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Abstract

The use of protoporphyrin IX fluorescence imaging in skin tumors is limited by the complexity of light propagation in tissues. A non-invasive scat-
tering anisotropy test (comparison of the fluorescence pattern of a tumor with that of a point source applied to the same spot) would be useful
in distinguishing between cases of subsurface tumor growth and local fluorescence pattern distortions. However, the knowledge is missing of
whether the distribution from an external light source would be representative. The experiment described here addressed the correlation between
patterns in which light is dispersed from an external and an internal source within the same area of the skin. A pig’s head was chosen as the model.
Four zones of interest were identified, all different in optical properties. The wavelength of the light source was selected as to simulate the PpIX
fluorescence. The correspondence of light distribution patterns was quantified using the correlation method. The results have clearly demon-
strated the strong relationship between the fluorescence distribution pattern of a tumor and the condition/topography of the surrounding tissues
and proved the possibility of using an external light source to assess the local scattering anisotropy of the skin in vivo.
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JIOKAJIbHASY AHN3OTPOIKNA PACCEAHUNA KOXU
KAK BO3MOXHbIN PAKTOP MCKAXEHUS
PJTYOPECLIEHTHbIX TPAHML, OMYXOJ1U

H.MN. Kuprowenkoea', U.A. Hoeukos'2

'HayuHo-uccnenosatensckmit MHCTUTYT riasHbix bonesHein um. M.M. KpacHosa,

Mockea, Poccus

UncturyTt obwein dusmkm um. A.M. Mpoxoposa Poccuiickoin akapemmn Hayk, Mocksa, Poccus

Pesiome

LLnpokoe npumMeHeHWe ANarHOCTNKM HOBOOOPa30BaHMIA KOXI Ha OCHOBE aHanv3a ¢pnyopecueHuum npotonopdupriHa IX orpaHuyeHo cCnoXKHO-
CTblO paCI'IpOCTpaHeHI/IFI, B YaCTHOCTHN paCCGﬂHVIFI, CBE€Ta B TKaHAX. ﬂﬂﬂ OUEHKM BNAHNA ﬂOKaJ‘IbHOVI aHI/I3OTp0I'II/II/I pacceﬂHMﬂ KOXW Ha KapTI/IHy
dnyopecueHLMm onyxonu NpegsiaraeTcs Npov3BOANTb CPaBHEHME NocsieAHeN ¢ GiyopecLeHTHOWN KapTHOW PacnpoCTPaHEHNA CBETa OT ToUeY-
HOro NCTOYHMKA, MPUTOMKEHHOIO K MOBEPXHOCTN KOXIN B MPOEKUUN OMNMyXOJn. Takow TecT 6bin1 6bl NoneseH ANA BbIABNEHNA Clly4aeB CKPbITOro
pocTta HOBOOGpa3OBaHl/If-I, O[JHAKO, penpe3eHTaTUBHOCTb €ro Hem3BecTHa. B onuncaHHom 34eCb 3KCNepuMeHTe n3y4vasiaCb Koppenauna mexay
I'IaTTepHaMI/I paccemwm CB€Ta OT BHEeLWHero n BHyTpEHHeFO NCTOYHMKA B npenenax O[IHOIO M TOro Xe y'-IaCTKa KOXW. MOﬂeﬂbIO cnymvma ronoBa
CBUHbW. L|6Tblpe 30Hbl MHTEPECa C Pa3INYHbIMKX ONTUYECKNMIN cBovicTBaMu 6binn I'IO,D,O6paHbI C y4eToM CTpOoeHUA cpe,quVl TPETN Nnua 4veno-
BekKa. [lIMHa BOJHbI UCTOYHMKA CBETa Obina BblopaHa Tak, YTobbl MMUTVPOBaTb dGiyopecueHLmto npoTonopouprHa IX. CooTBeTCTBME MOgenel
pacnpegeneHys cBeTa 6bl10 OnpeaeneHo KoNMYeCcTBEHHO KOPPENALMOHHBIM METOAOM. MonyyeHHble pe3ynbTaTbl HarnAgHO NPOAEMOHCTPUPO-
Banu CUIbHYO B3aMOCBA3b MEXAY XapaKTEPOM pacnpeaeneHmna (])HyOp(-}CLlEHLlI/IVI onyxonu u COCTOHHMEM/TOI‘lOFpad)VIeVI OKpYyXatoLwmnx TKaHen
1 AOKa3ain BO3MOXHOCTb MCMNOJ1Ib30BaHUA BHELIHErNo MCTOYHWKa CBETa AJ1A OLeHKN JIOKanbHOW AHU30TPOMUN pacCeAHUA KOXN in vivo.

