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Abstract

The aim of study is to evaluate the tolerability and effectiveness of photodynamic therapy as an organ-preserving treatment in patients with vul-
var leukoplakia. 50 patients with a verified diagnosis of «vulvar leukoplakia» were included in the study. The age varied from 27 to 74 years. The
method of treatment assumed the use of the photosensitizer photolon (RUE «Belmedpreparaty», Belarus) administered intravenously in doses of
1.8-2.5 mg/kg. Photoirradiation of pathological foci was carried out 2.5-3 hours after intravenous injection of photolon” using a semiconductor
laser «<UPL PDT» (LEMT, Belarus, A=661 nm) at exposure doses from 30 to 100 J/cm? with a power density of 100-170 mW/cm?. The treatment was
performed under medical anesthesia. The results of treatment were evaluated using clinical data. Adverse reactions and complications after
the introduction of the photosensitizer and photoirradiation have not been observed. Complete clinical regression of the treated pathological
foci was noted in 100% of cases with a follow-up observation 1 month after the treatment. At follow-up after 3 months, local recurrences of the
disease were detected in 4 cases, which were successfully treated with repeated photodynamic therapy sessions. The percentage of complete
regressions was 92%, partial - 8%. The obtained results allow judging on the possibility of using photodynamic therapy in the treatment of
patients with vulvar leukoplakia, which allows to preserve the organ and obtain a satisfactory functional and cosmetic result.
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OOTOAMHAMMYECKAS TEPANMS NP NEMKOMNAKNM
BYJ1bBbI

T.M. Aptembeeq, [1.A. Liepkosckui
PecnybankaHCKui HayYHO-NPAKTUHECKMHM LIEHTP OHKOSIOTMM U MEAMLMHCKOMN PAAMONOMMUM
um. H.H. Anexcanaposa, Murck, benapyck

Pesiome

Llenbto paHHOM paboTbl Gbiia OLeHKa MePeHOCMMOCTN 1 SGPEKTVBHOCTY POTOAVHAMUYECKON TePanUn Kak OPraHOCOXPaHALEro Metofa
JleYeHMA y NaLMEHTOK C JIeliKonaknen BynbBbl. B nccnegoBaHve 6bi10 BKAOUeHO 50 MaumneHToK ¢ BepudULMPOBaHHbIM ANAarHO30M feii-
Konnakumsa By/nbBbl. BO3pacT XeHLWuH BapbrpoBan ot 27 fo 74 net. MeTop neuyeHvs nNpeanonaran Ucnonb3oBaHrie poToceHcnbrnmsatopa
doTonoH (PYIN «benmepnpenapatbi», benapycb), KOTOPbI BBOAWSIN BHYTPUBEHHO B fo3ax 1,8-2,5 mr/kr. O6nyyeHMe nNaTonornyeckrix o4aros
oCyLlecTBAANM Yepes 2,5-3 4 noc/ie BHyTPUBEHHOrO BBeAeHNA GOTOMOHa C MOMOLLbIO NOAYNpPoBOAHMKOBOrO nasepa «YIMJ1 OAT» («LEMT»,
Benapycb, A=661 HMm) B fo3ax oT 30 fo 100 []>k/cM? C NNOTHOCTbIO MOLYHOCTY U3lyyeHus 100-170 MBT/cm?. JleueHre ocyLIeCTBAANN NOA MeAM-
KaMeHTO3HbIM 06e360/BaHNeM. Pe3ynbTaTbl NeyeHns OLeHUBaIN MO KIMHUYECKUM JaHHbIM. HexxenaTenbHbiX peakuyuii mocne BBeAeHus
doToceHcmbunmsaTopa 1 fanbHenwero 0bnyyeHns 3aperncTpupoBaHo He 6b110. [NofHaA KNMHMYeCKas perpeccus nposieYeHHbIX NaToNoru-
YecKux oyaroB otmeyeHa B 100% ciiyyaeB Npvi KOHTPONbHOM HabsiofeHNN Yepes 1 Mec noce NPoBefEeHHOTrO fieyeHus. Mpy KOHTPONIbHOM
HabnogeHnn yepes 3 Mec y 4 NaLMEeHTOK BbisiB/IEHbI JIOKaJIbHble 04ary NpoLOSIKEHHOTO POCTa OMyXOJn, KOTOPbIE b YCMELHO NPOoJieYeHbl
C NMOMOLLbIO MOBTOPHOIO Kypca GpoTognuHaM1UecKon Tepanun. YactoTa NosiHbIX perpeccuin coctaBuna 92%, YacTuuHbIx — 8%. MonyyeHHble
pe3ynbTaTbl NO3BOAAIOT CYAUTb O BO3MOXKHOCTUN MPUMEHEHNA GOTOANHAMMNYECKO Tepaniy B IeYeHN NaLMeHTOK C IefKomnsiakuei BybBbl C
COXpaHeHVEeM LieSIOCTHOCTI OpraHa npw Nosly4YeHy yA0BIETBOPUTENIbHOTO GYHKLIMOHANIBHOTO 11 KOCMETUYECKOro pe3yribTaTa.

KnioueBble cnoBa: ¢OTO,E[VIHaMVIHeCKaﬂ Tepanus, ¢OTOC€HCM6W’IVI3aTOp, ¢OTOJ'IOH, nenkonnakna BYynbBbl.

Ona untnposaHua: Aptembesa T.M1., LiepkoBckuin [I.A. DoTogmHamuyeckan Tepanua npu nenkonnakuu Bynbsbl // Biomedical Photonics. —
2018 -T.7,N2 4. - C.4-10. doi: 10.24931/2413-9432-2018-7-4-4-10.

KoHTtakTbi: LlepkoBckuin [1.A., tzerkovsky@mail.ru
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Introduction

In the last decade, an increasing number of patients
with dystrophic diseases of the vulva (DDV) has been
observed, occupying from 1% to 10% in the structure
of gynecological pathology [1]. These diseases defined
as «neurodystrophic diseases» include lichen sclerosus
(lichen, kraurosis), squamous hyperplasia (leukoplakia)
and vulvar intraepithelial neoplasia (VIN) of the vulva)
[2]. Leukoplakia of the vulva (LV) is a main manifestation
of the squamous hyperplasia, which is a DDV involving
non-keratinized stratified squamous epithelium. In the
epidemiological structure of benign lesions of the vul-
va, over 50% of cases are squamous hyperplasia, 25% of
cases are lichen sclerosus, and remaining 25% of cases
include their association [3]. This group of diseases is also
characterised by a high risk of malignancy: in the setting
of kraurosis, the risk of malignancy is 9%; in the setting
of VIN, it is from 6% to 18%; and when both processes
are combined, the risk is 60% [4]. Thus, given the dura-
tion and severity of the disease course as well as the high
probability of malignancy, the search for effective meth-
ods of treating this pathology is an urgent problem of
modern medicine [5].

The main method of treating patients with DDV is a
surgery. In most cases, the excision of nidi is performed;
when the disease extent is significant, the vulvectomy is
used. The advantage of this treatment method is a pos-
sibility of histological verification in tissues of removed
nidi to estimate the risk of malignancy; the disadvantages
include injuries, the risk of postoperative complications
and, in some cases, poor cosmetic results. In addition, ac-
cording to the literature, the rate of local recurrence after
vulva surgeries is from 30% to 46% [71].

The key non-surgical methods of treating DDV are
laser CO, coagulation and vaporization of pathologi-
cal areas of the vulva with a radiation intensity of over
1,000 W/cm?. Unlike surgical treatment, these therapeu-
tic modalities provide a good cosmetic result, but, like
surgical treatment, they do not affect etiopathogenetic
mechanisms of diseases, which is the reason for the de-
velopment of local recurrence in the early posttreatment
period. The rate of local recurrence after laser CO, coagu-
lation and vaporization ranges from 15% to 48% [8, 9.

A relevant research direction is the use of high-inten-
sity focused ultrasound, which is characterized by high
tolerability, a high rate of histologically proven complete
regressions (up to 88.9%) and a long period of the remis-
sion (up to 6 months) [10].

The imiquimod immunomodulator has certain thera-
peutic opportunities [11]. During its use, the local recur-
rence rate is over 40% [12]. The use of application forms
of 5-fluorouracil in the treatment of DDV features a low
rate of complete regressions (up to 34%) and adverse
events (burns of the 1st and 2nd degree, painful ulcers)
[131.

The main reasons for the search for new methods
of treating DDV are the frequent recurrence of the pro-
cess, the long and persistent course of the disease, the
unreasonable and ineffective use of drugs, which lead to
the development of various psychosomatic disorders in
patients that have an adverse effect on their body state
and the deterioration in women'’s quality of life. The ex-
isting non-surgical therapies relieve the main symptom,
itching of external genital organs, but they do not fully
eliminate local morphological manifestations of the dis-
ease, do not provide durable remissions and require the
long period of treatment. In addition, the long-term non-
surgical treatment does not prevent malignancy of the
disease.

One of the most promising directions for the treat-
ment of DDV is photodynamic therapy (PDT). This treat-
ment method is based on the use of a special substance
- a photosensitizer (PS) — whose cytotoxicity is manifest-
ed when it is exposed to laser irradiation with a specific
wavelength. The results of pre-sensitized tissue irradia-
tion are apoptosis, autophagy and ischemic necrosis of
the irradiated tissues [14].

The main PSs used for PDT of DDV are 5-aminolevu-
linic acid (5-ALA), chlorine derivatives and dyes [15-17].
The main researches are aimed at studying the efficiency
of PDT of DDV with topical application of photosensitiz-
ing agents. However, the efficiency of treatment with
topical application of the chlorine based PS is low com-
pared to traditional methods (there is no effect in more
than 30-40% of cases) [18].

The majority of published abroad clinical studies,
which confirm the PDT efficiency, are devoted to the use
of application forms of 5-ALA as a PS.

According to P. Hillemanns et al., PDT (with laser irra-
diation energy density of 100 J/cm? A =635 nm) with top-
ical application of a 20% solution of 5-ALA in 25 patients
with VIN of the 1st to 3rd degrees allowed to achieve a
high rate of complete regressions (CR): for VIN of the 1st
degree and monofocal and bifocal lesions of the 2nd and
3rd degrees, this value was 100%; for a multifocal form of
the disease, it was 27% [15].

M. K. Fehr reported on 66% of clinical CRs and 57%
of histologically proven CRs for PDT (with laser irradia-
tion energy density of 80-125 J/cm?, A = 635 nm) with
application of a 10% gel form of 5-ALA in 22 patients
with VIN of the 2nd and 3rd degrees [19]. A. Zawislak
et al. presented the experience of treating 23 patients
with VIN of the 2nd and 3rd degrees using PDT (with
laser irradiation energy density of 100 J/cm? \ = 635
nm) with a 20% solution of 5-ALA. The authors report-
ed on 52% of clinical CRs and 38% of histological CRs
[20].

The CIS countries have a considerable experience
in application of PDT with chlorine based PSs (fotodi-
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tazine, photolon, radahlorin) in the treatment of pa-
tients with DDV. For example, O. B. Otdelnova report-
ed on the outcomes of treatment of 6 patients with
benign vulvar diseases (lichen sclerosus of the vulva,
squamous hyperplasia of the vulva). The authors used
the fotoditazine as a PS (intravenous infusion at a dose
of 1 mg/kg + application of 1 ml of 0.5% penetrator
gel). Irradiation was performed using an «Atkus-2 »
semiconductor laser with laser irradiation energy den-
sity of 100-200 J/cm? under topical anesthesia with a
2% lidocaine solution. The efficiency assessment was
based on physical examination data and the presence
of clinical symptoms of the disease (itching). During
follow-up after 3 months, the therapeutic effect per-
sisted. Itching relief was observed in 3 out of 4 patients
with lichen sclerosus; data of cytological examination
of scraping and vulvoscopy showed the complete cure
in all patients with squamous hyperplasia. A good cos-
metic result was reported in all cases. However, such
an adverse event as a severe pain syndrome was ob-
served in all patients during photoradiation, which
limited the application of a therapeutic dose of irratia-
tion to the nidi [18].

E. A. Chulkova reported on outcomes of PDT with a
20% ointment of 5-ALA in 90 patients with dystrophic
and premalignant diseases of the vulva. The average ra-
diation power was 1.5 W in the spectral range of 630+10
nm. The authors noted that PDT with the 20% ointment
of 5-ALA proved to be an effective method that minimal-
ly injures the healthy vulvar tissue, which is very impor-
tant for young and middle-aged patients [21].

O. V. Makarov presented the experience of treat-
ing 97 patients with DDV: lichen sclerosus of the vulva
was verified in 75 (77.3%) patients, squamous hyper-
plasia of the vulva was verified in 18 (18.6%) patients,
and mixed dystrophy was verified in 4 (4.1%) patients.
PDT was performed with the fotoditazine: the PS was
administered via IV infusion at a dose of 1 mg/kg
(n=64) or applied topically as a 0.5% penetrator gel
(n=33). Irradiation was carried out in a continuous or
fractional mode with laser irradiation energy density
of 100-250 J/cm? (A=630 nm). The authors observed
a high rate (90.6%) of CRs for intravenous administra-
tion of the PS and 78.8% of CRs for topical applica-
tion. One year after the PDT session, the recurrence
rate was 9.1% in the 1st group and 22.6% in the 2nd
group [22].

A. Z. Khashukoeva performed PDT of 50 patients with
DDV (lichen sclerosus, squamous hyperplasia, mixed dys-
trophy) using the fotoditazine (1mg/kg). The author re-
ports a 94% of CRs (clinical) when using laser irradiation
energy density of 100-250 J/cm? (A=662 nm) [23].

