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Abstract

The proposed approach to microcirculation assessment is non-invasive, informative, and can be implemented during photoactivation, and thus is
perspective both for research tasks and clinical practice. The functional principles of the vasculature response to photodynamic exposure, identi-
fied using this technique, also foster the efficiency and safety of photodynamic therapy. The developed setup allows simultaneous photodynamic
exposure and studying the microcirculation parameters by videocapillaroscopy and photoplethysmography techniques. Photodynamic action is
carried out by 662 nm laser radiation with a power density of 15 mW/cm? in continuous and pulsed modes. The imaging system of the setup con-
sists of a large working distance microscope, an optical filter, and a monochrome camera. The illumination system is based on LED with a central
wavelength of 532 nm. The acquired images were processed in order to obtain morphometric and hemodynamic microcirculation data in the
inspected skin area. To compare the proposed approach with existing methods, we measured blood flow parameters by a laser Doppler flowmeter.
We tested the developed setup on rats injected with a photosensitizer and obtained active vessel maps, photoplethysmograms, and skin vessel
density values before, during, and after photoactivation in both generation modes. The proposed approach allows to reveal differences in the
microcirculation response to photodynamic effects of low power densities in different modes, in particular, the discrepancy between the time from
the start of exposure to the cessation of blood flow and the start of the recovery period.
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NMPUMEHEHUE BUOEOK ANMUITNIAPOCKOINMUU
anga MOHHUTOPUHTA MUKPOLUUPKYIIALUNA
B KOXE NP $OTOONHAMUNHECKOU TEPATTNUA

A.B. Typbinesa', A.C. Maumxun', T.I. Tpuwauesa?, H.H. Metpuwes?
"Hay4Ho-TexHoNnormyeckmit LeHTP YHMKANbHOTO npubopoctpoeHms Poccuitckoi akagemmm
Hayk, Mocksa, Poccus

Mepsbint CankT-MNetepbyprckmit rocyaapCTBEHHBIM MEAULMHCKMIA YHUBEPCUTET UMEHM
akagemmka M.I. Masnosa» Munmctepctsa sapasooxpaHeruns Poceuickon Penepamu,
CankT-letepbypr, Poccus