KnioueBble cnoBa: aH/30TPONMA pacceaHNs, HOBOObPa3oBaHMe KoXU, GyopecLeHLma, rpaHuLa onyxonu, npotonopdupuH IX.
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Introduction

Malignant skin neoplasms, well-known for their high
incidence worldwide, mainly include basal cell carcinoma
(BCC) and other tumors of epithelial origin [1,2]. Close
attention is paid to accurately defining tumor borders
and optimal surgical margins due to the frequent head
and neck localization of BCC and associated complicacy
of its removal [3,4].

Biomedical fluorescence imaging, or fluorescence
diagnostics, is a compact area of research aimed at
assessing tissue concentrations of pathology markers
by exciting their characteristic emission. In oncology,
one such marker is protoporphyrin IX (PplX), a precursor
of heme, which is known to accumulate in rapidly
dividing cells [5-12]. PpIX fluorescence imaging allows
detection of increased proliferative activity of the tissue
and potentially can help identify areas of subsurface
tumor growth [13-15]. Most of the existing techniques
of endogenous PplX fluorescence analysis involve
the use of fluorescence induction [13,14], but some
authors prefer to work with non-induced endogenous
signals [15]. Regardless, the final result of fluorescence
imaging greatly depends on skin properties such as the
preferential orientation of collagen fibres in the dermis
[16-23]. The complexity of light propagation in the skin
constrains the development of fluorescence imaging as
a diagnostic modality.

We believe that the impact of scattering anisotropy
of the skin could be addressed by comparing the actual
fluorescence distribution pattern of a tumor with that of
a point source emitting at same wavelengths within the
same location. In an abstract isotropic model, radiation
from a point source would be evenly distributed in
all directions and brightness isolines would have the
shape of a circle in any section. In reality, however, skin
projection of a point light source would not match its
original geometry due to scattering anisotropy of the
medium. All the distortions thus determined, could then
be used to interpret the fluorescence diagnostics results.

Given the absolute impossibility of introducing
a point light source directly into a tumor in vivo, we
propose that the source may be externally applied to
the skin surface. We assume that the light propagation
from an internal and an external source will have a high
degree of agreement in our case, and thus, the surface
source will serve as an acceptable model of intradermal
neoplasm fluorescence.

The aim of this study was to prove our assumption and
to determine experimentally the correlation between
patterns in which light is dispersed from an external and
an internal source within the same area of the skin.

Material and methods
A pig's head (collected at a meat processing plant 12
hours after death) was chosen as the model. The head

was divided in two parts along the sagittal suture, the
brain was removed.

Optical scheme

Light source: we used a 560-660 nm incoherent light
source with adjustable intensity built on the basis of the
BioSpecLSH-4 (Russia) compact halogen source with a
dichroic filter for the simulation of PplX fluorescence. The
source was connected to a 400 pm single-mode optical
fiber equipped with a custom made matte hemisphere
(diffuser) at its distal end. To deliver the fiber across bones
and soft tissues, a Tro-Venocath 16-gauge intravenous
cannula (Vogt Medical, Germany) was used.

To study the intensity distribution of light scattered
by the diffuser relative to the longitudinal axis of the
fiber, we performed the following.

The cannula with the fiber inside was mounted on a
bracket able to rotate in the horizontal plane. The axis of
rotation was perpendicular to the cannula and passed
through the center of the diffuser. A Lesa-01-BioSpec
spectrometer (Russia) was installed in the plane of rotation
of the cannula. The distance between the aperture of the
spectrometer and the diffuser was 10 centimeters. The
position of the cannula's axis that coincided with the
direction of the spectrometer was taken as 0 degrees.

Light intensity was then evaluated through the area
under curve (AUC) values of the emission spectrum at
various positions of the cannula with respect to the
spectrometer. The maximum intensity was obtained
at 30 degrees and taken as 1. Other intensities were
calculated relatively to this position (Table 1).