The purpose of this work is to assess the efficiency,
safety and cosmetic results in patients with DDV treated
with PDT with the photolon PS.
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Materials and methods

The study included 50 patients with the morphologi-
cally verified diagnosis of leukoplakia of the vulva. The
patients were from 27 to 74 years old.

The clinical diagnosis was made on the basis of com-
plaints, history and examination of patients, vulvoscopy
and the results of the morphological (histological and/or
cytological) examination of the pathologically changed
tissues of the vulva.

The criteria for patient enrollment in the study of PDT
were histological and cytological validation of the diag-
nosis, the absence of the severe comorbidity and a writ-
ten consent to treatment. The treatment was carried out
on an outpatient basis.

The PS was Photolon (RUE «Belmedpreparaty», Be-
larus), which is a complex of trisodium salt of chlorin e,
with polyvinylpyrrolidone. The PS was dissolved in 200
ml of physiological saline and was administered via IV in-
fusion at doses of 1.8-2.5 mg/kg-BM of the patient in a
darkened room.

A PDT session was conducted 2.5-3 hours after the
PS administration using a «UPL PDT» semiconductor laser
(«Lemt», Belarus, A=661 nm). The radiation was supplied
using a light cable equipped with a microlens («Biospec»
LLC, Russia), which has a homogeneous distribution of
the irradiation energy over the light spot.

The size of irradiation fields varied from 1.5 to 2 cm;
the number of fields ranged from 1 to 4; the power den-
sity was from 0.1 to 0.17 W/cm? the light dose was from
40to 100 J/cm?. The duration of a PDT session varied from
10 to 30 minutes depending on the number of irradia-
tion fields. The irradiated area always included 3-5 mm of
normal tissues from the edges of the afflicted zone.

Due to particular sensitivity of the treated area, pre-
medication with non-narcotic analgesics (Ketorolac, in-
tramuscularly, 4 ml) was carried out 15-20 minutes be-
fore the session for the pain management.

The nidus response to the treatment was evaluated
immediately after the PDT session and after 1, 7 and 30
days.

The tolerance of the treatment was estimated based
on the frequency and severity of adverse events using
the analysis of CTCAE criteria (version 4.0).

Antitumour effects of the PDT with photolon were
assessed based on visual observation of changes in the
area of treated nidi and information on the presence or
absence of clinical symptoms of the disease (itching in
the vulva for leukoplakia) 1 and 3 months after the treat-
ment (WHO criteria):

« a complete regression (CR) is the absence of all
signs of the disease after 100% resorption of nidi 1
month after the PDT, confirmed 3 months after the
treatment;

a partial regression (PR) is a decrease in the total size
of the nidi by 50% or more with subsequent stabi-
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lization established after 1 month and confirmed 3
months after the PDT session;

- lack of effect is a decrease in the total size of the nidi
by less than 50%, a condition without a decrease or
increase in the affected area.

Results and discussion

All patients that observed the light regime for 3-4
days after the treatment had no adverse events associ-
ated with skin phototoxicity (superficial skin burns, hy-
popigmentation and hyperpigmentation, face soft tis-
sues oedema).

During the infusion of the photosensitizer, the condi-
tion of the patients was satisfactory, no adverse events
were observed. No allergic reactions accompanied by
major organs dysfunction (drop of blood pressure, bron-
chospasm, generalised urticaria, etc.) and requiring to
stop infusion were recorded.

Oedema and hyperthermia of irradiated areas with
nidi were observed in all patients immediately after the
PDT session. A brown or black photochemical necrotic
scab clearly separated from normal tissues was formed
within 2-4 days. Complete epithelialization of the irradi-
ated area was observed 4-8 weeks after the PDT.

PDT sessions were accompanied by moderate pain,
which was managed with drugs (2% Ketorolac, intra-
muscularly, 4 ml) or by a decrease in a laser irradiation
power density with an unchanged light dose. In 15 pa-
tients (30% of cases), the pain persisted for 3-7 days after
the treatment (CTCAE, version 4.0; 1st and 2nd degrees).
5 patients (10% of cases) showed a slight increase in body
temperature (up to +37.3-37.5°C).

Clinical signs of the complete regression were ob-
served in all patients with leukoplakia of the vulva during
the follow-up after T month. The CR rate was 100%. The
second PDT courses were conducted due to an extensive
nidi area and impossibility of their simultaneous irradia-
tion because of the moderate pain.

Local nidi of the continued tumour growth were de-
tected in 4 cases out of 50 (8%) during the follow-up after
3 months, which were successfully treated using another
PDT course. The CR rate at this time point after the treat-
ment was 92%, and the PR rate was 8%.

In the follow-up period of 6 months, a sustained re-
mission of the clinical symptoms of the disease (itching in
the vulva) in the treated nidi was observed, including 8%
of cases where the second PDT course was conducted af-
ter the PR achievement.

As a result of the study, the following indications for
PDT in patients with leukoplakia of the vulva were deter-
mined:

1. amorphologically verified diagnosis;

2. primary and recurrent forms of the disease;

3. resistance to traditional (non-surgical) methods of
treatment;

4. a patient’s refusal to be treated with traditional
methods;
5. multiple lesions.
The main advantages of PDT are:
1. minimal toxicity for normal tissues located close to
nidi;
2. the minimal risk of severe pain and other adverse
events;
the lack of treatment resistance;
the possibility of repeated treatment sessions;
5. the possibility of combination with traditional
methods of treatment;
6. the possibility of application when the process is
advanced;
good cosmetic results;
the possibility of organ preservation treatment;
9. therelatively low price and availability of treatment.
The outcomes of the PDT with photolon are con-
firmed by the following clinical example.
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Clinical example

Patient Ya. (outpatient card No. 5747/06), 62 years old.
She was followed up with complaints of severe itching in
the vulva since 2006. Leukoplakia of the vulva was diag-
nosed. In 2008-2010, surgeries were performed due to
the main disease. The progression in the treatment area
was observed since 2011. Non-surgical methods of treat-
ment were ineffective.

The patient was referred for consultation and treat-
ment to the Republican Research and Practice Centre
of Oncology and Medical Radiology named after N. N.
Aleksandrov. After the consultation with specialists and
histological examination, the diagnosis was made: leu-
koplakia of the vulva, recurrent form. Treatment with
PDT was recommended. Treatment: on November 21,
2012, the patient was given a PDT course with photolon
administered intravenously at a dose of 2.5 mg/kg (200
mgq) in hospital environment. Nidi in the vulva and peri-
anal area were irradiated using a «UPL PDT» semicon-
ductor laser (A=661 nm) in a darkened room 3 hours af-
ter the PS administration. 3 fields of 2 cm diameter were
irradiated with a light cable equipped with a microlens
at a laser irradiation energy density of 50 J/cm?, a power
density of 0.1 W/cm? and a radiation power of 0.3 W for
9 minutes per field. The effect in the form of growing
necrosis was observed by the end of the first week after
the treatment.

After the release from the hospital, the woman per-
formed non-specific therapy of the irradiated area. The
completion of the epithelialization processes was record-
ed by the 6th week.

On February 21, 2013 (after 3 months), the signifi-
cant improvement in the treatment zone and the lack
of complaints were noted during the follow-up clinical
examination (Fig. ¢).
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C

Puc. Jleiikonnakua BynbBbl, coctosiHue nocne ®PAT ¢ doTosioHOM B Ao3e 2,5 Mr/Kr (NNOTHOCTb 3HEPruv Nas3epHoro o6ayyveHus

50 k/cm?):
a — cocTosiHue Yyepe3 24 4 nocne OAT;

b — nonHas perpeccusi 4epe3 1 mec nocne NPoBeAEHHOIO0 JIe4YEeHUS;
C — NnosnHas perpeccus 4yepes 3 Mec nocsie NPOBEAEHHOr0 JieyeHus
Fig. Vulvar leukoplakia. The state after PDT with photolon at a dose of 2.5 mg/kg and exposure dose of photoirradiation of 50 J/cm?

a — 24 hours after PDT
b — complete regression 1 month after the treatment;
¢ — complete regression 3 months after the treatment.

Conclusion

The outcomes of the clinical use of the PDT with
photolon in the treatment of patients with background
and premalignant diseases of the vulva presented in this
study indicate its high therapeutic efficacy, minimum
adverse events and good cosmetic results. During the
follow-up, the complete regression of the nidi was ob-
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Abstract

Cytological studies on lymph nodes of abdominal lymphodissection zone after local intraoperative photodynamic therapy (IOPDT) of gastrointes-
tinal cancers were carried out. As a result of the PDT, the metastatic cells are destroyed, their cytoplasmic membranes and the cytoplasm disap-
pears, leaving behind interphase nuclei ("naked nuclei") (p<0,0001). Cytological confirmation of apoptosis (the presence of apoptotic bodies) in
metastatic lymph nodes after IOPDT sessions on the lymph nodes of the abdominal lymphodissection zone is also presented.

Keywords: photodynamic therapy, cytopathology, interphase nucleus, apoptosis, radachlorin, fotoditazin.
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LNTOJTIOTUYECKUE SDDEKTbI B JINMMDATUHECKUX
Y3J1AX 30Hbl ABAOMMHANBHOM TMM®OOMNCCEKLINM
NOCJE MHTPAOTNEPALMOHHOMU
dOTOANHAMMYECKOM TEPAMMM

MPU 3JTOKAYECTBEHHbIX HOBOOBPA3OBAHUAX
XENYAOYHO-KHNLLIEHHOTO TPAKTA
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Peslome
MpoBefeHbl LUTONOrMYECKe UCCIEA0BaHVA MaTepuasa MMMPaTUYECKMX Y3510B 30Hbl aGAOMUHVIHANBHOW NMMbOAMCCEKLMM NOCSe UHTPa-
onepaumnoHHoi potoamHammyeckoin Tepanum (MODAT) npu 310KaYeCTBEHHBIX HOBOOOPa30BaHNAX Key[OYHO-KMLIEYHOro TpaKkTa. YcTa-
HOBJIEHO, YTO B pe3ynbTaTe npoBefeHna O/T KNeTKM MeTacTaTUUeCKMX OMyXoseil pa3pyLlaloTca C NCYE3HOBEHVEM LIMTOMIa3MaTUYeCcKom
MeM6paHb! 11 LIMTOMIa3Mbl, MPU STOM OCTAIOTCA TONbKO MHTepda3Hble Aapa («ronble appa») (p<0,0001). Takxe NpeACTaBNEHO LUTONOrYecKoe
nofTBEPXKAEHME anonTosa (Hanuure anonToTUYECKMX Tenel) B IMMpaTUUYecKux y3nax ¢ Metactasamu nocie Kypcos MOOAT B numdatnue-
CKVIX y3J1aX 30Hbl abJOMUHaNbHOWM NMMGOANCCEKLN.

KnioueBble cnoBa: poToanHaMmmyeckas Tepanus, LUTONaTonorus, nitepdasHole Aapa, anonTos, pagaxiopuiH, poToanTasuH.
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Introduction

A study of lymph nodes of the zone of abdomi-
nal lymph node dissection performed after intra-
operative photodynamic therapy (IOPDT) with the
radahlorin or fotoditazine photosensitizer (PS) to de-
tect apoptosis in case of malignant tumours of the
gastrointestinal tract was described in the previously
published article. Using DNA electrophoresis, it was
proved that apoptosis after PDT is induced in lymph
nodes affected by metastases and does not occur in
intact lymph nodes (p < 0.01). This fact indicates the
selective ability of PDT to cause the death of malig-
nant cells [1].

In this study, cytologic preparations used in the previ-
ous stages to detect metastases were analyzed again un-
der immersion. The purpose of this retrospective study
was to search for cytological manifestations of apoptotic
(apoptotic bodies) and necrotic (cytonecrosis, phago-
cytic infiltration) processes in populations of metastatic
lymph node cells induced by PDT.

Materials and methods

The groups of examined patients and their diagno-
ses, the procedure for PDT sessions and obtaining cyto-
logic preparations from lymph nodes were described in
detail in the previously published article [1].

Cytological examinations were performed on prepa-
rations obtained by imprinting of irradiated and non-
irradiated parts of lymph nodes on glasses.

The preparations were Romanowsky-Giemsa stained
and microscoped under immersion (x1000) in transmit-
ted light. The frequency of ill-defined cells (nuclei) was
found by counting 500-1000 tumour cells and expressed
as a percentage.

Statistical processing of data was performed with
nonparametric techniques (Wilcoxon-Mann-Whitney U
test) using the Statistica 13.3 software package.

Results

The findings of the study of 40 lymph nodes obtained
by the above mentioned method were set forth in the
previous article. Metastatic cells were detected in 23
lymph nodes; no metastatic cells were detected in 17 of
them. Using DNA electrophoresis, apoptosis (apoptotic
ladders) was detected in 17 of 23 lymph nodes affected
by metastases [1].

Now we can confirm that cytological examinations in
imprint smears performed in the same 17 lymph nodes
revealed apoptotic bodies (Fig. 1).

During microscopy under immersion, a sharp con-
trast in the frequency of the so-called «bare nuclei»
(BN) of malignant metastatic cells was found between
irradiated and non-irradiated halves of lymph nodes.
This phenomenon was observed both in squamous
and glandular malignant tumours. In both cases,
the nuclei had clear, even boundaries; the nature of
staining and chromatin structure corresponded to in-
tact cells with a cytoplasm and membrane (Fig. 2a).
The observed «bare nuclei» were both located sepa-
rately (Fig. 2b) and associated in the form of bunches
of grapes, which probably corresponded to the in-
duction of «bare nuclei» simultaneously and imme-
diately after irradiation of metastatic cell complexes
(Fig. 2).

