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Analytical model of fluorescence intensity for the estimation
of fluorophore localisation in biotissue
with dual-wavelength fluorescence imaging

A.V. Khilov, E.A. Sergeeva, D.A. Kurakina, I.V. Turchin, M.Yu. Kirillin

Abstract. Analytical expression for the fluorescence response of a
photosensitiser uniformly distributed in the superficial layer of bio-
tissue is obtained in the diffusion approximation of radiative trans-
fer theory, and the approach for estimating the fluorescent layer
thickness based on dual-wavelength excitation of fluorescence is
proposed. It is shown that the error in estimation of the fluorescent
layer thickness employing the ratio of the fluorescence signals
obtained at different excitation wavelengths does not exceed 30 %
for the thickness range of 0.1-2 mm in the case of 30 %-variation
of biotissue optical properties.

Keywords: radiative transfer theory, Monte Carlo simulations, flu-
orescence imaging, photodynamic therapy, chlorin-based photosen-
sitisers.

1. Introduction

Fluorescence imaging (FI) is one of the most actively develop-
ing trends in non-invasive diagnostics of biological tissues,
which is currently being employed in various biomedical
applications [1-3]. FI covers a wide range of instrumental
imaging techniques and, in general, consists in the registra-
tion of spatial distribution of fluorescence intensity excited in
biotissue by probing radiation. An important problem of
quantitative FI consists in the estimation of localisation of
fluorophores in biotissue. In particular, estimation of the
thickness and the embedding depth of biotissue layers labelled
with a fluorescence marker plays an important role in the
detection of experimental tumours and metastases, sentinel
lymph nodes [4], as well as in optimisation of photodynamic
therapy (PDT) protocols [5]. A possible solution to this prob-
lem is provided by the diffusion fluorescence tomography
(DFT) technique [6] applying iterative algorithms to recon-
struct fluorophore concentration spatial distribution from the
fluorescence images. The initial data for such algorithms is a
set of fluorescence images obtained at different positions of
the probing light source and the detector, the latter being typ-
ically a CCD matrix, or a photomultiplier, etc. [7—10].
Significant drawbacks of the DFT technique are (i) poor con-
ditioning of the inverse problem [11, 12], especially in case
when trans-illumination geometry measurements are unavail-
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able; and (ii) complex technical implementation. These draw-
backs significantly limit the employment of this technique in
preclinical studies and especially in clinical practice. In this
regard, currently DFT is primarily employed in experimental
medicine where typical objects under study are small labora-
tory animals, while the range of clinical applications is sig-
nificantly limited due to the complexity of trans-illumination
geometry measurements. Thus, the problem of quantitative
estimation of fluorophore localisation in biotissue remains
important. FI techniques not requiring reconstruction which
are widely employed in clinical practice offer a more simple
and convenient solution. They are based on the registration of
fluorescence intensity spatial distribution at biotissue surface
employing CCD cameras upon broad-beam tissue illumina-
tion [4, 13]. However, this approach does not allow an explicit
estimation of the fluorophore embedding depth.

For the estimation of the in-depth-fluorophore distribu-
tion within biotissues, a ratiometric approach can be
employed, which implies registration of fluorescence signals
corresponding to two or more different wavelengths of excita-
tion or emission at which biotissue optical properties signifi-
cantly differ. In papers [14—17] it was shown by Monte Carlo
(MC) modelling and in model experiments with a fluorophore
layer embedded in a biotissue phantom that the ratio of fluo-
rescence signals corresponding to different emission wave-
lengths and same excitation wavelength can be employed to
estimate the fluorophore embedding depth in biotissues.
Theoretical description of dual-wavelength detection of fluo-
rescence excited at the same wavelength is given in [18] using
the diffusion approximation of the radiation transfer equa-
tion (RTE). Such an approach can be implemented by simul-
taneous registration of fluorescence responses at different
wavelengths by a simple detector, e.g., a spectrometer.
However, a large number of fluorophores are characterised
by a small width of the emission spectral band, which leaves
little possibility to resolve two or more detection lines (for
example, the mKate protein fluorescence spectrum FWHM is
90 nm) and, therefore, limits the abilities of this approach.