Ta6nuua 1

OTHOCHUTENbHbIE 3HaYeHUs nnowaau nog Kpusown (AUC)
crneKTpa U3ny4yeHus Npyu pasindyHbIX NONOXKEHUAX UC-
TOYHUKa CBEeTa OTHOCUTEJIbHO CNeKTpomeTpa

Table 1

Relative AUC values of the emission spectrum at vari-
ous positions of the light source with respect to the
spectrometer

HanpaeneHue, ° )
Direction, ° 0 30 60 90 90
OTHOCHTENbHasA
VHTEHCUBHOCTb
n3nyueHns 079 100 092 094 0.88

Relative light intensity

Registration system

Digital camera: Canon EOS 2000D (Japan).

Shooting mode: aperture priority, f/8 aperture, 0.6
sec shutter speed, ISO-400, neutral white balance.

Lens distortions were preliminarily evaluated while
using a rectangular mesh target.

The camera was mounted on a tripod and fixed in
front of the experimental tissue block.

To navigate across the surface of the skin, a LED
backlight with a built-in ZS11 filter (480-570 nm) (OLTECH
Photonics, Russia) was used.
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The wavelength of the backlight was chosen so that
it would not interfere with the main signal in the RGB
color model. The intensity of the backlight, as well as that
of the test source, was within the dynamic range of the
camera.

The course of the experiment:

We have planned to study four skin zones with
potentially different optical features:

1) a relatively smooth area of skin within one face region,

2) a relatively smooth area of skin at the border between
two regions,

3) an area of skin with a pronounced microrelief,

4) an area of skin in the projection of ligaments and/or
tendons.

As aresult, in step 1, four areas were selected (Fig. 1),
including one within the frontal region (zone of interest
1), two in the periorbital region - close to the medial and
latheral canthi (zones of interest 2 and 4), and one within
the region that corresponds to the nasolacrimal sulcus in
humans (zone of interest 3).

Within each of the zones, a 1.8-mm drill was used to
create an access to the subcutaneous space from the cranial
cavity (Fig. 2A). A skin-mountable strain sensor (GML624A,
Galoce, China) was used for depth monitoring (Fig. 2B).
During the formation of the bone tunnel, the readings on
the sensor fluctuated within the range of +/-0.1 gram-force
(gf), which we considered to be mechanical noise. At the
value of 0.2 df, the drilling was stopped. The position of the
tip of the drill was then detected using a conical magnetic
pendulum and marked on the preliminary photo (Fig. 2C).
After this, the drill was removed (Fig. 2D).

In step 2, the light distribution pattern from an
internally (intradermally) located light source was

4
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Puc. 1. PacnonoxeHue 30H UHTepeca Ha MO eNu.

Macwrta6 npsaMoyronbHMKOB 1-4 CcOOTBETCTBYET MOJy4YEeHHbIM
Kaapam.

Fig. 1. Location of the four zones of interest.

The scale of the yellow rectangles corresponds to the resultant
images.

recorded (Test 1). For that, an intravenous cannula
with the fiber inside was inserted from the cranial
cavity into each of the four access tunnels such that
the end of the fiber was gently pressed against the
dermis (Fig. 2E,F).

In step 3, the light distribution pattern from an
externally located light source was recorded (Test 2). For
that, the optic fiber was applied to the four spots on the
skin surface earlier determined with the pendulum (see
step 1) (Fig. 2G,H).

Puc. 2. locnepgoBaTtenbHOCTb NpoBeAEHUS

3KcnepuMeHTa. A — cBepneHu1e JocTyna co cTo-

POHbI NON0OCTH Yepena; B — octaHoBKa cBepne-
D Hus; C — onpeaeneHve NpoekuuM ceepna Ha
NoBepXHOCTb KOXU; D — u3BneyeHne ceepna
13 chopmupoBaHHOro aocryna; E - BBepe-
HUE UHTPABEHO3HOW KaHIONIN C NOMeLLeHHbIM
BHYTPb BOJIHOBOAOM; MaToBasi nonycdepa Ha
KOHLIe BOJIOKHA (Bpes3Ka); F — ¢poTtodpukcauus
KapTWHbl pacnpeaeneHns curHana ot BHYTpU-
KOXHOro UCTOYHMKa (TecT 1); G — annaukauus
BO/IHOBOAA Ha NOBEPXHOCTb KOXu; H — doTo-
¢uKcaumus KapTuHbl pacnpegeneHus curHana
OT Hapy»KHOro UCTOYHUKaA (TeCT 2).
Fig. 2. Course of the experiment. A — access
drilling from the cranial cavity; B - drilling
stop; C - the detection of the tip of the drill
projection to the skin; D — drill removal from
the created access tunnel; E - introduction
of an intravenous cannula with the optical
fiber; close view of the fiber end equipped
with a matted hemisphere (inset); F — taking
photo of the light distribution pattern from an
intradermally located light source (Test 1); G —
optical fiber application to the skin surface; H
- taking photo of the light distribution pattern
from a superficially located light source (Test 2).
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Image preprocessing