Analyses of the frequency of BN of metastatic cells
in irradiated and non-irradiated lymph nodes with me-
tastases in 15 patients with adenocarcinoma and 19 pa-
tients with squamous cell carcinoma were performed in

Puc. 1. AnonToTM4yecKue TesibLla MeTacTaTUYECKUX KNEeTOoK aje-
HOKapLUMHOMBbI XenyaKa B MMmdbaTM4ecKUx yanax nocne npose-
neHus ceaHca AT

Fig. 1. Apoptotic bodies of metastatic cells in the lymph nodes of
adenocarcinoma of stoma after PDT session
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the STATISTICA programme and presented in bar graphs
(Fig. 3, 4).

Obviously, the effect of IOPDT significantly increases
the number of «bare nuclei» (p<0.0001, Wilcoxon-Mann-
Whitney U test).

Thus, we obtained cytological validation of apoptosis
(the presence of apoptotic bodies) in lymph nodes with
metastases after IOPDT, which we had previously detect-
ed using DNA electrophoresis [1]. Moreover, in our opin-
ion, the most important thing revealed during this study
was the «under the beam» effect manifested in the form
of induction of «bare nuclei» of metastatic cells after PDT.

Cytological evidence of the death of tumour cells by
apoptosis and necrosis allows us to conclude that IOPDT
can increase the ablasticity of surgical interventions and
improve the oncological outcomes of resections for lo-
cally advanced malignant tumours of the gastrointesti-
nal tract.

Discussion

Obviously, the observed PDT-induced «bare nuclei»
could only occur when the cells were damaged in the
cytoplasm (lysosomes, mitochondria, Goldgi complex
and endoplasmic reticulum) and cytoplasmic mem-
brane, but not inside or even on the surface of the cell
nucleus. Nucleus intactness during PDT was observed
in the study of the subcellular localization of Foscan in
the MCF-7 human adenocarcinoma line by M. H. Teiten
et al. [2]. Using confocal microscopy and microspectro-
fluorimetry, the authors showed that this PS slightly ac-
cumulates in lysosomes and mitochondria and is mainly
localized in the Goldgi complex and endoplasmic re-
ticulum, without affecting the nucleus. According to the
study by A. P. Castano et al., the PSs are localized in mi-
tochondria, lysosomes, endoplasmic reticulum, Goldgi

complex and plasmalemma [3]. S. Farrakhova et al. stud-
ied the localization of chlorine e, and its dimethyl ether
in HT29 cells of the human adenocarcinoma and found
that these photosensitizers are mainly distributed in the
plasmalemma and cytoplasm of cells and scarcely accu-
mulate in the area of cell nucleus localization [4].

However, L. S. Fontana et al. obtained ambiguous
results when studying the intracellular localization of
the fotoditazine PS in the 9L/LacZ glioblastoma cell line.
Fluorescence microscopy showed diffuse uptake of the
PS in the whole cell, but it was impossible to say for cer-
tain whether the PS accumulates in the nucleus. The au-
thor himself believes that the false-positive result could
be related to the association of fotoditazin with the
nuclear membrane [5]. L. S. Fontana also faced the phe-
nomenon of induction of «bare nuclei» and gave them
a description that is entirely congruent with the one we
had previously presented [6]. The very first report on the
induction of BN during PDT, which we managed to find
in the PubMed search engine, is given in the Chinese
journal by the researcher Y. T. Zhou et al. [7]. It should
be noted that «bare nuclei» of L. S. Fontana and «bare
nuclei» of Y. T. Zhou were induced by PDT in cell cultures
in vitro.

Despite the fact that L. S. Fontana’s data indicate the
association of the PS with the nucleus, it is obvious that
the presence of radahlorin on the nucleus surface is still
insufficient for its destruction after photoactivation.

The damage radius of the activated PS is relatively
small on a subcellular scale [2, 3, 8, 9]. High reactivity and
a short half-life of the singlet oxygen and hydroxyl radi-
cals directly affect only molecules and structures that are
located close to the area of their production (PS localiza-
tion area). The half-life of singlet oxygen in biosystems is
<40 ns, therefore the radius of action of singlet oxygen is

Puc. 2. Ma3ku-oTnevyaTku MeTactaTM4eCcKUX KneTok B inmdaTtnieckom ysne 9A 30Hbl a6AOMUHANbHON TMMPOAUCCEKLMK O 06NyHEHUA
(a) u nocne 3aBeplueHus (b) ceaHca MHTpPaonepaLMoHHOW GboToAUHAMUYECKOM TepannUU, BbINOHAEMOI annapaTom «Papa-2» B TeHEHUU
20 MUH (OKpalwmnBaHue a3yp-303uHOM nNo PomaHoBcKoMy, yBenuyeHune: x1000)

Fig. 2. Imprint smear of metastatic cells in the lymph node (9A) of the abdominal lymph node dissection zone before (a) and after (b) intra-
operative PDT session carried out using «Fara-2» device for 20 minutes (staining with azur-eosin by Romanovsky, magnification: x1000).
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Puc. 3. PacnpegeneHne nonoBuH numdaTtMyecKux Y3/oB Mo
nokasaTesio «4yactoTa BCTpeYyaeMocTu "ronbix agep"» npu xene-
3UCTOM pake

Fig. 3. Distribution of halves of lymph nodes according to the "fre-
quency of occurrence of "naked nuclei" with glandular cancer

Puc. 4. PacnpeaeneHue nonoBuH TMMbaTUHECKUX Y310B MO NOoKa-
3aTenio «4yacTtoTa BCTpeyaemocTu "ronbix aaep”» Npyu NaoCKoKe-
TOYHOM pake

Fig. 4. Distribution of halves of lymph nodes according to the "fre-
quency of occurrence of "naked nuclei" with squamous cell carcinoma

about 20 nm [2], while the thickness of the nuclear mem-
brane (34-74 nm) is greater by several fold than the pos-
sible damage radius of the photosensitizer. That is why
the nucleus generally holds its shape after PDT.

Conclusion

IOPDT conducted in patients with malignant tumours
of the gastrointestinal tract causes the «under the beam»
effect, which is manifested in the induction of «bare nu-
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Abstract

The present work is devoted to the study of pharmacokinetics of infrared photosensitizer (PS) based on hydroxyaluminium tetra-3-phenyl-
thiophthalocyanine in a sterically stabilized liposomal form. The study was carried out on adult female mice. The PS was administered once
intravenously at a dose of 6 mg / kg. Evaluation of the PS accumulation dynamics in the mice tissues and organs was performed at time in-
tervals from 5 minutes to 7 days using spectral-fluorescent method. The maximum accumulation of the PS photoactive form was recorded in
lungs (32 ug / g in the interval of 5-30 minutes after introduction), liver (20.8 pug / g in the interval of 4-24 hours after introduction) and spleen
(28 ug / g 4 hours after introduction). At the same time, by the end of the observation period (7 days after administration), trace amounts of the
PS photoactive form were still detected in the liver and the spleen at a calculated concentration of 0.5-1 ug / g. The PS accumulated the least in
muscles and skin. The fluorescent signal from the PS accumulated in skin was detectable almost immediately, and its concentration remained
at the same level (1.2-1.5 pg / g) for up to 3 days of observation. In the muscles, the concentration of the PS reached 1.5 ug / g 15 minutes after
administration, and then gradually decreased until 0.25 pug / g at 24 hours.

Data on the pharmacokinetics of PS in blood, basic organs and tissues of animals were obtained, pharmacokinetic parameters were calcu-
lated. 7 days after the administration, the PS concentration in the skin and muscles was below the detection limit. The studies confirmed that
PEGylation of the PS liposomal form slows down the process of its capture by reticulo-endothelial system. It was shown that the PS circulates
in blood and organs of mice for a long time and it completely distributes only when 4 hours pass after administration.

Keywords: photosensitizer, pharmacokinetics, fluorescence.
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Pesiome
Hactoswaa pa6ota nocBAlleHa MCCNenoBaHmio  $apMakoKUMHETUKM — poToceHcMounm3aTopa MHGPaKPacHOro AvanasoHa Ha OCHOBe
TeTpa-3-peHnnTropTanoLmaHHa MMaPOKCUAIOMHUA B CTabMIM3MPOBaHHON JIMMOCOMAbHON JieKapCTBEHHON ¢opme. ViccnenoBaHysa npoBo-
VI Ha MOJOBO3pPeNbIX Mblllax-camkax. DoToceHcMOMAM3aTop BBOAWAM MblllaM OAHOKPATHO BHYTPMBEHHO B A03e 6 MI/Kr. OLEeHKY AVHaMMKM
HakomneHnA GpoToCceHCMOUNM3aTopa B TKaHAX 1 OpraHax Mbillell MPOBOAUIN B MHTEPBANaX BPEMEHU OT 5 MUH A0 7 CyT C CMONb30BaHNEM CreK-
TpanbHO-pyopecLieHTHOro Metoaa. MakcuManbHoe HakoreHre (OoTOaKTMBHON GopMbl doToceHCUbum3aTtopa Obio 3aperucTpypoBaHo B
nerkux (32 Mkr/r B uHtepBane 5-30 M1H nocne BBeaeHus), neyeHn (20,8 MKr/r B MHTepBane 4-24 4 nocne BBefeHNA) U ceneseHke (28 MKr/r uepes
4 u nocne BeefeHVA). [py 3TOM B NeyeHN 1 cene3eHKe K KOHLY Cpoka HabntoaeHus (7 cyT nocne BBeAeHWA) NPOAOIKany ONpeaenaTbca CnefoBble
KonmyecTBa pOTOAKTUBHON HOPMbI HOTOCEHCMOMNIM3ATOPa — pacyeTHas KOHLIEHTpaLwA cocTaBniAna 0,5-1 MKI/r. Xyxe Bcero ¢potoceHcmbmnmsatop
HaKarn1Basnca B MbiLLLIaX 1 Koxe. [pu 3Tom B Koxke dryopecLieHUmA GpoToceHcMburnmsaTtopa onpeaenanac NpakTnIeckm cpasy, 1 KOHLEHTpaLya ero
ocTaBanacb Ha ofjHoM ypoBHe (1,2-1,5 MKr/r) fo 3 cyT HabntopeHuA. B MbilLLiax KOHLEeHTpaLma doToceHcbunmsatopa AocTirana sHaueHna 1,5 MKr/r
yepes 15 MVH noc/e BBeAeHWA, MOC/e Yero NoCTeNeHHO CHKaslach 1 K 24 4 coctaBuna 0,25 MKr/r. Yepes 7 cyT nocine BBeAEHNSA, 3HaUEHNA KOHLIEH-
Tpauum poToceHcbunmsaTopa B Koxe 1 MbILLLIAX HaXOAWNVCh HUxe npeAena AeTeKTnpoBaHua. Miccnenosanua nogteepanny, uto M3lnmposaHvie
NMNOCOMaJTbHOW NekapCTBeHHO GpopMbl GoToceHCbunM3aTopa 3aMeAnAeT NPoLIecC ero 3axeata PETUKYNIO-3HAOTENMAIbHON cucTemol. MokasaHo,

4yTO ¢OTOC€HCM6I/IJ'II/I3aTOp LONUTENTbHO LMPKYNPYET B KPOBU U OpraHax MblLLEl, pacnpeneneHne 3akaH4MBaeTCA TOJIbKO K 4y nocne BBegeHNA.

KnioueBble cnoBa: poToceHcbunm3aTop, GapmMakoKnHeTMKa, dprayopecLeHuus.

Onsa uyntnposaHus: byabko AT, JeitumaH 3., Meeposuu A, Bopucosa J1.M., Meeposuu I, JlaHuoBa A.B., Kynbbauesckas H.tO. 3yueHne
dapMaKkoKMHETVKN POTOCEHCHOMAM3aTOPa Ha OCHOBE NIMMOCOMasibHOW GOopMbl TeTpa-3-peHnnTrodpTanounaHuHa rMAPOKCUANIOMUHNA Y
mbiwwei // Biomedical photonics. — 2018. - T. 7, N2 4. - C. 16-22. doi: 10.24931/2413-9432-2018-7-4-16-22.

KoHTakTbi: bByabko A.l1., e-mail: apbudko@mail.ru

Introduction

Photodynamic therapy (PDT) is widely used for the
treatment of malignant tumors, especially in cases of
their surface and intracavitary location. The desired ef-
fect on the deep layers of large tumors is achieved with
the use of photosensitizers (PS) of near infrared (IR) range
[1]. The use of liposomal dosage forms (LLF) makes it pos-
sible to use new effective hydrophobic and hydrophilic
substances in PDT, to increase the selectivity of PS ac-
cumulation in the tumor compared to the surrounding
tissues and the effectiveness of the technique as a whole
[1, 2.

For preclinical studies of the developed dosage form,
including that on the basis of PS, it is necessary to study
the pharmacokinetics [1-3]. This study is to determine
the concentration of the active substance in various or-
gans, tissues and body fluids at certain times after the
administration and provides information on the duration
of circulation of the PS in the body, target organs, which
makes it possible to correlate the concentration and dos-
age of the PS with the pharmacological effect [4].

One of the most important requirements for phar-
macokinetic studies is a wide dynamic range of the
measurement method and tools, which must be at least
three orders of magnitude.