Ratiometric approach in dual-wavelength FI can be
realised with the use of fluorophores characterised by a broad
absorption spectrum (or having several separated peaks in
absorption spectrum) and by analysing fluorescence signals at
different excitation wavelengths registered at the same emis-
sion wavelength. Examples of such fluorophores include
chlorin-based photosensitisers (PS’s) [19, 20] with two pro-
nounced peaks in the absorption spectrum corresponding to
wavelengths of 402 and 662 nm (Fig. 1), protoporphyrin IX
(PPIX) [21, 22] characterised by a pronounced peak in the
absorption spectrum at a wavelength of 405 nm and several
less pronounced peaks at wavelengths in the range
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450-650 nm, and PEGylated chitosan nanoparticles with
embedded bismuth sulfide BSA-Bi,S;-CG-PEG with a broad
absorption spectrum [23]. Paper [24] presents the results of
clinical studies of ratiometric endoscopic measurements of
PPIX fluorescence in normal bladder tissue and in benign and
malignant tumours of the same localisation. Difference in the
values of fluorescence intensity ratio corresponding to excita-
tion in the red and blue wavelength ranges was demonstrated
for normal tissue, inflammation, dysplasia, non-invasive pap-
illary carcinoma and carcinoma in situ. The results of fluores-
cence measurements were confirmed by the results of histo-
logical studies. The feasibility of the estimation of fluoro-
phore embedding depth based on ratiometric fluorescence
measurements with dual-wavelength excitation and dual-
wavelength registration of fluorescence was shown in [25] for
the fluorescein isothiocyanate based marker LS903. Note that
the thickness of the fluorescent layer, along with its embed-
ding depth in a biotissue, is also an important parameter
which was not estimated in the above-mentioned works. The
authors of the current study have previously demonstrated
the possibility of estimating the chlorine-based PS localisa-
tion in a biotissue based on ratiometric imaging [26, 27] with
dual-wavelength excitation and single-wavelength registra-
tion of fluorescence. FI of photosensitisers is essential for
monitoring of their accumulation prior to a PDT procedure
and their photobleaching in the course of irradiation [28 —30].
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Figure 1. (a) Normalised absorption and emission spectra of chlorin-
based PS’s and (b) typical spectra of absorption coefficient u,, reduced
scattering coefficient u; and diffuse attenuation coefficient u calculated
by formula (5) for human dermis in the visible spectral range according
to [31].

In this paper, a previously proposed approach to estimate
the localisation of a chlorin-based PS in biotissues is further
developed. It is based on dual-wavelength FI with the probing
wavelengths corresponding to the peaks in the PS absorption
spectrum located in different bands of the optical range in
which light absorption by biotissues differs significantly. The
method for estimating the thickness of the biotissue superfi-
cial fluorescent layer based on dual-wavelength FI is pro-
posed. Estimation is based on the analytical model of fluores-
cence intensity distribution employing the diffusion approxi-
mation of RTE. Analytical results for dermis are confirmed
by the results of MC modelling, which opens up the possibil-
ity of employing the developed model for estimation of the
parameters of PS accumulation in biotissue superficial layer
based on FI data in the course of a PDT procedure.

2. Materials and methods

2.1. Analytical model for fluorescence intensity detected
from a fluorophore distributed in a superficial layer
of biotissue

Calculation of fluorescence intensity from a fluorophore dis-
tributed in biotissue superficial layer is presented as the super-
position of two problems, namely, the calculation of the spa-
tial distribution of the excitation radiation intensity absorbed
by the fluorophore, and subsequent calculation of the fluores-
cence intensity emitted by the fluorophore and registered at
the biotissue surface. Biological tissue is considered as a semi-
infinite two-layer medium containing a fluorophore with a
fluorescence quantum yield # and a concentration C uni-
formly distributed in a thin superficial layer of thickness d.
Illumination is performed with a wide excitation beam with a
uniformly distributed intensity 7, at the medium boundary
z = 0 (Fig. 2). Biotissue is characterised by the absorption
coefficient u,(4), scattering coefficient u,(4), and anisot-
ropy factor g. The absorption coefficient within the fluores-
cent layer is represented by a sum of the coefficients of intrin-
sic biotissue absorption and fluorophore absorption i, pro-
portional to the concentration of the fluorophore: u,(4) =
Uatiss(A) + tar(4). For calculation of the radiation propaga-
tion it is assumed that additional absorption introduced by
the fluorophore is small at both excitation wavelengths in
comparison with the intrinsic absorption of biological tissue
Uar(A) << Uy (4); fluorophore absorption at the emission

A
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Figure 2. Medium geometry employed in analytical and numerical
models [( /) biotissue layer containing a fluorophore, and ( 2) biotissue].
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wavelength can be neglected compared to the biotissue
absorption.