Image preprocessing was done with the Image)
1.50d free software (Wayne Rasband National Institutes
of Health, USA). Each of the obtained images (Fig. 3A,B)
was split into RGB channels. The red channel was then
smoothed with a 20-pixel Gaussian window (which
exceeds the size of most microstructural elements of
the skin, such as hair follicle openings) and posterized
(Fig. 3C,D), which made it possible to create isolines of
the red channel brightness gradient. After that, the red
channel images with traced isolines were combined in
pairs in accordance with the four zones of interest such
that the first image in each pair was the one obtained at
Test 1 (internal light source), and the second - the one
obtained at Test 2 (external light source).

Quantitative assessment of the correspondence
between skin projections of light distribution at different
positions of the source

The skin projection of the tip of the drill determined
using a magnetic pendulum (step 1, Fig. 2C) was taken
as the origin (0,0). Then, in each pair of images (i.e.
Test 1 and Test 2 images of the same zone of interest),
brightness isolines were identified being similarly
distant from the origin. After that, the distance from
the origin to the selected isolines was measured in 24
directions at 15-degree intervals (Fig. 3E). In all cases,

A
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the value obtained from the Test 1 isoline was taken as
the X-coordinate, while that from the Test 2 isoline — as
the Y-coordinate of the same point on the scatter plot.
Thus, for each pair of isolines a 24-point X,Y cloud was
produced. For each cloud, the k coefficient of the linear
trend of approximation was calculated.

Estimation of the parameters of ellipses that
approximate the isolines of the brightness gradient

For each isoline that was analyzed at the previous
stage, the axis ratio of the approximating ellipse was
additionally determined with the Imagel) 1.50d free
software (Wayne Rasband National Institutes of Health,
USA).

Results

The pairs of Test 1 and Test 2 photos (Fig. 4) show
the similarity in the overall pattern of light propagation
in the skin, regardless of whether the light source was
applied externally or located intradermally. Note that
the use of the selected smoothing radius resulted in
complex-shaped isolines in the second zone of interest,
where multiple large pores were present (Fig. 4D-F).
Also, in the images taken at the external position of the
light source (Fig. 4C,Fl,L), the shape of the isolines was
affected to varying degrees by the presence of the fiber
in the field of view of the camera.

Puc. 3. NMopaaok 06paGoTKu n3o6paxkeHui (3oHa uHTepeca
4 B KavecTBe npumepa). A, B — doTtorpacdum ogHoro u Toro
ydacTKa KOXM, MOACBEYEHHbIX CUHE-3eN1eHbIM MPOXKEKTOo-
POM, NMPU Pa3/IMHHOM MOJIONKEHUU UCTOYHUKA, UMUTUPYIOLLLE-
rognyopecueHuuio npotonopdupuHa IX — BHyTPMKOXKHO (A)
WK NoBepXHOCTHO (B); C,D — KpacHbI KaHan n306paxkeHnin
A,B, cooTBeTCTBEHHO. lPMMEHEHO crna)KMBaHue rayccoBbiM
OKHOM W nocTepusaums; E — TpaccupoBaHHble M30AUHUU
rpagueHTa SIPKOCTU KpacHOro KaHana ans pucyHok C m D,
COBMelLEHHbIe MO LeHTPY KoopAMHaT (MosSICHEHUE B TEKCTE).
CnIOWHbIM LIBETOM HaHECEHbI U30JIMHUU C NEPBOro U3obpa-
JKEHUs U3 nNapbl (BHYTPUKOXKHAS YCTAaHOBKA UCTOYHUKA, TECT
1), NyHKTUPOM — CO BTOPOrO (Hapy)Has yCTaHOBKa UCTOYHU-
Ka, TecT 2). [loka3aH npuHuuN nony4yeHus koopauHat X,Y ans
napbl U30/IMHUIA Ha CXOAHOM yAaneHuMn ot LeHTpa. Bo Bcex
c/lyyasix 3HayeHue Xn npucBauMBaiv TOYKE, MOMYYEHHOW B
Tecte 1, Yn — B TecTe 2; F — npumep auarpammbl pacnpege-
JIEHUS] COBOKYMHOCTU TOYEK, MOJIyYeHHbIX AJI OJHOW 30HbI
UHTEpeca.