Chromatographic, spectrophotometric, flame emis-
sion [5], atomic absorption [6], optical-spectral and
spectral-fluorescent [7-11], and a number of other meth-
ods are used to determine the concentration of drugs
in biological media. However, in the study of pharma-
cokinetics of PS, serious issues arise in connection with
the use of many conventional methods of quantitative
determination of the substance. Thus, when performing

BIOMEDICAL PHOTONICS T.7,N24/2018

chromatography and spectrophotometry, it is necessary
to extract the studied substance as fully as possible from
the organs and tissues, including skin (it is the accumula-
tion of PS in the skin that leads to negative side effects),
which is quite difficult, especially in the case of quantita-
tive determination of tetrapyrroles, to which the major-
ity of PS belong. The task is even more complicated in
the case when nanostructured PS based on hydropho-
bic substances is used (including the PS studied), since
at different time after the introduction, some of the ac-
tive substance molecules remain in the nanocarriers,
whereas the other part is already transferred to the cell
structure.

Flame emission and atomic absorption methods of
elemental analysis [5,6], which can be used for the analy-
sis without extraction of the studied pharmaceutical
substances from tissues, have a limited dynamic range,
especially for substances that consist of the same chemi-
cal elements as the body tissues (H, N, C, O) and do not
contain rare elements, for example, metal atoms. The
atomic absorption method was used by P. H. Brun et al.
to study the pharmacokinetics of the Tookad photosen-
sitizer in the blood and major internal organs, and the
dynamics of its content in organs and tissues was evalu-
ated by the intensity of the line of palladium included in
Tookad [6].

At present, optical-spectral and spectral-fluorescent
methods are used to determine the concentration of
active substances in biological samples, in particular PS
with characteristic absorption and fluorescence bands
[7-11]. The use of equipment with high spectral resolu-
tion provides high sensitivity of such methods [10].
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The purpose of this study was to investigate PS
pharmacokinetics on the basis of tetra-3-phenylthio-
phthalocyanine hydroxylamine (3-(PhS)4—PcAIOH) in
LLF when administered intravenously to mice at a dose
of 6 mg/kg.

Materials and methods

The studies of pharmacokinetics of PS were conduct-
ed on the basis of the substance developed in FSBI «N. N.
Blokhin Russian Cancer Research Centre» of the Ministry
of Healthcare of the Russian Federation LLF hydrophobic
photoactive substance of tetra-3-phenylthiophthalocya-
nine hydroxyaluminium (abbr. 3—(PhS)4—PcAIOH) (Fig. 1),
created in FSUE «SRC «NIOPIK». The spectral absorption
maximum of 3—(PhS)4—PcAIOH corresponds to a wave-
length of 717 nm. Stabilized LLF liposomes included
3-(PhS),-PcAIOH, lecithin lipids (USP30-NF25, P. 1145, Lip-
id GmbH, Germany) and cholesterol (USP30-NF25, P. 1101,
Avanti Polar Lipids, Inc., USA), sucrose (FS.2.1.0034.15
GOST 5833-75, KHIMMED, Russia) as a cryoprotector,
PEG-2000-DSPE ((1,2-dystearoyl-sn-glycero-3-phospho-
ethanolamine-[methoxy-(polyethylene-glycol)-2000]
ammonium salt), Avanti Polar Lipids, Inc., USA). for the
reduction of liposome capture by the reticuloendothelial
system and a longer period of their circulation in blood
[12-16].

Studies were carried out on 50 sexually mature fe-
male mice hybrids (C57BI/6J><DBA/2) F1, weighing 20-22
g, bred at FSBI «N. N. Blokhin Russian Cancer Research
Centre» of the Ministry of Healthcare of the Russian Fed-
eration. The animals were randomly arranged into 10
groups of 5 animals in each.

'A/

wn

Puc. 1. Xumunyeckasn ¢popmyna tetpa-3-peHuntmodpranoymaHnHa
rMAPOKCHANIOMUHUSA

Fig. 1. Chemical formula of hydroxyaluminium tetra-3-phenylthioph-
thalocyanine

All animals were healthy and had a veterinary certifi-
cate of quality and of the health status. The animals were
kept at an air temperature of 20-23 °C and relative hu-
midity of 60-65% in the conditions of natural light and
forced ventilation, on a litter of wood chips sterilized in
a dry-air sterilizer. Animals were given standard indus-
trial certified briquetted, fixed shelf life, feed for rodents.
Feeding was done at the same time. Animals had free ac-
cess to food and water.

All the experiments were performed in accordance
with the recommendations of Good Clinical Practice [17].

Lyophilisate LLF 3—(PhS)4—PcAIOH was redispersed
with injection-grade water, 5.8 ml per vial, so that the
content of 3-(PhS)4-PcAIOH in the dispersion was 0.25
mg/ml. The volume of the dispersion for the injection
was calculated based on the data on the body weight
of the animal, and the dispersion was injected once by
stream infusion into the tail vein, at a dose of 6 mg/kg.

The equipment and materials included a mechani-
cal homogenizer (GlasCol, USA), Heildolph Reax Top
vortex (Heidolph, Germany), Microman 1000 positive-
displacement pipettes (Gilson, France), 24-hole plates
with 16-millimeter holes 3424 MACG |l for tissue culture
(Costar, USA), distilled water.

The study of fluorescence was performed with the
use of a modified laser electronic spectrum analyzer
to LESA-01-«Biospec» (OOO «BIOSPEC», Russia). The
dynamic range of the fluorescence signals recorded
by the spectroanalyzer was extended to 3.5 orders of
magnitude thanks to an additional algorithm for auto-
matic control of the photosensor accumulation time.
The linearity of response of the spectroanalyzer was
established on samples of liposomal dispersions of
3-(PhS)4-PcAIOH in distilled water with concentrations
of 0.01 mg/ml 0.05 mg/ml; 0.1 mg/ml; 0.5 mg/ml; 2 mg/
ml; 10 mg/ml; 25 mg/ml; 50 mg/ml and 0 (water as the
control sample).

The statistical analysis was performed with the use of
regular tools of Excel 2003 for Windows.

The preparation for the study of pharmacokinetics
was performed as follows. The animals were killed by de-
capitation after 5 min, 15 min, 30 min, 1 h,2 h, 4 h, 24 h,
48 h, 72 h and 168 h after the administration of the PS,
after which blood was extracted from the jugular vein
and heparin was added as an anticoagulant.

Samples of tissues and internal organs of mice
(liver, kidneys, lungs, spleen, heart, muscle and skin)
were obtained surgically. Liver, kidneys, and muscles
were separated, reduced to a small size with eye scis-
sors in a Petri dish on ice and divided into samples
weighing 300g+1 mg, to which 1.5 ml of distilled
water was added, followed by homogenization in
glass on a mechanical homogenizer. For the spleen,
lungs, heart and skin (skin samples were separated
from subcutaneous tissue by scraping), the sample

BIOMEDICAL PHOTONICS T.7, N24/2018
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Puc. 2. 3aBucumoctb KoHueHtpauuu 3-(PhS),-PcAIOH ot Bpe-
MEHU Nocie ero BHyTPUBEHHOTO BBEAEHUS B J03€ 6 Mr/Kr B pas-
HbIX OpraHax u TKaHsiX Mblllei: 1 — neyeHb; 2 — ceneseHka; 3 —
KOXKa; 4 — KpoBb; 5 — MbILLbl

Fig. 2. The dependence of 3-(PhS),-PcAIOH concentration on time
after its intravenous administration at a dose of 6 mg/kg in different
organs and tissues of mice: 1 - liver; 2 — spleen; 3 — skin; 4 — blood;
5 — muscle

Puc. 3. 3aBucumoctb KoHueHTpauun 3-(PhS),-PcAIOH ot Bpe-
MEHU Mnocsie ero BHYTPMBEHHOIrO BBeJEHUA B A03€ 6 MI/Kr B
pasHbIX OpraHax U TKaHaX Mbllen: 1 — Nnoyku; 2 — nerkue; 3 —
cepaue; 4 — KpoBb

Fig. 3. The dependence of 3-(PhS),-PcAIOH concentration on time
after its intravenous administration at a dose of 6 mg/kg in differ-
ent organs and tissues of mice: 1 — kidneys; 2 — lungs; 3 — heart;
4 - blood

weight was 100g+1 mg, the amount of water added
decreased proportionally. The amount of homoge-
nate equivalent to 100 mg of tissue was pipetted and
transferred to the wells of the plates for subsequent
measurement of fluorescence. Water was added in
proportion to 100 mcl of blood.

Fluorescence of 3—(PhS)4—PcAIOH in homogenates
of samples was excited by laser radiation with a wave-
length of 633 nm and recorded in the spectral range of
720-770 nm, and its concentration was determined by
the integral intensity of fluorescence normalized by the
intensity of the exciting laser radiation signal. To convert
the values of fluorescence intensity into the values of PS
concentration in the tissue, calibration curves were con-
structed by adding a known amount of PS to biological
samples. Experimental and calibration samples under-
went the same treatment.

Calibration showed that the dependence of the nor-
malized integral fluorescence intensity on the concentra-
tion of 3-(PhS)4—PcAIOH in samples within a wide range
(for blood, within 0.1 to 129 pug/ml) is linearly dependant
on the concentration, and with an accuracy of 6% for all
organs it can be described by the function

I = kxC,
where k = 27.99 (ug/g)* for the measurement conditions
recorded in the study, | is the normalized integral fluores-
cence intensity, and C is the concentration.

The ratio obtained from the calibration was used to
quantify the concentration of 3-(PhS)4-PcAIOH in the or-
gans and tissues under examination.

Results and discussion

The dependences of the concentration of 3—(PhS)4-
PcAIOH in the blood and major organs and tissues (liver,
spleen, kidneys, muscle, skin, heart, lungs) on the dura-

tion of the time interval between the introduction of the
PS and the measurement of fluorescence in organs and
tissues are shown in Fig. 2, 3.

The values of PS concentrations presented in the fig-
ures are the arithmetic mean of the obtained data and
are accompanied by a confidence interval (p=95% at
n=>5).

The concentration in the blood 5 minutes after ad-
ministration is 73.4 pg/l, going down to 3.9 ug/l over
24 h.

In the lungs, the maximum concentration of 32 ug/g
is reached after 5 min of observation, does not change
for 30 min, and then slowly decreases: the concentration
drops to 2.45 ug/g over 24 hours. In the lungs, heart and
kidneys there is no phase of growth of concentration
3-(PhS)4-PcAIOH at the beginning of observation.

In the liver, the concentration of 3-(PhS)4-PcAIOH in-
creases from 6.2 pg/g after 5 min of observation to 20.8
pg/g after 4 h, remains at this level for up to 24 h and
then slowly decreases to 0.5 pg/g for 168 h.

In the spleen, the concentration increases from 8.2
pg/g after 5 min of observation to 28 ug/g after 4 hours,
then rapidly decreases to 8.5 ug/g to 24 hours, but is ob-
served for up to 168 h.

In muscles, the concentration of 3—(PhS)4—PcAIOH is
maximal by 15 min after administration and is 1.5 pg/g,
after which it decreases to 24 h to 0.25 pg/g.

In the kidneys, the maximum concentration of 12.5
pg/g is achieved by 2 h of observation, then by 4 h it
is reduced 2 times to 6.64 pg/g, and by 72 h, to 0.65
H9/g.

In the skin (homogenized, without subcutaneous tis-
sue), the concentration of 3-(PhS)4-PcAIOH gradually in-
creases from 1.2 ug/g after 4 h to 1.7 ug/g after 72 h after
administration.
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Ta6nauua 1
dapMakoKMHEeTUUYECKKEe napameTpbl

Table 1
Pharmacokinetic parameters

OpraH, TKaHb

C,MKr/mn

Kposb

Blood 769

MapameTpbl

AUC mKrxu/mn

411,43 0,32 0,96 9,76

By 168 h of observation, the concentration values of
3—(PhS)4—PcAIOH in the skin, kidneys, lungs, heart, and
muscles are below the detection limit.

The obtained results allowed to calculate the fol-
lowing pharmacokinetic parameters in accordance with
[18] for the dependence of PS concentration/time in
the blood of mice after intravenous administration of
3—(PhS)4—PcAIOH at a dose of 6 mg/kg: C,is the calculated
concentration in the blood at the time of observation: 0
h; V, is the apparent estimated volume of dose distribu-
tion at the time of observationO h;

Vv, : kinetic volume of distribution;

AUC - area under the curve of «concentration — time»;

Clmz total clearance, i. e. the volume of blood cleared
from the pharmaceutical product over the time unit;

T,,,is the distribution half-life of the pharmaceutical
agent, the fast phase of the concentration decline;

T, 08 the elimination half-life of the drug, the slow
phase of the concentration decline.

It follows from the obtained data that the concen-
tration-time dependence for blood is described by
the two-component model equation. The distribution
phase, with its rapid decrease in the concentration of
3—(PhS)4—PcAIOH in the blood, is characterized by a high
value of t,5,=0.96 h. The analysis of the data (first of all,
of the high value of T , ) points in the long circulation of
LLF 3-(PhS)4—PcAIOH in the blood, the distribution ends
up to 4 hours after its introduction. High concentrations
of 3-(PhS)4-PcAIOH in the organs of the reticuloendothe-
lial system (liver, spleen) are achieved only 4 h after ad-
ministration. These data are consistent with the findings
[14-16] that PEGylation reduces the capture of liposomes
by the organs of the reticuloendothelial system, and ex-
travasation of liposomes through the defects of the en-
dothelial layer of neovascularization due to prolonged
circulation leads to an increase in the level and selectiv-
ity of PS accumulation in the tumor. This correlates with
the results obtained in the study of the level and selectiv-
ity of accumulation of the studied PS on tumor models
[11], where the highest values of the level and selectiv-
ity of accumulation were observed 4-7 hours after its
introduction (depending on the selected tumor model),

and this time interval was recognized as the appropriate
timeframe for the start of irradiation as a part of PDT.