Pe3lome
MpepnoxeHo annapaTHO-NPOrpamMMHOE 1 MeToauYeckoe obecrneyeHvie afif OLeHKN MAKPOLIMPKYALNM, KOTOPOe OTANYaeTCc HEMHBA3UB-
HOCTbIO, I/IH(I)OpMaTI/IBHOCTbIO, a rmaBHoeg, BO3MOXHOCTbIO MPOBOANTb NCCnenoBaHMe B Xxoge d)OToaKTVIBaLl,I/IVI, N MOXET CTaTb AOMOJIHEHNEM K
CyliecTByOLWMM ANarHoOCTUYEeCKNM MeTo4aM KaK B nccnefoBaTesibCKUX 3afavax, Tak U B KIMHUYeCKom npaKkTunKe. BbigBneHHbIe C nomMmoulbo
pa3paboTaHHOro nogxoga GyHKUMOHabHble MPUHLMMbI Peakuyn COCYAUCToN ceT Ha GOToANHaMYECKoe BO3L4eCTBME NPefCcTaBisaoTCs
nonesHbiMn AnA NoBblleHNA 3d>¢eKTI/IBHOCTVI 1 6e30nacHoOCTU (I)OTO,qVIHaMVIHeCKOVI Tepannn. Pa3pa60TKa n anp06aL|,|/m MeTO40B BUAeOKa-
nvmnﬂpOCKonmm n <|)0TOI'IJ1€TI/I3MOFpa¢I/II/I ana I/I3yLIeHI/IF| paHHI/IX I/I3MeHeHI/IIh MI/IKpOLl,I/IpKyHﬂLl,I/II/I I'Ipl/l ¢0T0,E|I/IHaMI/ILIecKOI2 aKTMBauunu. Pa3-
paboTaHHas yCTaHOBKa MO3BOJISIET OAHOBPEMEHHO NMPOBOAUTL GOTOAVHAMMYECKOE BO3AECTBME 1 UCC/IeAOBaHNe NapaMeTpoB MUKPOLP-
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KynsaiLuy MeTofamu BUAEoKanuapockonum n ¢otonnetuamorpadpum. GotoarHammueckoe Bo3aeriCTBME OCYLLECTBAAETCA Yepes 3 U nocne
BHYTPVBEHHOIO BBeeHNA GOTOCEHCOMNM3aTOPa Ha OCHOBE XNOPUHA €6 (5 MI/Kr) fla3epHbIM U3flyYeHeM C ASIMHOWN BOJHbI 662 HM 1 MNIOT-
HOCTbIO MOLIHOCTU 15 MBT/CM? B HEMpepbIBHOM 1 MMMYNIbCHOM peXxmmax. Brayanusnpytoljas cuctema yCTaHOBKM COCTOUT U3 MUKPOCKOMaA C
60MbLLIM PaboynM paccTofaHnEM, LbPOBOI BbICOKOCKOPOCTHOM KaMepbl 1 ONTUUYECKOTo GpUIbTPa, OTPE3atoLLEro OTPaXKeHHOe OT Uccneny-
MOl NOBEPXHOCTUN n3nyyeHre poToakTnBaummn. OcBeTUTENbHAA CUCTEMA NPefCTaBieHa AUOAHBIM UCTOYHUKOM M3yYeHWs C LieHTpasibHOM
LIMHOW BOJTHBI 532 HM. 3aperucTpupoBaHHble YCTaHOBKOW 1306paXKeHUA NCCNefyeMoro yyacTka Koxmn obpabaTbiBaioTcs B pa3paboTaHHOM
aBTOpamy MPOrpamMmMHOM obecrneyeHnm As NoslyYeHUss MOPPOMETPUYECKIX 1 FeMOAVUHAMUYECKMX JaHHbIX O MUKPOLMPKyAuMK. Ina cpas-
HeHMA NpeanoXeHHOro NoAxoAa C CyLLeCTBYOWMMI METOAaMM NMapaMeTpbl KPOBOTOKA PermcTpMpoBani Takxe flasepHbIM JOMNNepOBCKUM
¢dnoymeTpom. B xope anpobaLin pa3paboTaHHOI YCTaHOBKU Ha MHBELMPOBAHHBIX GOTOCEHCUMOUNM3aTOPOM KpbiCax MostyyeHbl HA6OPbI KapT
LEeNCTBYIOLWNX COCYA0B, GOTOMIETUIMOrPaMM 1 3HAUYEHWI NAIOTHOCTY COCYAOB KOXI 0, BO Bpems 1 nocsie GoToakTMBaLum B BYX PeXXMax
reHepauuu. NpoBefeH COBMECTHbIN aHann3 AaHHbIX BuaeoKanuinapockonuu, dotonnetmamorpadum n nasepHomn fonnepoBckon Gpnoyme-
Tpuu. [oKa3aHo, UTO NPefIoXKEeHHbI NMOAXOZ NO3BOMAET BbIABUTL Pa3fiMumMA B MEXaHM3MaX PeakLMn MUKPOLMPKYALMY Ha GOTOANHaMMYe-
CKure BO3AeNCTBME C Manol MIOTHOCTbIO MOLLHOCTU B Pa3fiMyHbIX PeXrMax, B YaCTHOCTM, HECOBMNAAEHVE BPEMEHU OT Hayana 3KCno3nyumn Ao

OCTAaHOBKMN KPOBOTOKa 1 Ha4aJsla BOCCTaHOBUTENIbHOIO nepunoaa.

KnioueBblie cnoBa: d)OTO,U,I/IHaMI/ILIECKaﬂ TepanunAa, MUKPOLMPKYIALNA, d)OTOI'II'IeTI/BMOFpad)I/IH, BMaeoKanunnAapockonus, nasepHaa gonnne-

poBckasa dnoymeTpus
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Introduction

Photodynamic therapy (PDT) is a treatment method
based on a combination of a light-sensitive pharmaco-
logical drug, a photosensitizer (PS), and exposure to elec-
tromagnetic radiation of a certain wavelength. PS pho-
toactivation initiates photochemical reactions, which are
accompanied by the formation of reactive oxygen spe-
cies (ROS), which have a cytotoxic effect on the cells of
the treated tissues. PDT is used to treat a number of der-
matological skin diseases, including acne, psoriasis, der-
matosis, and some forms of skin cancer, such as basal cell
and squamous cell carcinomas [1, 2]. The effect of PDT on
microcirculation (MC) in the skin is of great importance
for achieving a therapeutic effect.