Fig. 3. Image preprocessing and quantitative assessment
example (zone of interest 4). A, B - internal (A) and external
(B) position of the PplX-simulating light source within the
same skin area (blue-green backlit). C,D — red channel
images derived from A and B photographs, respectively.
Gaussian smoothing and posterization are applied. E -
traced isolines of the brightness gradient from C and D
images, aligned by the origin (explanation in the text).
The isolines from the first image of the pair (internal light
source) are solid, from the second (external light source)
are dotted. The principle of obtaining X- and Y-coordinates
from a pair of isolines is shown. In all cases, the Test 1 isoline
measurement was taken as the X-coordinate and the Test
2 isoline measurement — as the Y-coordinate of the same
point on the scatter plot. F — a scatter plot example, where
four X,Y point clouds describe four pairs of isolines chosen
for analysis. The measurements were done in 24 directions.
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Puc. 4. OnTMyeckui pe3ynbraTt IKCNepuMeHTa.

Mapbl doTorpaduin y4acTtkoB KOXKM (CM. 30Hbl MHTepeca Ha
pUcyHKe 1), noACBEYEHHbIX CUHE-3€eJIeHbIM NPOXKEKTOPOM, NpU
pas/In4HOM MOJIOKEHMU UCTOYHUKA, UMUTUpPYIoLero dnyopec-
ueHuuio npotonopédupuHa IX — BHYTpUKoxHo (A, D, G, J) nnmn
nosepxHocTHo (C, F, |, L). Benbim uBetom Ha Bce dpoTtorpadpumn
HaHeceHbl U30/IMHUU TPajMEHTOB SIPKOCTU KpPacHOro KaHana,
KOTOpble, KpOMe TOro, COBMeLLEHbI MO LeHTPY KoopAuHaT aAnsa
Kaxgown napbl poTorpadumn 1 BbiIHECEHDbI HA OTAENIbHOE U306pa-
eHue (B, E, H, K). 3oHe uHTepeca 1 coOTBETCTBYIOT U306pa-
)eHusa A,B,C; 30He MHTepeca 2 COOTBETCTBYIOT M306parKeHuns
D, E, F; 3oHe untepeca 3 - G, H, |; 3oHe untepeca 4 - J, K, L.
Fig. 4. Results of the optical experiment.

Pairs of photographs of the same skin areas (see zones of
interest in Fig. 1) at internal (A, D, G, J) and external (C, F, I, L)
position of the PplX-simulating light source (blue-green backlit)
with isolines of the red channel brightness gradient applied in
white. Additionally, the isolines of the red channel brightness
gradient from the corresponding photos are aligned by the
origin and presented separately in images B, E, H, K. Images
A, B, C correspond to the zone of interest 1; images D, E, F
correspond to the zone of interest 2; G, H, | — to the zone of
interest 3; J, K, L — to the zone of interest 4.

To assess the correspondence between skin  description, the k coefficient of the linear trend equation
projections of light distribution from an external and  was calculated for each point cloud (Fig. 5, Table 2). As one
an internal source, the scatter diagrams were created can see, the correspondence of light distribution increases
for all zones of interest (Fig. 5) such that every X,Y point  (k—1) with distance from the origin in all zones of interest.
cloud corresponded to a certain pair of isolines derived The axis ratios of the ellipses approximating the
from the Test 1 and Test 2 photographs. For quantitative  analyzed isolines are also provided in Table 2.

14

14
@ @
12 12 L
0,78
® al @7 s
2 0,62 : 10 = T o
= @ |~ 2oz
8 8 - e
- & - 6 CD = 009 -
4 4 s :
2 21 )2 -
A, B G .7
0 2 4 6 a 10 12 14 [+ 2 4 1 8 10 12 14 (1] 2 4 5] 8 10 12 14
X, mm X, mm X, mm