The excretion phase with the slow decrease in the
concentration of PS in the blood continues to 72 hours
after administration: T ., = 9.76 h.

Based on the value of V,, the apparent volume distri-
bution at the initial time for LLF, PS is distributed only in
the blood. The value of the kinetic volume of V, distribu-
tion is about 21% of the body volume of the animal.

The highest values of the area under the AUC curve
were obtained in the liver and the spleen (2.3 and 1.6
times, respectively, higher than in the blood); in the kid-
neys, the ratio of AUC__ /AUC __ was 0.7. The organs of

tissue blood

FS accumulation are the spleen, the liver and the lungs.

Ta6nuuya 2

MAowanb Noa KPUBOM 3aBUCUMOCTU KOHLLEHTPAUUS-BpeMs
AUC aAsi TKaHeW Mblwwei, cooTHoweHue naowaaen AUC  /
AUC

KpoBb

Table 2

Area under curve AUC for tissue, area ratio AUC”We /AUCb,ood
AUC mKrxu/mn AUCmmu/AUCKpm
fleveHt 959,7 23

Liver

[Moukn

Kidneys 2 o7
Jlerkue 3428 08

Lungs

CeneseHka

669,4 1,6

Spleen

Mbiwuypl

Muscles 22,1 01
Cepaue

Heart 87.7 0.2

Koxa

Skin 111 0,3
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The kidneys and probably the liver are the organs re-
sponsible for PS excretion.

Conclusion

A method was developed for the preparation of bio-
logical samples for quantitative determination of con-
centration of PS.

The study examined the pharmacokinetics of the
photosensitizer based on tetra-3-phenylthiophthalocya-
nine hydroxyaluminium in liposomal dosage form.

High (more than 20 pg/g) concentration values are
observed in the liver, spleen, and, in the first hour of ob-
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servation, in the lungs. After 24 hours of observation,
the values of PS concentration are high enough in all
organs. Traces of PS are detected in the liver and spleen
in 168 h.

It was confirmed that the PEGilation of the liposomal
drug form of PS slows down the process of its capture
by the reticuloendothelial system. PS long circulates in
the blood and organs of mice, with the distribution end-
ing only 4 hours after administration.
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CLUSTER ANALYSIS OF THE RESULTS OF INTRAOPERATIVE
OPTICAL SPECTROSCOPIC DIAGNOSTICS
IN BRAIN GLIOMA NEUROSURGERY
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Abstract

The paper presents the results of a comparative study of methods of cluster analysis of optical intraoperative spectroscopy data during surgery
of glial tumors with varying degree of malignancy. The analysis was carried out both for individual patients and for the entire dataset. The
data were obtained using combined optical spectroscopy technique, which allowed simultaneous registration of diffuse reflectance spectra
of broadband radiation in the 500-600 nm spectral range (for the analysis of tissue blood supply and the degree of hemoglobin oxygenation),
fluorescence spectra of 5-ALA induced protoporphyrin IX (Pp IX) (for analysis of the malignancy degree) and signal of diffusely reflected laser
light used to excite Pp IX fluorescence (to take into account the scattering properties of tissues). To determine the threshold values of these
parameters for the tumor, the infiltration zone and the normal white matter, we searched for the natural clusters in the available intraoperative
optical spectroscopy data and compared them with the results of the pathomorphology. It was shown that, among the considered clustering
methods, EM-algorithm and k-means methods are optimal for the considered data set and can be used to build a decision support system (DSS)
for spectroscopic intraoperative navigation in neurosurgery. Results of clustering relevant to the pathological studies were also obtained using
the methods of spectral and agglomerative clustering. These methods can be used to post-process combined spectroscopy data.

Keywords: optical spectroscopy, fluorescence, diffuse reflectance, 5-ALA, protoporphyrin IX, neurosurgery, gliomas, cluster analysis
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KJTIACTEPHbI AHAJIN3 PE3YJIBTATOB _
UHTPAOINEPALUMOHHOU ONTUHECKOMU
CMNEKTPOCKOIMMNYECKOUN ONATHOCTUKUN
B HEMPOXUPYPTUU TTIMATIbHBIX OIMYXOJIEUN
FOJIOBHOIO MO3rA

MU.A. Ocbmakos', T.A. Casenbesa'?, B.b. Jlowenos'?, C.A. lopsiHos®, A.A. Motanos®
"HaupoHanbHbIi nccnegosatensckmit aaepHbin yiusepcutet «MUDPU», Mockea, Poccus
2UncTutyT obuen dusmkm um. A.M. MNpoxoposa Poccurckoit akanemmn Hayk, Mockea, Poccua
SHauMOHAMBHBIN MEAULMHCKMI MCCIIEN0BATENLCKMM LEHTP HEMPOXMPYPrMM

nmenn akagemuka H. H. bypperko, Mockea, Poccus

Pesome
B pabote npeacTaBneHbl pesynbraTbl CPaBHUTENbHOIO MCCIE[0BaHMSA METOLOB KJIAaCTEPHOrO aHanmn3a JaHHbIX ONTUYECKO MHTpaonepauu-
OHHOW CMEeKTPOCKONUY MPU NPOBEAEHNI OMNepaLii MO YAANeHWIo rraibHbIX OMyXoNel PasfvyHON CTEMNEHN 3/10KauyecTBeHHOCTH. AHanwu3
NpoBefieH KaK AnA OTAENbHbIX NaLMEHTOB, Tak U 1A BCel COBOKYMHOCTM aHHbIX. [JaHHble Gbinv NonyyYeHbl METOAOM KOMOVHVIPOBAaHHOW
ONTUYECKOWN CMEKTPOCKOMNNM, PErNCTPUPYIOLLUM CeKTPp Addy3HOro OTpaXkeHUs LUMPOKOMOJSIOCHOTO W3y4YeHVs B AMana3oHe CrnekTpa
500-600 HM (C Lenblo aHanM3a KPOBEHAMOMHEHHOCTN TKaHe! 1 CTeNeHn OKCUreHaummn reMornobrHa), cnekTp dnyopecueHuun nHayumMpo-
BaHHOIO 5-aMUHONEBYNIMHOBOWN KMcoTol npoTonopdupuHa IX (c Lenbio aHanmsa cTeneHn N3MeHeHNA TKaHel) 1 curHan anddysHo otpas
YKEHHOTO J1a3epHOro U3JlyYeHus, NCNOoJIb30BaBLUErocs Ans Bo30yaeHus dbryopecLeHLmn (C Liesbio yyeTa paccerBaloLwmx CBOMCTB TKaHe).
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[lna onpepeneHris NOPOroBbIX 3HAYEHU YKa3aHHbIX MapamMeTpOB AJis OMNyXOosu, 30HbI MHOUIIBTPALIMM 1 HOPMAJIbHOTO 6eNloro BeLecTBa Gbi
NPOBeAeH MOVCK eCTECTBEHHbIX KIAaCTEPOB B MIMEIOLLMXCA MHTPAONEPaLMOHHbIX AaHHbIX ONTUYECKOW CAEKTPOCKOMMMN 1 UX COMOCTaBeHne
C pe3ynbTaTamMy NaToMOpPPONOrMyeckon sKkcnepTu3bl. bbino NokasaHo, YTo cpeAn PacCMOTPEHHbIX METOAOB KracTepu3auuu EM-anroputm un
meTog k-cpeHvx onTuManbHbl Ans PAaCCMOTPEHHOrO Habopa AaHHbIX U MOTYT ObITb MCMOMb30BaHbI /s MOCTPOEHUA CUCTEMbI NMOALEPKKN
NPUHATUA PELUEHNIN NPU CNEKTPOCKONUYECKON NHTPaonepaLioHHON HaB/Uraummn B HeMpoxupypriuv. PenesaHTHble pesynbTatam naToMop-
donornyeckrx nccnefoBaHnin Mofeny Gbiv TakKe MosyyYeHbl C MOMOLLbIO METOZIOB CMEKTPAbHON 1 arfloMepaTUBHON Knactepr3auuu. 3u
METOZbl MOTYT ObITb MCMOJIb30BaHbI A/ MOCTOOPAOOTKMN JaHHbIX KOMOVHUPOBAHHOW CMEKTPOCKOMMWN.

KnioueBble cnioBa: onTnyeckas cnekTpockonus, pnyopecueHuus, suddysHoe otpaxeHue, 5-AJTK, npotonopdupuiH X, Hepoxmpyprus, rmme
OMblI, KNTaCTePHbIN aHanms.

Ana untnposaHua: Ocbmakos U.A., Casenbesa T.A,, JloweHos B.b., lopanHos C.A,, MNoTtanos A.A. KnacTepHbiln aHann3 pesynbraTtoB MHTPa-
onepaLMoHHOW OMTUYECKOW CNIEKTPOCKOMNYECKON ANAarHOCTUKM B HENPOXMPYPTV MasibHbIX OMyXosiell rofoBHoro mosra // Biomedical
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Introduction

The incidence of cancer of the central nervous system
is currently increasing steadily [1]. One of the main meth-
ods of their treatment is surgical removal of malignant
tumors. However, the determination of the boundaries
of glial tumors is a nontrivial task due to the peculiarities
of their growth along the myelinated nerve fibers and
vessels deep into the healthy white matter of the brain
[2, 3], which leads to incomplete removal of the tumor
and a high frequency of postoperative recurrences.

It is the infiltrating nature of the growth of glial tu-
mors that necessitates the use of additional methods
of their demarcation during surgery. At the same time,
optical methods for determining the type and condi-
tion of biological tissues have a number of significant
advantages: high speed, accuracy, non-invasive nature,
a compact size of the working part of the tool. The most
popular among optical methods is the registration of
fluorescence markers of tumor changes of both endog-
enous and exogenous nature.

At the moment, the working tool based on the
principle of optical detection of fluorescence used in
neurosurgery is the Opmi Pentero microscope with
Blue400 mode, which allows to observe the level of
fluorescence (excited in the purple range of the spec-
trum) accumulation of protoporphyrin IX (PPIX) in-
duced by 5-aminolevulinic acid (5-ALA) in tumor cells.
The main disadvantage of this method is the subjec-
tivity of the evaluation of the recorded signal by a
neurosurgeon. It is the doctor who, largely at his/her
own discretion, determines which brightness of fluo-
rescence shall be considered to be a subthreshold lev-
el where tumor destruction must be stopped. And the
tactics of surgeons in this regard may differ. Therefore,
it is essential to use a quantitative approach to intra-
operative analysis of the type of fabric which is sup-
ported by optical spectrum analysis. Moreover, in the
case of a sufficiently large sample of morphologically
verified conclusions, it is preferable to use not only

numerical values but also the preliminary conclusions
about the type of tissues.

In the case of one parameter characterizing the de-
gree of tissue malignancy (fluorescence PPIX), determin-
ing the type of tissue only by the value of the parameter
is a fairly trivial task. However, as the number of param-
eters increases, the task becomes more complex and the
use of statistical methods of data analysis for a prelimi-
nary conclusion is required. Machine learning methods
are ideally suited for solving this problem.

This work is devoted to the preliminary cluster analy-
sis of spectroscopic data for individual patients, as well
as for the entire data set, with the use of the built-in li-
braries in Python language. It describes an optical spec-
troscopy method that uses the analysis of fluorescence
spectra of 5-ALA-induced PPIX and diffuse reflection
spectra of tissues, with subsequent extraction of infor-
mation from them on the absorbers in tissues and their
light scattering properties. To determine the threshold
values for the tumor, the infiltration zone and the normal
level, it is necessary to search for natural clusters in the
available intraoperative optical spectroscopy data and
compare them with the results of pathomorphological
examination.

Materials and methods

Intraoperative optical spectroscopy method

A device was developed for simultaneous reg-
istration of diffuse reflection spectra and laser-in-
duced fluorescence, consisting of a spectroanalyzer
(LASA-01-BIOSPEC), two radiation sources (helium-
neon laser A=632.8 nm and a halogen lamp), fiber-
optic transfer system for the delivery of radiation to
and from the tissue, as well as a personal computer
with special software for registration and analysis of
spectra in real time. The device uses a cross-filter sys-
tem that allows the separation of the visible range
of the spectrum into two areas: the registration of
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the diffuse reflection spectrum and the fluorescence
spectrum of PPIX.

During the measurements, the distal end of the
fiber optic probe was brought closer to the tissue to
the degree of contact without pressure. As a result
of the measurement, the input of the spectrometer
receives fluorescent, as well as broadband and laser
radiation which is diffusely reflected by the tissue.
The recorded spectral dependences are subjected to
mathematical processing in accordance with the al-
gorithms described in [4], in a real-time mode.

The scattering properties of the tissues were es-
timated by the intensity of the backward scattered
laser radiation and are given in comparison with the
doubled value of the unchanged cortex (since, ac-
cording to the literature, the diffuse reflection signal
from white matter in the visible range of the spec-
trum is on average twice higher than from gray mat-
ter). The fluorescence intensity was calculated as the
ratio of PPIX fluorescence intensity in the range of
690-730 nm to the intensity of the backward scat-
tered laser radiation. Fluorescent contrast was de-
termined as the ratio of the fluorescence intensity of
the tissue studied to the fluorescence intensity of the
normal cortex. The examples of recorded spectra are
shown in Fig. 1.