The intensity of the fluorescence emitted from the medium
at the wavelength A, and registered at point r, of the tissue
surface (in the plane z = 0) upon irradiation of the superficial
fluorescent layer is given in the form of integral over the
superficial layer volume V-

[em(r(),/lex,lem) = '}/J;/ n(pem(r(), V,}«em) debs (V,}«ex) 5 (1)

where d P,,,(r, Ac,) is the excitation radiation power at a wave-
length A., absorbed by fluorophore in the elementary volume
dV centred at point r of the tissue; y is a factor associated with
a refractive index mismatch at the tissue boundary; and
D, (ro, ¥, Asy) 1s the fluence rate generated at point ry with a
unit power source located at point r. Elementary absorbed
power d P, (r, Aey) is expressed via local values of the fluence
rate @, (r, Ao,) in a medium and the absorption coefficient of
the fluorophore in the form

dPabs(VJ'ex) = Har (V, lex)(pex(yaiex)d V. (2)

Distribution of excitation radiation absorbed by the fluo-
rophore [the calculation of function @(r,A.)] can be
obtained using the analytical semi-empirical model presented
in [32]. It is shown that for a semi-infinite layer of biotissue
irradiated with a plane wave at a wavelength A with intensity
Iy, the fluence rate at depth z calculated by numerical MC
simulations can be approximated by an exponential function
for a wide range of tissue optical properties:

D(z) = Iykexp(-uz), 3)

where k is the backscattering factor, and u is the diffuse atten-
uation coefficient of the incident irradiation at a wavelength A
in the tissue. For these parameters the following empirical
expressions are given which were obtained by fitting the
results of MC simulation with the asymptotic solutions of the
RTE:

k=3+54Rs— 2exp(—17RqJ), 4)
u= ﬂ[l _ W], (5)
Ry~ exp(— 8%), (6)

where Ry is the total diffuse reflection parameter; [ =
v 3ua(ua + us) s the effective attenuation coefficient of dif-
fuse light; and u{ = uy(1 — g) is the reduced scattering coef-
ficient in the tissue. The Ry and k values are calculated in
[32] assuming that there is a refractive index mismatch n =
Hmedium/Mout = 1.37 at the biotissue surface (#,,e4ium 18 biotissue
refractive index and n,,, is the surrounding medium refractive
index). The typical spectrum of the attenuation coefficient u
for human dermis calculated by formula (5) using the absorp-
tion and scattering spectra from [31] is shown in Fig. 1b.

We introduce a broad-beam fluence rate @, in a tissue at
a depth z described by formula (3):

d)ex(zu lex) = ]Okexexp(_,uexz)a (7)

where kex= k(Aey), and pex = U(Aey).

Assuming that an elementary volume of a fluorophore
located at point r(x, y,z) is an isotropic point source with
power AP, (r, Aey), the intensity of its fluorescence regis-
tered at the outer boundary of the tissue at point ry(xg, yo, 0) is
presented in the form

d[em( ﬂ'exa lema r, rO) = V’?dPabs(V, A’ex) q)em(ra ro, ;Lem)- (8)
Here,

1

d)cm(r,ro,lcm) = m

X{ expl— ftem v/ (x — x0)> + (y — yo)> + 2°]
V= x0)+ (=)’ + 27

_ CXp[_,aem x/(X_ X0)2 + (y - y())2 + (Z + ZZ;m)2]} (9)
Jx=x0)7+ (v = y0)* + (2 + 2zm)?

is the fluence rate produced by an isotropic point source in a
semi-infinite medium calculated in diffusion approximation
of RTE [33];

Do = 1 _ HUa (lcm)
on 3 [,ua (ﬂ«em) + ﬂ; (lem)] ﬂgm

is the diffusion coefficient at wavelength Agy; flem = f (Aem);
and zin = m%Iy is the extrapolated length in the Milne prob-
lem (3 /i = 2Dem) multiplied by factor m accounting for the
refractive index mismatch # [33]. The multiplicative factor m
is determined in accordance with formula (2.4.1) of paper [33]
through integral transformations of the Fresnel energy reflec-
tion coefficient for a given relative refractive index n. Note
that the factor y from expressions (1), (8) and (9) is related to
masy = 1/(2m).