Puc. 5. lnarpaMmmbl cornacoBaHHOCTU pacnpocTPpaHEHUsi CBeTa B TKaHW OT HapYXHOro 1
BHYTPEHHEro UCTOYHMKOB B MPOEKLMN Ha NOBEPXHOCTb KOXU. [luarpamMmmbl NOCTPOEHbI AN
yeTblpex 30H UHTepeca (cM. puc. 1): 1 - A, 2 - B, 3 - C, 4 — D. NopsaaKoBblie HOmepa 06/1aKkoB
Touek X,Y Ha Kaxoin auarpamme (B Kpy»KKax) COOTBETCTBYIOT NOPSIAKOBbIM HOMepaM nap
WU30/IMH1I, BbIOPaHHbIX AN19 aHaNnM3a Ha napax u3obpaxkeHum Tecta 1 1 tecta 2. Konnyectso
06naKoB X,Y, HAHECeHHbIX pa3HbIM LIBETOM, Ha KaX0MN fuarpamme COOTBETCTBYET Konye-
CTBY Nnap U30JIMHWUMI, BbIGPaHHbIX AN aHann3a B TeKyLen nape naodpaxeHun. nsa Kaxnoun
napbl U30/IMHUI GbU10 ONpeaeNeHo PaccTossHUE OT LieHTpa KoopAUHAT No 24 HanpaB/ieHUAM
(cm. puc. 3), Npu 3TOM paccTosiHUe, NOy4EHHOE Ha NEPBOM U306PaXKeHUU U3 Napbl, OTKNIa-
AblBanu no ocu X, a Ha BTOPOM — M0 ocH Y, 4TO Aano 24 TOUYKHU B KaXKJoM ob6nake. [ing Kaxkgoro
o6naka 3HayeHun X,Y paccuntaH KoapduumeHT k ypaBHEHUS TIMHENHOro TpeHaa.

Fig. 5. Diagrams of the correspondence between skin projections of light distribution from an
external and an internal source. The data was obtained in the four zones of interest (see Fig. 1):
1-A,2-B,3-C,4-D.Sequence numbers of X,Y point clouds in each diagram (plotted in circles)
match those of isoline pairs selected for analysis in the corresponding Test 1 and Test 2 images.
For each pair of isolines the distance from the origin was measured in 24 directions (see Fig. 3). The
Test 1 isoline measurement was taken as the X-coordinate and the Test 2 isoline measurement —
as the Y-coordinate of the same point on the scatter plot, which produced 24 points in a cloud. For
each XY point cloud, the k coefficient of the linear trend equation was calculated.
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Ta6nuuya 2

OueHKa napamMeTpoB 3//IMMNCOB, anfnpPOKCUMUPYIOLUUX U30IMHUU FPAaANEHTOB APKOCTU*

Table 2

Parameters of ellipses approximating the isolines of the brightness gradient*

OTHOLWWEeHNe CTOPOH
annunca (BHyTpeHHUN

NCTOUYHUK)

3oHa uHTepeca 1/ Zone of interest 1

Mapa n3onuHui / isoline pair 1 1.37
Mapa nsonuHuin / isoline pair 2 1.29
MNapa nsonuHwni / isoline pair 3 1.45
Mapa n3onuHuin / isoline pair 4 1.48
3oHa uHTepeca 2/ Zone of interest 2

Mapa n3onuHui / isoline pair 1 2.73
Mapa nsonunwuii / isoline pair 2 1.30
Mapa n3onuHuin / isoline pair 3 1.01
Mapa nsonunwii / isoline pair 4 1.04
3oHa uHTepeca 3 / Zone of interest 3

Mapa n3onunuii / isoline pair 1 1.28
Mapa nsonunnia / isoline pair 2 1.84
Mapa n3onuHuin / isoline pair 3 1.23
Mapa nsonunuia / isoline pair 4 1.09
Mapa n3onuHui / isoline pair 5 1.27
3oHa nHTepeca 4/ Zone of interest 4

Mapa n3onuHuin / isoline pair 1 1.04
Mapa nsonuHuia / isoline pair 2 1.06
Mapa nsonuHwuia / isoline pair 3 1.13
Mapa n3onuHuin / isoline pair 4 1.20

OTHOLWEeHNe CTOPOH
annunnca (Hapy»Hbii
NCTOUYHUK)

Koa¢ppuymnenr
ypaBHeHUs NUHENHOro
TpeHaa, k

1.09 0.37
1.24 0.53
1.30 0.62
1.33 0.78
2.98 -0.02
1.11 0.09
1.18 0.25
1.35 0.53
1.27 -0.15
1.66 0.39
1.19 0.40
1.10 0.53
1.27 0.80
1.05 1.09
1.17 1.01

1.13 0.71

1.04 0.64

* Mapbl M30NMHMI NPOHYMEPOBaHbI OT LIEHTPa KOOPAMHAT.
* Pairs of isolines are numerated from the origin.