The study of MC in the upper layers of the skin dur-
ing photoactivation (PA) provides information on its
functional response to PA, which is necessary to increase
its effectiveness and safety of treatment, as well as to
study the mechanisms of PDT action. Among the exist-
ing methods for studying MC in the skin to identify the
features of the vascular response in tumor damage after
PA, the most common method is laser Doppler flowm-
etry (LDF). It provides registration of changes in tissue
perfusion integrally from a certain area of the skin based
on the Doppler effect [3-5].

Laser spectroscopy is also used to analyze MC and
study the mechanisms of photodynamic action. It is based
on the use of spectral analysis of radiation reflected from
the skin to determine in real time the content of oxygen-
ated hemoglobin and deoxygenated hemoglobin in cap-
illaries, which is one of the key indicators of the effective-
ness of PDT [6]. There are known methods for assessing
blood flow dynamics using fluorescent contrast agents,
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including with the use of confocal microscopy [7, 8], which
makes it possible to visualize in vivo the vascular network
with high resolution and evaluate responses to PDT both
at the level of vascular endothelial cells and at the level of
a separate vessel. Optical coherence tomography makes
it possible to visualize the capillary network and assess
vascular occlusion after PDT both in the tumor and in sur-
rounding healthy tissues [9].

Although most of the existing methods for diagnos-
ing MC during PDT are non-invasive and can provide
in vivo measurements, they do not allow monitoring
directly during PA. In addition, the methods have a num-
ber of disadvantages, such as dependence on the orien-
tation of the sensors and the experience of the operator,
the need to use coloring agents, as well as the complex-
ity and high cost of the equipment.

One of the promising methods for in vivo assessment
of the morphological and functional characteristics of
the capillary bed of the skin is video capillaroscopy (VCS)
[10,11]. It is based on the registration of a sequence of
skin images and their subsequent spatial-frequency
analysis. The result of videocapillaroscopic studies is a
map of active vessels with active blood flow, as well as
hemodynamic characteristics, including a map of the
speed of erythrocyte movement. VCS is featured in that
it does not require the use of tinting agents, provides a
spatial distribution of the studied parameters, is simple
and accessible in technical implementation, and also
provides comprehensive information on the morpho-
metric and hemodynamic parameters of the microvas-
culature. In a number of studies, VCS is used to evaluate
the PDT efficiency and determine the optimal photosen-
sitizer doses and radiation parameters [12].
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The equipment for VCS makes it possible to quantify
tissue perfusion by recording and analyzing photople-
thysmograms (PPGs). The amount of radiation reflected
from the skin changes along with the optical density of
the studied tissues, which in turn depends on the blood
supply [13]. PPG is a temporal periodic signal propor-
tional to the intensity of radiation reflected from the
skin, which characterizes tissue perfusion and is used to
assess MCin solving many biomedical problems [14-16].

An important property of the VCS methods and pho-
toplethysmography is the non-contact measurements,
which are important for monitoring during PA. How-
ever, to the best of our knowledge, no description of
the implementation of such a study has been provided
so far. In this paper, we consider the possibility of using
VCS and photoplethysmography to study early changes
in MC during PA, depending on the regime of laser radia-
tion generation.

Materials and methods

Experimental animals

The study was conducted on the basis of the Pavlov
First Saint Petersburg State Medical University of the
Ministry of Health of Russia. The work was performed
on male Wistar rats weighing 250 + 25 g, obtained
from the “"Rappolovo” Laboratory Animals Nursery” of
the National Research Centre “Kurchatov Institute” in
accordance with the EU directive (The European Coun-
cil Directive (86/609 /EEC)) on the observance of ethical
principles in work with laboratory animals. The animals
were kept on unlimited intake of food (standard diet for
laboratory rats K-120 (Informkorm, Russia)) and water at
a standard twelve-hour regimen (12 h in light, 12 h in
dark). The temperature was maintained within 22-25°C,
and the relative humidity was 50-70%. The duration of
the quarantine (acclimatization period) for all animals
was at least 14 days.

Before the start of the experiment, the animals were
anesthetized by intravenous administration of Zoletil 100
(VIRBAC, France) and Xyla (De Adelaar B.V., Netherlands)
in equal volumes at a dose of 0.5 ml/kg. Then the rat was

placed on a thermostated table TCAT-2 (Physitemp, USA)
with constant maintenance of rectal temperature within
37-37.5°C. The skin of the back was cleaned of coat
mechanically. The rats were divided into 2 groups. For the
first group, PA was performed in a continuous generation
mode, and for the second, in a pulsed generation mode.
Intact rats were used as controls. The study of MC in the
skin was carried out 3 hours after the administration of a
photosensitizer based on chlorin e6, radachlorin (RADA-
PHARMA, Russia), at a dose of 5 mg/kg into the tail vein.