The calculation of the parameters for the analysis was
made according to the following formulas:

FI;

FI. = S[690.7301,i

FCi =
S[625.6401,i Flnorm
ScCp= L ppy o, = [H]; + [HbO,];

k+*S[625.640],n0rm ’
Hb i
HbCi — total,i

Hbtotal,norm

_ _HbOy; _ _ Sat(Hb);
Sat(Hb)l - Hbtatal,i Sat(Hb)Cl - Sat(Hb)norm

where Sis the area under the graph in the range indicated
in the lower index; iis the fluorescence intensity calcu-
lated from the current spectrum; norm is the fluorescence
intensity calculated on the basis of the normal tissue
spectrum (usually from the cortex at some distance from
the tumor projection); Flis the fluorescence intensity; FC
is the contrast of the tissue under study compared with
the normal fluorescence intensity; ScC is the contrast of
the tissue under study compared to the tissue which has
normal light scattering level; k is the coefficient of the
fluorescence intensity with due account for the differ-
ences in light scattering for white and gray matter (k=2
when used as the norm of gray matter, k=1 when used as
the norm of white matter); [Hb] is the concentration of
reduced hemoglobin; [HbOZ] is the concentration of oxy-
genated hemoglobin; Hb, is the total concentration of
hemoglobin in the tissue (blood filling); Sat(Hb) is the de-
gree of hemoglobin oxygenation (oxygen saturation).
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Fig. 1. Example of spectra characteristic for different types of tissue: green - spectral range used for evaluation of oxygenation level,
yellow — diffuse reflectance of laser light, red — fluorescence spectrum
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Clinical data

The study retrospectively used the data from 13 pa-
tients. Three patients diagnosed with glioblastoma/
astrocytoma from the sample underwent separate re-
search. The training of the clustering algorithm was
carried out on each patient separately, and then on the
aggregate of the three, in order to compare the quality
metrics on the test sample, which included the remain-
ing patients. Thus, the algorithm was tested on the ob-
jects not included in the training sample. The patients
were orally administered a solution of the hydrochloride
of 5-aminolevulinic acid (Alasens product, manufacturer:
FSUE «SRC «NIOPIK», Russia) calculated as 25 mg/kg body
weight, 2-4 hours before tumor removal. Videofluoros-
copy intraoperative navigation was performed with the
use of operating microscope (Opmi Pentero, Carl Zeiss,
Germany) with fluorescence module simultaneously
with spectroscopic navigation device LESA-01-Biospec
(OO0 «BIOSPEC», Russia). 2 to 11 tissue samples were tak-
en from each patient for subsequent histological analysis
and comparison of its results with the data of spectro-
scopic examination. Each tissue sample corresponded to
a number of spectra (from 1 to 10). Thus, 77 tissue sam-
ples and 876 spectra were analyzed, of which 335 were
verified by histological conclusions. A scatter diagram of
all verified objects is shown in Fig. 2.

Working with missing data

The specifics of the collected data is that the technical
methods for simultaneous registration of all the param-
eters were not used in the early development and use of
intraoperative optical spectroscopy method. It was only
possible to measure the following pairs: the total con-

centration of hemoglobin in the tissues and the degree
of its oxygenation or fluorescence intensity and the area
under the peak of the echo signal. Due to this fact, some
data was missing.

Missing data refers to empty parameter values of
the objects. Their processing is a separate section of
statistics and independent research work. In this study,
the following standard methods of their processing
were considered: removal, in which the sample was re-
duced 2 to 2.5 times, which is an impractical method;
data zeroing led to the appearance of a set of objects
with different histological labels at point 0; averaging
by parameters, in which the algorithms obtained low
quality metrics.

These unsatisfactory results led to the creation of a
multi-step data processing strategy which included:

1. The division of data into complete and incomplete

2. The division of the complete data into the training

sample and the test sample

3. The classification of incomplete data by diagnosis

4. The separation of data broken down by diagnoses
in accordance with the types of tissues

5. Averaging by each type

6. The combination of training data and data aver-
aged by type.

There were also patients who had only one pair of
parameters. In such patients, the missing parameters
were averaged by type with the parameters of all pa-
tients with the same diagnosis. Thus, the test sample in-
cluded the objects with true parameters, and the train-
ing sample was made as large as possible. This strategy,
in comparison with other methods of missing data pro-
cessing, proved to have the highest quality metrics, the
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Fig. 2. Scatter plot of verified data, where I1Z - Infiltration Zone
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largest number of successful algorithms, the preserva-
tion of most objects and the highest degree of inter-
pretation.

Cluster analysis

For cluster analysis, the unsupervised learning ap-
proach was used. In this paper, we have considered the
following methods of clustering: the k-means method,
spectral clustering, expectation-maximization method
(EM-algorithm), agglomerative clustering, and density
clustering, the iterations of which are described below.

Before cluster analysis, the data underwent prelimi-
nary standardization, as it is necessary before such pro-
cessing. This is to ensure that the weights selected in the
algorithms are not operated with the parameters of dif-
ferent orders.

The k-means method. This is one of the most com-
mon methods used for primary data processing, which
gained particular popularity after the publication of Mc-
Queen'’s study [5]. It involves choosing n-random cluster-
ing centers. Then, each object is compared to each cen-
ter, and the object is assigned to the cluster to the center
of which the object is the closest. Finally, the centers are
calculated.

Spectral clustering method. In this method, simi-
larity matrices are defined for the objects. Next, the two
nearest objects are combined according to the similarity
matrix so that the objects within the cluster are as differ-
ent as possible from the objects of other clusters [6].

The EM-algorithm. The method is to maximize likeli-
hood. It is based on the fact that the density of distribu-
tion probability for the objects in a sample is a weighted
sum of the densities of probability in each cluster. All
clusters are selected from a certain family of distribu-
tions, which are often families of normal distributions [7].

Agglomerative clustering method. In this method,
pairwise distances between objects are sorted in ascend-
ing order, and each is assigned to its own cluster. Then
a pair of the nearest clusters is selected and combined
into one. (The search for the closest clusters can be per-
formed with the use of various combination methods).
After that, the number of centers is calculated.

Density clustering method. In this method, there
must be a certain number of other points near the object
within a certain radius; if this condition is not met, the
object is labeled as noise.

From the specifics of the use of the clustering algo-
rithms considered, it is possible to conclude that such
methods as k-means and EM-algorithm can produce the
output model of data clustering which can then be used
to predict new objects.

The input parameters were chosen in the way that
healthy objects were separated as much as possible from
the rest of the sample into a separate cluster, but the
number of clusters did not exceed 8. This is due to the

fact that the number of histologically different objects
may not exceed 8.

Quality metrics

In order to assess the quality of clustering results,
various quality metrics are used. Such estimates must
not depend on the label values themselves but only on
the sample partition as such. In addition, true labels of
objects are not always known, so it is necessary to have
estimates that make it possible to evaluate the quality of
clustering based on only an unlabeled sample.

There are external and internal quality metrics. The
external metrics use the information about true cluster-
ing, while internal metrics use no external information
and evaluate the quality of clustering only on the basis
of the dataset. The optimal number of clusters is usually
determined with the use of internal metrics.

Adjusted Rand Index (ARI). It is assumed that the
true labels of the objects are known. This measure does
not depend on the label values as such but only on the
partitioning of the sample into clusters. Let n be the
number of objects in the sample, then a is the number
of pairs of objects that have the same labels and are in
the same cluster, and b is the number of pairs of objects
that have different labels and are in different clusters. The
Rand Index then is:

2(a+ D)
T n(n-1)

That is, it is the share of objects for which these par-
titions (initial and resulting from clustering) are «ap-
proved». Rand Index (R/) expresses the similarity of two
different clusterings of the same sample. For this index to
give values close to zero for random clustering with any n
and any number of clusters, it is necessary to normalize it.
This is how the Adjusted Rand Index is determined:

RI — E[RI]
ARl = —————
max(RI) — E[RI]

This measure is symmetric and does not depend on
the values of the labels and their swapping. Thus, this in-
dex is a measure of the distance between various sample
partitions. AR/ takes values in the range [-1,1]. Negative
values correspond to «independent» cluster partitions;
values close to zero correspond to random partitions,
and positive values indicate that two partitions are simi-
lar (coincide at AR/ = 1).

Adjusted Mutual Information (AMI). This measure
is very similar to ARI. It is also symmetric and does not
depend on the values of the labels and their swapping.
It is determined with the use of the entropy function,
with the interpretation of sample splits as discrete distri-
butions (the probability of the assignment to a cluster is
equal to the share of objects in the cluster). The AM/ in-
dex is defined as the mutual information for two distribu-
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tions corresponding to the sample-to-cluster partitions.
Intuitively, mutual information measures the proportion
of information common to both partitions: how much
the information on one of them reduces the uncertainty
in respect of the other.

AMlindex is determined in the way which is similar to
the determination of ARI, making it possible to avoid the
growth of the AMI index with the increase in the number
of classes. It takes values in the range of [-1,1]. The values
close to zero indicate the independence of the partitions,
and those close to one, their similarity (coincidence at AR/
=1).

Homogeneity, completeness, V-measure. For-
mally, these measures are also defined with the use of
entropy and conditional entropy functions, with the con-
sideration of sample partitions as discrete distributions:

H(CIK)
~ HO

H(K|C)
~ H®E)

here K is the result of clustering, C is the true division
of the sample into classes. Thus, h measures the degree
to which each cluster consists of objects of the same
class, and ¢ measures the degree to which the objects of
the same class belong to the same cluster. These mea-
surements are not symmetrical. Both take on values in
the range of [0,1], and larger values correspond to more
accurate clustering. These measures are not normalized
like ARl or AMI and, therefore, they depend on the num-
ber of clusters. Random clustering will not produce zero
values in case of a large number of classes and a small
number of objects. In these cases, it is preferable to use
ARI. However, if the number of objects is more than 1000
and the number of clusters is less than 10, this problem is
not so pronounced and can be ignored.

To account for both values, h and ¢, a V-measure is
also introduced as their harmonic mean:

hc
h+c

v=2

It is symmetric and shows how much the two cluster-
ings are similar to each other.

Silhouette. In contrast to the above metrics, this co-
efficient does not imply the knowledge of the true labels
of objects and makes it possible to assess the quality of
clustering with the use of only the (unlabeled) selection
and the result of clustering. First, the silhouette is defined
separately for each object. a is the average distance from
this object to the objects from the same cluster, b is the
average distance from this object to the objects from
the nearest cluster (different from the one in which the

object itself is). Then the silhouette of the object is the
value:

_ b-a
5= max(a, b)

The silhouette of a selection is the average value of
the silhouette of the objects in that selection. Thus, a sil-
houette shows how the average distance to the objects
of the same cluster differs from the average distance to
the objects of other clusters. This value is in the range
of [-1,1]. Values close to -1 correspond to the clustering
variant with a high spread, values close to zero mean
that clusters intersect and overlap, and values close to
1 correspond to «dense» clearly outlined clusters. Thus,
the larger the silhouette, the more clearly the clusters are
outlined, and they are compact, tightly grouped clouds
of points.

With the silhouette, you can select the optimal num-
ber of clusters k (if it is not known in advance) and se-
lect the number of clusters that maximize the value of
the silhouette. Unlike the previous metrics, the silhou-
ette depends on the shape of the clusters, and reaches
larger values on the more convex clusters obtained by
algorithms based on the restoration of the distribution
density.

To assess the quality of clustering, clusters were man-
ually merged in such a way that healthy objects were in
a separate cluster, and all other objects were combined
into a cluster of pathology (not healthy ones). Thus, the
obtained metrics will evaluate how well the used meth-
od distinguishes the healthy objects from the sick ones.

Results and discussion

Results of the analysis of data for individual pa-
tients

Patient G. Diagnosis: diffuse astrocytoma with pro-
nounced polymorphism.

Patient G. had a sample of 12 objects. The quality
metrics are presented in Table 1. The resulting models in
the visualization can not be correlated with true repre-
sentations. However, k-means and agglomerative clus-
tering methods were able to group healthy tissues into
a separate cluster, but the very model of data clustering
turned out to have very broad boundaries, which allow
fluorescence intensity above 7.5, which is not typical for
a healthy brain area. Based on the results of the analysis
of the data of this patient, it is obvious that these meth-
ods of processing should be used on sufficiently large
samples.

For patient G., the methods that have the highest
quality estimates are density clustering, k-means, and
agglomerative clustering.

Patient S. Diagnosis: glioblastoma Grade IV.

As can be seen from Table 2, all algorithms except
the density method showed equally good results in the
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division of normal and pathologic samples into separate
clusters. This is due to its features, which result in mark-
ing some objects as noise, greatly reducing its quality
metrics. However, this method allocates objects that are
close in time into separate clusters. This feature can be
useful further on for the averaging of such objects in or-
der to prevent them from making large weights in the
measurements.

PatientS., in comparison with patient G., had a sample
of 82 objects, that is, it was almost 6 times more numer-
ous. Healthy tissues were well grouped into a separate
cluster, as it can be seen by the example of the visual-
ization of the agglomerative clustering results (Fig. 3a).
The input parameters of clustering were selected in such
a way that allows to differentiate healthy tissues from all
others.