Discussion

First of all, it should be noted that all designs in this
work are practical and do not aim to provide a thorough
analysis of quantum light-molecules interactions in the
skin.

From an optical point of view, a skin neoplasm can
be considered as a complex multicomponent object
[16-22]. In the epidermis, a significant portion of the
radiation in the range of 350-1200 nm is absorbed
by melanin, and in the ultraviolet region (with
wavelengths less than 300 nm) the light is absorbed
by aromatic amino acids, nucleic acids, urocanoic acid,
and other molecules. In the dermis, red blood cell
hemoglobin serves as the primary light absorber. Light
scattering occurs as well due to the differences in the
refractive indices of skin structures. Spatial distribution
of scattered light and its intensity depends on the size
and shape of these "inhomogeneities" in the medium
relative to the wavelength, which, in turn, affects the
results of spectral measurements due to the Rayleigh

and Mie scattering. Research also shows that these
parameters can change over the course of a lifetime
due to changes in melanin concentration and collagen
density [23].

A significant contribution to the formation of the
optical spectrum of the skin is made by endogenous
fluorescence (Table 3). The light emitted during the
fluorescence process is also absorbed and scattered, and
isinfluenced by fibrous anisotropic structures having the
properties of imperfect optical fibers. This effect makes
it challenging to analyze the distribution pattern on
the skin surface and limits the practical application of
fluorescent diagnostics. Empirical assessment of signal
distortion from an intradermally located light source has
become the main focus of this work.

Theoretically, any fluorophore listed in Table 3 could
be the object of our study. However, not all of these are
equally informative for oncodiagnostics. According to the
published data, changes in the characteristic fluorescence
of tryptophan [24], collagen [25], NADH [8] and especially
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Ta6nuya 3

CneKTtpabHble XapaKTePUCTUKU OCHOBHbIX 3HAOr€H-
HbIX GPNyopodOpPOB KOXKM

Table 3

Spectral characteristics of the most common endo-
genous skin fluorophores

G EELETTLS

[AnviHa BOJHbI
MaKCMManbHO-
ro Bo36yxpe-
HUA A, HM

JAnviHa BOJIHbI
MaKCMManbHOro
ncnycKkaHuA
dnyopecueHuun

A, HM

HAL(®)H / NAD(P)H 365 420-490
KepatuH / Keratin 355-405 450
KonnareHn/2nactuH 300-340 390-430
Collagen/Elastin

JlunodycuuH 400-500 480-700
Lipofuscin

MupokcnanH 320 390
Pyroxidine

MopdurpunHbI 405 630-700
Porphyrins

TnposunH / Tyrosine 220, 275 305
TpuntodaH 250-290 320-350
Tryptophan

OnasuHbl / Flavins 450 520-535

protoporphyrin IX are of value. PplX fluorescence analysis
is widely used in the examination and treatment of
patients with malignant neoplasms, as well as in their
postoperative care [10, 26-29]. Therefore, we have focused
our basic interest on this particular compound.

We have also chosen to focus on the periorbital
region, which is known for its uneven topography and
high cosmetic and functional requirements.

The choice of a pig as a model for the experiment
was not random. Unlike accepted laboratory animals
(dogs, cats, rabbits, and mice), the size of its facial skull
is comparable to that of humans. Moreover, similarly to
humans, a pig does not have much hair in the periorbital
region.

In the course of image preprocessing, isolines of the
brightness gradient of the red channel were derived.
Their shape was later used to assess the correspondence
between patterns in which light is dispersed in tissues
from an external and an internal source. Note that the
"ovality" of the light distribution in the projection onto
the skin surface was generally greater than the diffuser's
impact in all directions (see Table 1).