Equipment

To assess the MC during PDT, a setup containing a
PDT laser source and a video conferencing system has
been developed and tested (Fig. 1). The VCS system
includes a LED source with a center wavelength of 520
nm and a bandwidth of 30 nm (LED), a microscope (M)
with a long working distance and x1.5 magnification, a
monochrome camera (C) (Allied Vision Procolica GT2000
, Germany) with a resolution of 2048 x 1088 pixels, a
pixel size of 5.5 X 5.5 um, a frame rate of up to 54 Hz,
a GigE interface, and a 12-bit ADC and a computer (PC).
The selected irradiation wavelength allows for increasing
the contrast of capillaries against the background of sur-
rounding tissues. The microscope and camera provide
high resolution, magnification, and frame-rate imaging
of the rat skin. To provide a sharp image throughout the
entire field of view, the region under study was covered
with a thin glass plate (GP). To obtain images under the
same conditions before, during, and after PDT, an optical
filter (F) was placed in front of the microscope to cut off
radiation in the spectral range above 570 nm. An optical
fiber (OF) with a microlens that transmits PA laser radia-
tion from an ALOD laser device (L) (Alkom Medica, Rus-
sia) with a wavelength of 662 nm and a power density
of 15 mW/cm? was fixed in a position that provides the
diameter of the laser spot of 3 cm on the tissue under
study.

Blood flow was measured using both the VSC and
LDF (Transonic Systems Inc., BLF21). The power of the
LDF diode radiation source with a wavelength of 780 nm

Puc. 1. Cxema ycra-
HOoBKM (K — kamepa,

M - mukpockon, MK

— NepcoHasbHbI KOM-
nbtotep, OB - onTu-
YyecKoe BOJIOKHO, J1 —
nasepHbli annapar,

® - onTruyeckum
bunbtp, CM - cTeknsaH-
Has nnacTuHa).

Fig. 1. Assembled
setup (C — Camera,

M - Microscope, PC

— personal computer,
OF - optical fiber, LS -
laser, F — optical filter,
GP - glass plate).
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did not exceed 2 mW. The flowmeter allowed to register
tissue perfusion from 0 to 100 ml/min per 100 g of tissue.
The results were evaluated in perfusion units (pf. un.).
The volume of the zone studied with the help of a laser
sensor did not exceed T mm?, and the depth of probing
microhemodynamics was up to T mm.

Experiment Protocol

The scheme of the experiment is shown in Fig. 2.
The MC parameters were estimated for two PA modes.
The exposure in the continuous mode was 1.5 min, the
exposure in the pulsed mode was 3 min, while the pulse
duration and the interval between pulses were 10 s. The
energy density in both groups was 1.35 J/cm?

Video capillaroscopic examination was performed
1.5 min before, during, and 20 min after PA. Before and
after PA, image sequences of 1000 12-bit frames were
recorded at a frame rate of 43 Hz. For a detailed analysis
of changes in the MC during the exposure, shooting was

Assembled setup / o
YctanoBka BKC n M %ﬁ

I

PDT/®OT

VCS & PPG/
BKC & onr

180 1200 ts/tc

Pulsed
irradiation /
pexum GA

1200 t s/t c

Continuous
wave /
pexum A

= PDT / ®4T :
VCS & PPG/ |
BKC & oMr |
-
I

carried out at the same frame rate, but for a time equal to
the duration of the PDT time pulse, i.e., 10s.

The fixation of blood flow parameters during PA
using LDF was not performed due to the contact nature
of the method; therefore, the data were recorded before
and after PA. To reduce the effect of interference, the
information was read three times for 1 min and the small-
est value was recorded. The MC index (IM) was recorded
before PA for 1 min and immediately after turning off the
laser radiation for 20 min. To exclude the effect of LDF
radiation on MC in the skin of PS-introduced rats, the
measurements on intact rats have been performed with-
out PS as an IM control.

