Conclusion

Vascularized lymph node autotransplantation is a
modern and highly effective microsurgical method for
treating lymphedema, especially at stages characterized
by destruction of lymphatic drainage and decreased
effectiveness of conservative therapy. This method
ensures sustainable limb volume reduction, restoration
of lymphatic drainage, a reduction in the incidence
of inflammatory complications, and a significant
improvement in patients' quality of life. Optimization of
donor site selection, the use of imaging techniques, and
microsurgical techniques minimize risks and improve
the effectiveness of the procedure. VLNT represents
a promising tool for a comprehensive approach
to lymphedema treatment, particularly in patients
following comprehensive breast cancer treatment,
where lymphatic system changes are most pronounced.
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