It is also worth noting that the obtained straight
boundaries in the k-means method (Fig. 3b) are not
relevant to the complex boundary between clusters
found in the experiment, which is not apparent in the
EM-algorithm (Fig. 3¢). However, the EM algorithm did
not have a gradient transition between clusters, which
would be typical for infiltration zones and for the dif-
fuse nature of glioblastomas. In addition, it is difficult to
interpret the resulting model of data division into clus-
ters, because healthy tissues were included in a large
cluster with characteristics that differ from those for
healthy tissues.

Patient B. Diagnosis: Glioblastoma.

Patient B. had a sample of 59 objects; the quality met-
rics of the obtained models are shown in Table 3. The best
methods were EM-algorithm, spectral clusterization, k-
means, agglomerative clustering. However, the values of
these metrics are not high enough to use the resulting
clustering models due to insufficient sample size.

Results of the analysis of the data set of all pa-
tients

To begin with, an analysis was carried out of the data set
of those patients who were earlier considered separately.

Patients B. + G. + C.

The results of the processing of the integrated data
of patients B., G. and S. are shown in Fig. 4 and in table
4. The high-quality metrics and the more predictable na-
ture of the healthy tissue model make it possible to say
that the increase of the sample has a positive impact on
the comprehensive assessment of the results.

The clustering density method obtained an abnor-
mally large number of clusters, more than 10. A more de-
tailed study of this phenomenon showed that most clus-
ters consist of objects which are close-standing in terms
of the registration time, that is, very likely, these spectra
corresponded to the same small area of tissue.

The quality assessment of B. + G. + C. models in
other patients

Since the processing of the total data set of the three
patients produced potentially plausible models, the data

Ta6nuua 1
METpVIKVI KayecTBa nauueHta I. Ha OTAOXKEHHOM Bbl60pKe

Table 1
Quality metrics of held-out set for patient G.

HasBaHune ““ TomoreHHOCTb MonHoTa V-mepa

EM-anroputm

EM-algorithm 0,4666 0,6409
ECK 0,4666 0,6409
BE 9,8715 0,0000
I,::go:f::'x 1,0000 1,0000
22 1,0000 1,0000

0,5183

0,5183

9,8715

1,0000

1,0000

0,6468 0,5754 0,2609
0,6468 0,5754 0,3502
1,0000 1,9743 0,3705
1,0000 1,0000 0.4551
1,0000 1,0000 0,4551

CK - cnekTpanbHana knactepusauus, NK - nnotHocTHas knactepmsauusa, AK — arnomepaTtrBHas Knactepusayma
SC - spectral clustering, DC — density-based clustering, AC — agglomerative clustering
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were then used to evaluate the quality metrics on their
basis, in respect of the data of patients for whom no clus-
tering was performed.

Evaluation of the quality of predictions for patient D.
(127 objects, 41 verified ones), patient L. (30 objects, 23
verified ones) and the remaining group of 9 patients (422

objects, 93 verified ones), on models obtained in patients
B., G., S., is presented in table 5.

It can be seen from the obtained metrics that in all pa-
tients the EM-algorithm coped with the task almost per-
fectly, given that the test sample included some types
of tissues that the algorithm had not dealt with before,

TaGauua 2

MeTpuKK KauecTBa nauueHTa C. Ha OTAOXKEHHOM BblbOpKe
Table 2

Quality metrics of held-out set for patient S.

HasBaHue AMI ARI lTomoreHHOCTb MonHota V-mepa Cunyat
EM-anroputm 1,0000 1,0000 1,0000 1,0000 1,0000 0,2446
EM-algorithm
CK
i 1,0000 1,0000 1,0000 1,0000 1,0000 0,2446
MK
oc 0,4464 04411 1,0000 0,4548 0,6252 01153
SE T 1,0000 1,0000 1,0000 1,0000 1,0000 02446
k-means
AK
" 1,0000 1,0000 1,0000 1,0000 1,0000 0,2446

CK - cnekTpanbHana knactepusauus, MK - nnoTHocTHas knactepusauymsa, AK — arnomepaTtrBHas Knactepusayma
SC - spectral clustering, DC — density-based clustering, AC — agglomerative clustering

Ta6nuupa 3
MeTpuku KauecTBa nauuMeHTa b. Ha 0TAOXKEeHHOW BbI6OpKe

Table 3
Quality metrics of held-out set for patient B.

HasBaHue AMI ARI TomoreHHOCTb MonHota V-mepa Cunyat
EM-anropum 0,8133 0,9150 0,8710 08174 0,8434 04313
EM-algorithm
K
s 0,8133 0,9150 0,8710 0,8174 0,8434 04313
MK
oe 03053 02838 07268 03192 0,4436 0,0815
G PEL 0,8133 0,9150 0,8710 0,8174 0,8434 04313
k-means
AK
C 08133 0,9150 0,8710 0,8174 0,8434 04313

CK - cnekTpanbHana knactepusauus, MK - nnotHocTHas knactepusauymsa, AK — arnomepaTtrBHasA Knactepusayma
SC - spectral clustering, DC — density-based clustering, AC — agglomerative clustering
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Puc. 4. Busyanusauus pesynstatoB nauneHTos b.+I.+C. c NnpUMeHEeHNEM pa3IMYyHbIX METOA0B KlacTepusauun, B CpaBHEHUU C pealb-
HbIM pacnpejeneHnemM o6bLEKTOB (cnpaBa), rae CB — cepoe BewwecTBO ronoBHOro mosra, bB — 6enoe BewecTBo ronoBHoro mosra, Ol -
onyxonb, 31 — 30Ha UHGUNBLTPaALIUK:
a — NIOCTHOCTHaA Knacrtepusauus,
b — knactepusauusa k-cpegHux;
c — Knactepusauusa EM-anroputm
Fig. 4. Visualization of clustering results (left) compared to actual distribution (right) for patients B.+G.+S., where IZ - infiltration zone:
a — density-based clustering;
b — k-means clustering;
¢ — EM-algorithm clustering
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Ta6nuua 4

MeTpuku KauectBa naumeHToB b.+T.+C. Ha 0TAOXKEHHOI Bbi6OpKe

Table 4
Quality metrics of held-out set for patients B.+G.+S.

EM-anroputm

. 1,0000 1,0000 1,0000 1,0000 1,0000 0,2366
EM-algorithm

gg 1,0000 1,0000 1,0000 1,0000 1,0000 0,2366
MK

oe 0,0191 0,1026 0,0452 0,0544 0,0494 0,2397
PRI 0,6442 0,8291 0,8058 0,6548 07225 0,2366
k-means

QE 1,0000 1,0000 1,0000 1,0000 1,0000 0,2397

CK - cnekTpanbHas knactepusauyus, MK - nnoTHocTHas Knactepusauma, AK — arnomepaTtrBHasa Knactepmsaumsa
SC - spectral clustering, DC - density-based clustering, AC - agglomerative clustering

Ta6nauua 5

MeTpuku kKauectsa HpeACKa3aHMf"I nauMeHTOB Ha NOAyYeHHbIX Ha nauueHTax b., I, C. moaensix

Table 5

Quality metrics of patient predictions based on models obtained from patients B., G. and S.

EM-anroputm

0.  EMalgorithm 10000 10000 1,0000 1.0000 10000 01420
D. -
k-cpeprmx 06860  0,8479 0,8091 0,6976 0,7449 0,1420
k-means
EM-anropat 4 5500 1,0000 1,0000 1,0000 1,0000 0,8165
7. EM-algorithm
L. :
k-cpeaHux 1,0000 1,0000 1,0000 1,0000 1,0000 0,8165
k-means
EM-anropvlTM 1,0000 1,0000 1,0000 1,0000 1,0000 -0,1452
Bce EM-algorithm
All :
k-cpegHux 05468  0,7529 0,5587 0,7425 0,6376 -0,1452
k-means

whereas the k-means method showed a relatively worse
result in most cases.

Conclusion

The following most universal models can be dis-
tinguished from the visualized models and measured
quality metrics: EM-algorithm, k-means method,
spectral clustering and agglomerative clustering.
However, the last two methods do not provide ready-
made models that can evaluate new data, which ex-
cludes them in the creation of decision-making assis-
tance systems, but they are suitable for post-process-
ing of the data.

When the number of obtained clusters is greater than
the number of the types of labels, it creates practical dif-
ficulties in iterating and merging clusters for the evalua-

tion of models. Sensitivity to the sample size can be seen
in the quality metrics and the nature of the model bound-
aries in patient C. and the integrated patients B. + G. + C,,
who had 12 objects and 41 objects, respectively. In most
cases, and with a sufficient sample, almost all algorithms
perfectly coped with the task in individual patients, and
the method of density clustering, which obtained, on av-
erage, poor quality metrics, was found to be special in
the identification of objects close in time, which can help
in further research.

The drawbacks listed, except the lack of operability
on insufficient samples, can be mitigated with the use
of other machine learning methods, namely, supervised
learning, where the model will be trained on specific an-
swers, which are labels of a class represented by histo-
logical findings.
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The results of the study of spectroscopic data make
it possible to identify correlations between several pa-
rameters numerically, with the use of machine learn-
ing methods, determined by spectra and histological
conclusions about the presence of tissue malignancy
signs.

In comparison with the method of statistical data pro-
cessing presented earlier, the method of intraoperative
registration of combined spectra described in the article
[8], the sensitivity increased, on average, from 88% to
90%, and the specificity from 82% to 91%.
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COMBINED ENDOSCOPIC TREATMENT OF A PATIENT

WITH CANCER OF THE HYPOPHARYNX TO THE UPPER THIRD
OF THE ESOPHAGUS WITH COMPLETE CLINICAL AND
ENDOSCOPIC EFFECT

Legostaev V.M., Babenkov O.Y., Balitskiy G.V.
Rostov Research Institute of Oncology, Rostov-on-Don, Russia

CASE REPORTS

Abstract

We present a clinical case with a complete endoscopic and clinical effect after endoscopic treatment of a patient with laryngeal cancer involv-
ing the upper third of the esophagus. The patient was treated as follows: conformal radiation therapy TFD = 40 gr, targeted chemotherapy
using Cetuximab (total dose of 1800 mg). 1.5 months after the end of the treatment, a residual laryngopharyngeal tumor with a spread into the
upper third of the esophagus was found during videolaryngoscopy examination. The result of the following histological examination was G2
squamous cell carcinoma. From August 2015 to February 2017, the patient underwent 8 photodynamic therapy sessions in combination with
argon plasma coagulation. A control videolaryngoscopy, carried out 1 month after the final session, showed complete tumor regression without
cicatricial deformity and narrowing of the esophageal lumen.

Keywords: photodynamic therapy, laryngopharyngeal tumor, fotoditazin.
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KOMBHNHNPOBAHHOE SHOOCKOIMMNYECKOE JIEHEHME
BOJIbHOIO PAKOM FOPTAHOTJIOTKH
C PACIMPOCTPAHEHMEM HA BEPXHIOKO TPETb MULLEEBOOA

B.M. Jleroctaes, O.lO. babenkos, I.B. Banuukuit
PocToBckui HOyYHO-MCCNELOBATENLCKMIM OHKONOMMYeckuit MHCTUTYT, PocToe-Ha-LoHy, Poccus

Peslome

ABTOPbI OMUCHIBAIOT KIIMHNYECKOEe HabntoeH1e C MOMHbIM KNIMHUYECKMM 3G PEeKTOM NOocsie SHAOCKOMNMYECKOro leYeHnsA 60JIbHOro Ppakom rop-
TaHOI/IOTKM, BOB/IEKaIOLLM BEPXHIOW TPeTb nuLleBofa. MalumeHT nonyyan neyeHvie B obbeme: KoHpopmHan nyyesas Tepanusa COJl = 40 Ip,
TapreTHasa XMMroTepanus NpenapaTom LeTyKcumab, cymmapHoi go3on 1800 Mr. Yepes 1,5 Mec nocsie OKOHYaHUA IeYeHUs Ha BULEO-NapUH-
rockonuu 6binia BbiAABNIEHa OCTaTOYHAA OMyXO0/b FOPTAHOIIOTKM C PacnpoCTpaHeHVIEM Ha BEPXHIOIO TPeTb NuilleBoaa. PesynbTat ructonornye-
CKOrO MCCNIeA0BaHMNA — MIOCKOKNETOUHbIN paK, G2. C aBrycTa 2015 no ¢peBpanb 2017 I. naymeHTy 6bi110 NpoBefeHO 8 KypcoB GoToANHaMUYEE,
CKOW Tepanuu B COYETaHNM C aproHOMNIasmMeHHON Koarynaumen. Ha KOHTpONbHON BUAEONapUHIOCKONUM, BbIMOIHEHHOM Yepe3 1 mec nocne
nocnefHero Kypca, 3apeructTpupoBaHa nosHas perpeccusa onyxonm 6e3 pybLosoi fedpopmaLm nim Cy>KeHna npocseTa NULLeBoAa.

KnioueBble cnoBa: $oTofMHaMMUecKas Teparnus, ornyxosb FOPTaHOIMOTKY, GOTOANTA3UH.

Ona untupoBaHus: Jleroctaes B.M., babeHkos O.10., banuuknii [.B. Komb1MHNPOBaHHOE 3HJOCKOMNMYECKOe fieyeHne 60/1bHOro Pakom rop-
TaHOIMOTKM C pacnpocTpaHeHneM Ha BepXHIoto TpeTb nuweBopa // Biomedical Photonics. —2018. - T. 7, N2 4. - C. 35-40. doi: 110.24931/2413-
9432-2018-7-4-35-40.