Digital data processing algorithm for VCS

The image sequences obtained by the VCS method
were processed using the algorithm implemented in
MATLAB and described in detail in [17]. The main stages
of the algorithm are shown in Fig. 3. The pre-processing

LDF / na® @%

IR NNE| PDT/ AT
|:\F)Feﬂﬂ_o:

10 180, 1200 ts/toc :
:

_ PDT/oAaT !
LDF / 1A® |

90 1200 t,s/tc !

HenpepbiBHBIA AMNYNbCHBINA

Puc. 2. lpotokon akcnepumeHTta (BKC — Bugeokanunnsipockonus, ®Mr — ¢otronnetnamorpadus, IAP - nasepHasa JonnnepoBcKas
dnoymetpusa, ®AT — boToauHamuyeckas Tepanusi, PA —cboToakTUBaLMS).

Fig. 2. Experimental design (VCS - videocapillaroscopy, PPG - photoplethysmography, PDT - photodynamic therapy, LDF - laser
Doppler flowmetry).

Data preprocessing / MNpepsaputensHas obpaboTka AaHHbIX

|n|t|a||/||mage stack / Contrast Illumlnatlon alignment / Frames matching / Blood flow reveal /
CXoAHaA enhancement / BblpaBH/BaHue CoBMelLeHe KaapoB Monyuenue kaapos
NOCNeAoBaTeNbHOCTL Mok eHMe KoHTpacTa OCBELLEHHOCTU KpoBsoTOka
n3o6paxeHunin

v

PPG by
calculation / 1, {1 V1
pacuer MM

Puc. 3. Anroputm uudpo-
AVD calculation /

Active vessel map

Spatio-temporal filtration /

MpocTpaHCcTBEHHO- calculation / pacyet
BpemeHHas unsTpauns  KapTbl AEACTBYOLMX
< cocyaoB

Map binarization /
BuHapusauvs kapTbl

Pacyet MNAC

BOM 06PaBGOTKM JaHHbIX

BUAEOKaNUINAPOCKONUU
u ¢poTonseTuamorpamm
(NNr - dotonneTuamo-
rpacdwus, NAC — nnoTHOCTb

-- o
Blood flow lack /

[

S

Vascular

activation /

AxTuBauus
cocynos

Vessel maps /
KapTbl cocynos

OeNCTBYIOLWMUX COCYAO0B,
MM - noKa3aTenb MUKPO-
umnpkynauum, A - doro-
aKTuBauuma).

Fig. 3. Data processing
pipeline (PPG -

Image stacks, acquired
before, during and after PDT /
MocnepgoBaTtenbHOCTU
M3006paxXeHNii, NonyYeHHble
[0, BO Bpems 1 nocne ®A

Vessel state determination /
OnpepeneHue cocTosHne
MUKPOLIMPKYNSLMK MO KapTam
cocynos
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photoplethysmography,
AVD - active vessel
density, PDT -
photodynamic therapy).

Long-term PPG and AVD signal /
Ipacbukm MM, @M w NAC
3a BCce BpeMsi HabnoaeHus
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data is used to improve images, in particular, to expand
the dynamic range, eliminate illumination nonunifor-
mity, compensate for sample displacement, etc.

Enhanced images consist of pixels related to vessels
and their surrounding tissues. Within each sequence
in the pixels related to the vessels, there is a periodic
change in intensity associated with the movement of red
blood cells. The intensities of the pixels of the tissues sur-
rounding the vessels have practically unchanged values.
With the help of spatial frequency analysis, vessel maps
were calculated for each image sequence. For each such
map, the density of active vessels measured as a percent-
age can be calculated as the ratio of pixels belonging to
the active capillary network to the total number ofimage
pixels. The time points associated with the onset of vas-
cular shutdown, complete stopping of blood flow, and
vascular activation were determined using a visual analy-
sis of the resulting map, based on which the graph was
further marked.

A decrease or increase in the optical density of the
studied area, modulated by heart rate and blood sup-
ply, leads to a corresponding change in the intensity of
image pixels from frame to frame. Averaging the pixel
intensity of each image of all registered sequences makes
it possible to obtain a set of points equal to the number
of frames. Such points form a PPG that describes perfu-
sion during the experiment and is measured in relative
units (rel. un.). Further, the low-frequency component is
removed from the PPG signal and only the amplitude of
local periodic changes in the signal associated with the
heart rhythm is analyzed. However, in the present work,
for long-term perfusion analysis, the low-frequency com-
ponent is also a useful signal. The PPG signal was sub-
jected only to smoothing by the sliding window method
to eliminate the noise component.