In most studies on optics, the authors prefer to use
ellipse parameters to describe the correspondence of light
distribution [19, 30-32]. This is partly due to the possibility
of multiple convolutions of the data, but also because
an ellipse is a cross section of the indicatrix of scattering,
which is commonly used to describe anisotropy of
optical properties. Nevertheless, we assumed that in
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the conditions we have modeled, approximation of the
brightness gradient with an ellipse might destroy critical
details of light propagation in tissues, like, for example,
thin optical "apophyses" associated with stacks of
unidirectional fibers in narrow skin folds, or with a zone
of continued tumor growth. Therefore, we have decided
not only to evaluate the parameters of the approximating
ellipses, but also to perform a quantitative assessment of
the correspondence using the correlation method. For
that, the k coefficient from the linear regression equation,
Y=k*X+b, that describes point clouds plotted for each pair
of brightness isolines, was chosen as the correspondence
criterion. The higher the correlation, the closer the k value
wasto 1.Please note that the proposed correlation method
will only be accurate if the isolines are clearly elongated in
one or more directions, but not largely distorted by noise
from minor surface irregularities, such as skin pores.

To sum up, the correlation between the skin
projections of light distribution from an internal and an
external source in this experiment should be regarded as
high in two cases:

1) both axis ratios of the ellipses corresponding to
one pair of isolines are within the range of 0.95
to 1.05 (deviation of less than 5% was considered
as insignificant). This means that both light sources
produce roughly circular spots on the skin surface,
which can happen when the light travels through
a relatively homogeneous and isotropic medium in
both tests;

2) the axis ratios of the ellipses corresponding to
one pair of isolines fall outside the range 0.95
to 1.05, but k is greater than 0.7 (i.e. strong or
very strong correlation according to the Chaddock
scale). This means that both light spots on the skin
surface are non-circular but still similar, which can
happen when the light spreads unevenly in different
directions, but the directivity of light distribution
correlates with the average strength of the signal
between the tests.

In the studied skin areas, the correlation of light
distribution from the two sources generally increased
with the distance from the origin (Fig. 5A-C and Table 2),
except for the zone of interest 4, where the trend was the
opposite. Perhaps, the latter was due to a more accurate
alignment between the locus of the maximum light
density at Test 1 (internal light source) and the position
of the external light source at Test 2. Besides uneven
light distribution across the given area, another possible
explanation for that could be an error in determining
the position of the tip of the drill with a magnetic
pendulum. Due to the fact that the pig's head was fixed
almost vertically (Fig. 1), it is logical to assume that there
could be a displacement of the pendulum under the
influence of gravity in the moment when the drill and the
pendulum were located in the same horizontal plane. An
empirical test of this assumption in the air showed that
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such a’‘slip’may be up to 0.80+/-0.05 mm. At the distance
from the light source, however, this effect diminishes and
the correspondence increases (Fig. 5).

Also, attention should be drawn to the results
obtained in the zone of interest 2, where the k coefficient
was low for all pairs of isolines and even took a negative
value for the pair 1, which is probably due to the presence
of multiple "coarse" skin pores that caused scalloped
edges of brightness gradients. Nevertheless, the overall
isometricity of the gradients remained high.

And finally, since we have selected truly "similar"
isolines (not equalized by their mean X and Y values),
each of the point clouds in Figure 4 appears to be slightly
shifted relative to the X=Y line. We could, of course, use
an iterative or analytical method to obtain perfectly
matched pairs of isolines in a quasi-smooth gradient
field from the very beginning, but this would not be very
useful in illustrating the correlation of light distribution
in tissues for the two arrangements of light sources.

Having analyzed the described results, we can
conclude that the registration of the light distribution
pattern from a source applied to the skin surface allowed
us to satisfactorily evaluate light propagation from
an intradermal source. Quantitative estimations were
positive for the outer regions of all zones of interest,
except for the zone 2, as well as the inner regions of the

zones 1 and 4. The relative failure of the zone 2 tests,
as stated above, can be attributed to significant skin
irregularities (larger than the selected filtering window)
and an obvious artifact produced by the optical fiber
within the field of view of the camera.

We suggest that "correction for anisotropy" could be
incorporated into the fluorescence diagnostics routine.
However, this would require some kind of a device that
projects light of a specific wavelength onto the skin surface
and which is a) simple enough to enable rapid examination
and b) free from geometric distortions caused by opaque
structural elements in the field of view of the camera.
Having these requirements met, such a device could be
used in practical oncology, including ophthalmology, since
it is the periorbital neoplasms that are often located at the
junctions of tissues with different optical properties.

Conclusion

This experiment has clearly demonstrated the
previously theoretical relationship between the
fluorescence distribution pattern of a tumor on the one
hand, and the condition and/or topography of the tissues
containing this tumor, on the other. It has also proved
the possibility of using an external light source to assess
the local scattering anisotropy of the skin, particularly in
the periorbital region.
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