KoHTakTbl: Jleroctaes B.M., e-mail: oncoendo@aaanet.ru

Introduction

The laryngopharynx is an anatomically complex area  tory and digestive tracts» [1]. The prevalence of laryngo-
that plays an important role in the body’s processes of  pharyngeal cancer in the Russian Federation amounted
respiration and digestion, which led to the creation of the  to 11.7 people per 100,000 population in 2016, while the
term still used in the literature, «decussation of respira-  prevalence of esophageal cancer was 9.2 people per
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100,000 population. In 2016, laryngopharyngeal cancer
at the 1st and 2nd stages was only diagnosed in 3.2%
and 13.5% of cases, respectively. Similar indicators for
esophageal cancer are significantly higher and amount
to 6.2% at the 1st stage and 24.2% at the 2nd stage. This
difference can be explained by the fact that dysphagia is
manifested much earlier in the case of esophageal cancer
compared to laryngopharyngeal cancer due to narrow-
ing of the organ lumen diameter.

The average rate of late-stage diagnosis of laryngo-
pharyngeal cancerin Russia is 43.1%, which is second only
to pancreatic cancer (60.5%). These figures are directly
correlated to the high mortality rates in the first year after
the diagnosis, which are 41.0% and 58.5% for laryngo-
pharyngeal cancer and esophageal cancer, respectively.
The search for ways to improve early diagnosis and treat-
ment of laryngopharyngeal cancer and esophageal can-
cer is a critical task of the modern medicine [2].

In Russia, there is the following trend in the applica-
tion of different methods of treating malignant tumours:
the proportion of surgeries as an independent type of
treatment continues to grow. In 2016, it amounted to
54.3% (53.7% in 2015), while the proportion of combina-
tion or comprehensive treatment continued to decrease
and reached 31.2% (31.3% in 2015), and the proportion
of the radiological method alone was 9.8% (10.1% in
2015). The frequency of use of the radiation therapy as an
independent type of treatment for laryngopharyngeal
cancer amounted to 17.1% in 2016. The combination or
comprehensive method was used to treat laryngopha-
ryngeal cancer in 50.8% of cases and esophageal cancer
in 49.1% of cases. The rate of using the chemoradiation
as an independent type of treatment for laryngopharyn-
geal cancer was an order of magnitude higher than the
one for esophageal cancer and amounted to 15.7% and
1.4%, respectively [3].

In recent years, photodynamic therapy (PDT) has
been increasingly used in oncology along with generally
accepted methods of treating malignant tumours (sur-
geries, radiation therapy, medical therapy and their com-
binations). This treatment method is based on the inter-
action between a photosensitizer (PS) and light radiation
having a wavelength corresponding to the absorption
maximum of the applied PS. As a result, photochemical
processes are initiated in cells of a malignant tumour and
then lead to its death [4].

The development of methods of a direct destructive
effect on malignant tumours, such as electroresection,
argon plasma coagulation, laser destruction, cryodestruc-
tion, radio frequency ablation, significantly expanded
the capabilities of surgeons, allowing them to perform
cytoreductive surgeries more safely and efficiently. How-
ever, none of these methods has a systemic exposure on
cancer patients due to significant limitations and contra-
indications. In contrast to the above mentioned methods

of tumour exposure, PDT has a number of advantages,
including the following:

1. The direct selective cytotoxic (apoptosis, necrosis)
effect on cancer cells that have accumulated a pho-
tosensitizer [5-71.

2. The selective damage to the endothelium of blood
vessels of a malignant tumour [10, 11].

3. The activation of antitumour immunity due to the
selective damage to cell membranes and blood
vessels of a malignant tumour [8, 9].

4. PDT is exceedingly rare complicated by perforation,
bleeding, fistula and cicatrical strictures formation
[10].

5. The latest generation photosensitizers are non-
toxic, so the number of PDT courses is unlimited.

Indication for endoscopic PDT:

1. The main organ-preserving method of minimally
invasive treatment of malignant tumours at the Tis-
TINOMO stage for the complete eradication of the

tumour.

2. Reopening of respiratory and gastrointestinal
tracts.

3. Cytoreduction and stabilisation of the tumour
growth.

4. The treatment method chosen for malignant
tumours, when the possibilities of other treatment
methods are exhausted [10].

According to the Rostov Cancer Research Institute
(RCRI), in cases where other methods of antitumour treat-
ment have been exhausted, endoscopic PDT allowed to
achieve the full or partial (a decrease in the tumour lesion
size by more than 50%) effect in 81.8 % of cases [10].

There are no absolute contraindications to PDT. Rela-
tive contraindications to endoscopic PDT are a patient’s
severe general somatic condition and unstable hemody-
namics.

In the department of intraluminal diagnostics of the
RCRI, endoscopic photodynamic therapy (PDT) is suc-
cessfully used in combination with argon plasma coagu-
lation (APC) of malignant tumours of the laryngopharynx
and esophagus when surgical or combined treatment is
not possible.

The patient K., 59 years old, was referred to the RCRI
with a diagnosis of T2ZNOMO laryngopharyngeal cancer,
the 2nd stage, clinical group 2. The conclusion of the
histological examination was moderately differentiated
squamous cell cancer without keratinisation, G2. Coex-
isting diseases: coronary heart disease, stable angina,
postinfarction cardiosclerosis (2005), chronic heart fail-
ure, myocardiodystrophy, arterial hypertension at the 3
stage, gastric ulcer in remission.

According to the results of the computed tomogra-
phy of the chest and abdominal cavity, ultrasound inves-
tigation of the neck and abdominal cavity, no data on
the presence of regional and distant metastases of the
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Puc. 1. Pe3synbtathl BUAE0IAPUHIOCKONUU U BUAE0330(haroCKonum:
a, b — peanayanbHas onyxonb 3afHen CTEHKU rOPTaHOINOTKM;

C — paK yCTbs NULEeBOAa C BOB/IeYEHWEM ero BepxHen TpeTu (d — 0CMOTP B peXxume y3KoCMneKTpaaibHON 3HJ0CKONUM)

Fig. 1. Results of videolaryngoscopy and videoesophagoscopy:
a, b - residual tumor of the hypopharynx posterior wall;

¢ — cancer of the mouth of the esophagus with the involvement of its upper third (d — narrow-band imaging endoscopy examination)

tumour were found. In April 2015, the patient underwent
combined chemoradiation therapy (conformal radiation
therapy, a single boost dose = 2.4 Gy x 5 fractions per
week, a total boost dose = 40 Gy) and targeted chemo-
therapy with cetuximab at a total dose of 1800 mg.

1.5 months after the treatment, the patient under-
went the follow-up videolaryngoscopy (VLS): the mucosa
of arytenoid cartilages was swollen and hyperaemic; the
tumor infiltrate of 2x2.5 cm in size with a 0.8 cm triangu-
lar carcinelcosis was visible on the posterior wall of the
laryngopharynx above the arytenoid cartilages. The infil-
trate spread over the posterior wall of the pharynx dor-
sally to the arytenoid cartilages of the larynx, its lower
edge was visible in the region of the lower third of the
left pyriform sinus (Fig. 1a, b).

The patient had no complaints of dysphagia, how-
ever, given the outcomes of our previous study con-
firming the frequent involvement of the esophagus in
laryngopharyngeal cancer [11], we decided to perform
videoesophagoscopy (VES). When imaged in the narrow
band mode, the esophageal mucosa had a pathologi-
cally changed relief and an atypical vascular pattern with
distinctive signs of neoplasia over the 4 cm circular area
in the mouth of the esophagus and right after it (Fig. 1c,
d). Pathological changes were more severe on the lateral
walls of the esophagus. The biopsy was performed. His-
tological findings: squamous cell cancer, G2.

From April to June 2015, the patient underwent the
second stage of the chemoradiation therapy: a single
boost dose = 2.4 Gy and 1 Gy x 5 fractions per week (a
total boost dose = 60 Gy for the primary site and 50 Gy
for the regional lymph nodes), cetuximab at a total dose
of 3400 mg. During the follow-up VLS after 1.5 months,
a tumour in the laryngopharynx was not detected, but
when imaged in the narrow band mode, a residual

tumour was found in the mouth of the esophagus and
its upper third, which was morphologically confirmed
(Fig. 2a, b).

Due to the exhausted possibilities of chemoradiation
therapy, PDT of the affected area was assigned to the
patent at the case conference.

All PDT sessions were conducted 2 hours after IV infu-
sion of the Fotoditazine (VETA-GRAND LLC, Russia, reg-
istration licence No. LS 001246 of 18.05.2012) at a dose
of 1 mg/kg-BM using the GIF H-180 EXERA Il video gas-
troscope (Olympus, Japan) under general endotracheal
anesthesia with artificial lung ventilation. An endoscope
with a transparent cap mounted on its distal end was
inserted in the laryngopharynx; a quartz light guide with
a 2 cm long cylindrical diffuser was inserted through its
instrument channel. The light guide was positioned at a

Puc. 2. Octato4yHass onyxonb nuueBoja (OCMOTP B Y3KOCMEK-
TpanbHOM peXKMME 3HL0CKOMMUK):

a - ycTbe NULLEBOAA;

b — BepxHsia TpeTb NULEeBoAa
Fig. 2. Residual esophageal tumor (narrow-band imaging endos-
copy examination):

a — the mouth of the esophagus;

b — upper third of the esophagus
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Puc. 3. Pe3ynbtatbl BUAE0IAPUHTOCKONWU, BbIMONHEHHOW nocne
1-ro Kypca ®AT:

a, b — pasa HeKpo3a onyxonu ropTaHoOrI0TKN
Fig. 3. Results of videolaryngoscopy performed after the 1st PDT
session:

a, b — necrosis phase of the hypopharynx tumor

distance of 1 mm from the tumour. Then the surface of
the tumour was irradiated with light using a laser light
source (A=662 nm) (Lakhta-Milon, Russia). The laser irra-
diation power was 1000 mW, and the energy density was
200 J/cm?. The irradiation was performed from 4 posi-
tions in the laryngopharynx and 6 fields in the esopha-
gus. The time of the irradiation at each point was 4 min-
utes.

During the first week after PDT, the patient experi-
enced moderate pain in the laryngopharynx, which was

managed by taking non-steroidal anti-inflammatory
drugs (nimesulide).

10 days after the PDT a follow-up VLS was performed:
tumour necrosis with fibrinous deposition, hyperemia
and oedema of the surrounding mucosa were detected
(Fig. 3a, b).

In total, the patient underwent 7 PDT courses under
general anesthesia at an interval of 1.5-2 months dur-
ing the year, while the PDT was conducted three times
in combination with argon plasma coagulation of the
exophytic area of the tumour (0.8 cm) using the ERBE
VIO 300 D electro-surgery unit. 3 weeks after each
PDT course, follow-up endoscopic examinations of the
laryngopharynx and esophagus were conducted. Dur-
ing each examination, the improvement was observed
in the form of a gradual decrease in the size of the
residual tumour.

After the 7th course, the full endoscopic effect
was achieved in the form of the disappearance of
infiltration of the laryngopharyngeal mucosa and
the mouth and the upper third of the esophagus (Fig.
4a, b).

After 2 months, a rough mucosa site of about 1 cm
in diameter with signs of neoplasia was detected in the
mouth of the esophagus in a 7 o'clock position with the
patient’s left lateral position. After the biopsy, histologi-
cal findings were obtained: squamous cell cancer, G2
(Fig. 5).

The 8th PDT course with APC was conducted. During
the follow-up VLS after 1 month, a complete regression

Puc. 4. Pe3ynbtathl y3KOCNEKTPaJbHON 3HAOCKONUMU, BbINOIHEHHOM nocne 7 KypcosB OAT:
a — nonHas perpeccus onyxoseBoi UHGUNbTPaALUU YCTbS NULLEBOAA;
b — nonHasa perpeccus onyxoneson MHUIbTPaL MM BEPXHEN TPETU NULEBOAA
Fig. 4. Results of narrow-band imaging endoscopy performed after 7 PDT sessions:
a — complete regression of tumor infiltration of the mouth of the esophagus;
b — complete regression of tumor infiltration of the upper third of the esophagus
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Puc. 5. Peunaus paka nuweBoga B 06/1acTu ero yctbsi (0OCMOTp B
pexxume NBI)
Fig. 5. Recurrence of cancer in the mouth of the esophagus (NBI
examination)

of the tumour without cicatricial deformity and narrow-
ing of the esophageal lumen was detected (Fig. 6). At the
moment, the duration of the recurrence-free period is 3
months. The patient has no complaints. Dynamic moni-
toring is carried out.

Conclusion

The described clinical follow-up indicates that
photodynamic therapy of residual laryngopharyngeal
and esophageal tumours in combination with argon
plasma coagulation shows high efficiency and can be a
treatment method chosen for patients with malignant
tumours of this localization.

Puc. 6. Pe3ynbtatbl KOHTPOLHOW BUAEOIaPUHTOCKOMUU, BbINOAHEHHON nocne 8 kypcos PAT (6, r — ocMoTp B pexxkume NBI):
a, b — nonHas perpeccus onyxoneson MHGUALTPaLUN FOPTAHOINIOTKY;

¢, d — nosiHaa perpeccus ornyxosau ycTbs nuiLesoaa

Fig. 6. Results of control videolaryngoscopy performed after 8 PDT sessions esophagus (6, r — NBl examination):
a, b — complete regression of the hypopharynx tumor infiltration;
c, d — complete regression of the tumor in the mouth of the esophagus
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