Results

Data on the state of MC in the skin during PDT using
the developed VCS and LDF setups are shown in Fig. 4.
Maps of vessels, PPG, curves of changes in vascular den-
sity, blood flow velocity, and MC (IM) are shown on one
graph for two PA modes. The graphs are marked with col-
ors following the state of the vessels based on the analy-
sis of maps and vessel density.

According to LDF data, the IM in the skin before
exposure ranged from 2.3 to 6.5 pf. un., and the aver-
age value was 4.7£0.5 pf. un. Immediately after PA in
the continuous mode of laser generation, a decrease in
the IM to 0.4 + 0.4 pf. un. was observed. During the first
7 minutes there was a gradual increase in IM and by 8
minutes this indicator was 3.7 £ 0.3 pf. un. During the
subsequent registration of blood flow for 10 min, there
was a significant increase in the IM in the skin up to 9.9
+ 0.7 pf. un. On the 20th min of registration, the IM was
7.2 £0.4 pf.un.

In the group of rats that were exposed to the pulse
mode, immediately after PA, a decrease in IM to 0.6 +
0.4 pf. un. was registered. By 4 min of observation of
MCR in the skin, the IM was 4.7 + 0.3 pf. un. Then there
was an increase in IM to 14.5+0.8 pf. un. By the end
of the time of monitoring the blood flow, the IM was
7.4+0.4 pf. un.

Before PA, the initial values of PPG and AVD were,
respectively, from 0.4 to 0.8 rel. un. and from 7.1% to
11.9%. During laser exposure, a decrease in AVD and an
increase in PPG amplitude were observed. The decrease
in AVD in the group with continuous PA occurred on
average by 39 s of laser exposure, which corresponds to
0.585 J/cm?. In the group with the pulsed generation, a
decrease in the same values was recorded on average
by 44 s, that is, when the energy density reached 0.33 J/
cm? At the same time, the complete absence of blood
flow in the group of continuous irradiation was recorded
on average for 96 s, that is, 6 s after the termination of
laser exposure. In the pulse mode group, the complete
absence of blood flow was registered at 128 s, which
means during PA.

The recovery period, accompanied by the appear-
ance of blood flow, in the group with a continuous mode
of exposure began on average 8 minutes after the start
of laser exposure, which coincided with the moment
when the PPG values began to increase. Registration of
restoration of blood flow in the pulsed mode occurred
4.7 minutes after the end of laser exposure, however, an
increase in PPG values occurred later, on average, after
7.5 minutes.

Discussion

PDT has established itself as an effective method for
the treatment of malignant neoplasms and a number
of non-tumor diseases [18,19]. During PA, the energy of
laser radiation is absorbed and transferred to the con-
jugated system of the PS molecule. The interaction of a
photoactivated PS molecule with an oxygen molecule
leads to the transfer of electronic excitation energy to
the molecular oxygen of the medium, followed by its
transfer to a more reactive state and the formation of
ROS, causing lipid and protein peroxidation in cell mem-
branes, causing their damage and death. In addition,
in the mechanism of biological action in PDT, the viola-
tion of the MCR, as well as the local response to immune
reactions, is important. The state of the MCR provides a
certain content of oxygen necessary for the formation of
its active forms in the PA zone, as well as the delivery of
immune-competent cells.

One of the parameters influencing the result of
photodynamic action is the mode of radiation gen-
eration. In practice, as a rule, a continuous mode of
radiation generation is used, which consists in irradi-
ating a skin area during the entire exposure time with
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radiation with constant characteristics and leading to
intense depletion of ROS as a result of photochemi-
cal reactions [20, 21]. The pulse mode, which is char-
acterized by successive periods of turning the laser
source on and off during exposure, makes it possible
to reduce this effect [23, 24]. Evaluation of the influ-
ence of different regimens on MC remains relevant,
allowing to increase the effectiveness of therapy. In
the work, a multiparametric analysis of MC blood flow
was carried out by various methods.

The reflectivity of the skin is largely determined by
the filling of tissue with blood and its oxygenation. With
an increase in blood supply and oxygenation, there is
an increase in absorption and a decrease in the reflec-
tivity of the tissue. An increase in PPG corresponds to a
greater amount of radiation incident on the sensor of
the video camera and hence reflected from the surface
under study. A rise in the PPG value in the first min-
utes of PA (Fig. 4, red zone) may indicate a decrease in
the amount of blood in the measured area of the skin,
together with the degree of its oxygenation. The dose
of laser PA was insignificant, therefore, for some time
after the end of PA, the mechanism of autoregulation
was triggered. The decrease in the value of PPG during
the period of complete cessation of blood flow (Fig. 4,
black zone) is due to the activation of regulatory mech-
anisms and changes in MC in the deeper layers of the
skin, causing a rush of oxygenated blood to the site of
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exposure. An increase in the IM values recorded by LDF
corresponds to the same processes. The result of regu-
latory processes after the termination of PA is the resto-
ration of blood flow in the vessels accessible for visual-
ization by VCS (Fig. 4, yellow zone) and the subsequent
return to an equilibrium state with an increase in PPG
and a decrease in IM to values close to the initial ones
(Fig. 4, green zone).

In both continuous and pulsed modes, PA led to a
stop in the movement of erythrocytes through the ves-
sels, as well as to a change in the values of PPG, IM, and
AVD, which returned to their original or close values 15
min after the beginning of PA. However, the nature of
the response of rat skin microvessels to low doses of PA
turned out to be different for the two regimens. In the
group of animals subjected to PA in the pulsed mode, the
beginning of the recovery period (Fig. 4, yellow zone),
i.e., the return to the initial values of PPG, IM, and AVD,
was observed earlier than in the group with continuous
PA. Moreover, in the recovery period for the pulsed PA
group, a local increase in IM by more than 3 times rela-
tive to the norm was observed, followed by a decrease
to normal values.

The data obtained, showing the return of PPG and
AVD to the initial values in the recovery period, cor-
relate with the corresponding increase in IM obtained
using LDF. At the same time, during the period of com-
plete stoppage of blood flow in the superficial vessels
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COCYAOB OTHOCUTENbLHO 3Ha4YeHuin PII, 2 — poToaKTUBaALMK, 3 — OCTAHOBKE KPOBOTOKA, 4 — BOCCTaHOBUTeIbHOMY nepuogy (MM - noka-
3atenb MUKkpouupkynauuu, MM — dotonnetnamorpadus, NAC — nnoTHOCTb AeicTBYOWMX cocyaoB, PA — doToaKTUBaLMSA).

Fig. 4. Morphometric and hemodynamic microcirculation parameters acquired by means of videocapillaroscopy, photoplethysmography,
and laser Doppler flowmetry: 1 — normal vessel functioning, 2 — photodynamic activation, 3 — cessation of blood flow, 4 — vascular
activation (Ml — microcirculation index, PPG — photoplethysmography, AVD - active vessel density).

BIOMEDICAL PHOTONICS T.12, N22/2023

ORIGINAL ARTICLES

21



V9]
-
O
}_
(2’4
<
<
Z4
O,
&
O

Guryleva A.V., Machikhin A.S., Grishacheva T.G., Petrishchev N.N.

Videocapillaroscopic monitoring of microcirculation in rats during photodynamic therapy

and zero values of the AVD, the IM had non-zero val-
ues. Such differences may indicate the registration of
MC parameters from different depths relative to the
skin surface by different methods. Thus, with the help
of LDF, blood flow parameters in the skin are examined
at a depth of up to 1 mm, that is, in the capillaries and
superficial arteriovenular plexus [20]. At the same time,
VCS provides visualization of vessels lying at a depth of
up to 0.5-1 mm [25, 26].

Conclusion

The results of this study showed the fundamental
possibility of using the developed setup and method for
monitoring skin MC during PDT, including directly dur-
ing PA. The data obtained correlate with modern ideas
about the mechanisms of the reaction of MC to PA and
with the results obtained by methods common in prac-
tice [27, 28].

A methodical approach and its hardware-software
implementation have been developed and tested, pro-
viding non-invasive obtaining of vascular maps, PPG,
and AVD graphs before, after, and most importantly,
during PA. A study of the mechanisms of skin reaction in
different modes of generating photodynamic exposure
at low doses of PA was performed using the proposed
approach. For two modes of generation, the difference
in time intervals between the beginning of PA, the stop-
page of blood flow in the vessels, and the beginning of
the recovery period, as well as in the duration of the lat-
ter, is shown. The described method of multiparametric
assessment of the vasculature can serve as a valuable
addition to the existing methods for the analysis of MC
in research tasks and clinical practice.

The study was carried out within the State Assignment
of the STC Ul RAS (project FFNS-2022-0010).
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