For uniform distribution of a fluorophore along trans-
verse coordinates (x, y) and arbitrary in-depth (z axis) distri-
bution assuming the excitation and fluorescence field pertur-
bations introduced by the fluorophore are small, in accor-
dance with the formulae (7)—(9), the fluorescence intensity
registered at an arbitrary point of the tissue outer boundary
after integration over transverse coordinates has the form of
a one-dimensional integral:

Tok (Aex) (o
Iem(iex,iem) = ygﬂoemi(l)en?-j;: o ,uaf(z,lex) eXp (_‘uexz)

X{exp(—fiemz) = exp[~flem(z + 2zem)]} dz. (10)

In the case of uniform fluorophore in-depth distribution
within a layer of thickness d, the intensity of the registered
fluorescence is expressed by the formula

Iem(lex,i,d) = IOﬂﬂaf(lex)K(lex,lem)
X{l - eXp[— (//tex_l—/zem)d]}; (11)

where
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_ kex(Aex)sinh (flem Zém) €XP (— flem Zem)
K(Aex,Aem) =y Fiem Do (ftex + fitem) .

From (11) it follows that the magnitude of the fluores-
cence signal increases monotonically with increasing fluores-
cent layer thickness and tends asymptotically to the constant

&) = Ionttar(Aex) K (Aex,Aem) . Such a dependence of the fluo-
rescence signal is associated with a limited penetration depth
of the excitation radiation in biotissue. For thin fluorescent
layers which thickness satisfies the relation (pex + fiem)d <<1,
the registered fluorescence signal linearly depends on the layer
thickness: Tem(AexsAem, d) & Tontar K (Aex,Aem) (Uex + flem)d . The
sensitivity range of the fluorescence signal to the presence of a
fluorophore determined by the 95% level of a maximum value
of I is limited by the depth range z < 3/(ex + flem), and
the presence of a fluorophore outside these limits practically
does not affect the change of the fluorescence signal. As fol-
lows from Fig. 1b, human dermis is characterised by higher
values of the effective coefficient u., in the range of the ‘blue’
chlorin-based PS absorption peak (A is in the vicinity of
405 nm) as compared to the range of the ‘red’ peak (4, is in
the vicinity of 660 nm): .(405)/u.,(660) ~ 3.8. Consequently,
the saturation of the fluorescence signal excited in the blue
range occurs at smaller depths, since the superficial region of
strongly absorbing and scattering biotissue shields the pene-
tration of probing radiation into deeper PS-containing layers.

2.2. Dual-wavelength fluorescence signals ratio
and its relationship with the thickness
of the PS-containing layer

For fluorophores with a broad absorption spectrum or with
several peaks in the absorption spectrum, in particular, for a
chlorin-based PS, the ratio of signals corresponding to two
fluorescence excitation wavelengths normalised by the inci-
dent intensity can be introduced as:

_ Iem(lexZ,lem,d)/]O(l@&)
N Iem(lexl,/’tem,d)/lo(/lexl) ’

R; (12)

Relation (12) is built in such a way that an increase in the
layer thickness d corresponds to an increase in R, while the
denominator should contain the signal corresponding to
larger attenuation coefficient values at the probing wave-
length and, therefore, reaching saturation at lower d.

Taking into account relation (11), the expression for R
can be presented in the form:

_ 772luaf(lex2) Kex (leXZ) MUex1 + ,aem
ﬂlﬂaf(lexl)kex (/lexl) Uex2 + ﬂem

R;

> 1— eXp [_ (,ueXZ + ﬂem)d]
1= exp[~ (exi + flen)d ]’

(13)

where 7, and 7, are fluorescence quantum yields for excita-
tion wavelengths A.,; and A, respectively. The relation for
R; depends only on tissue and fluorophore parameters and
can be obtained from experimental measurements of fluores-
cence signals excited at two wavelengths, provided that the
characteristics of the registering equipment at these wave-
lengths do not differ, or after normalisation for the corre-
sponding detection parameters.

Using formula (13) one can analyse the asymptotic behav-
iour of R, at small and large fluorescent layer thicknesses d.

For d - 0, the fluorescence signals excited at both wave-
lengths linearly depend on the thickness and, as a result, R;
tends to a constant value

N2lat (/leXZ) Keex (lex2)

S O
Ritd =00~ Ry = i Gent) eex o)

(14)

Note that R;O) is expressed via the product of two values:
the ratio of the reduced PS absorption coefficients nu, at
two excitation wavelengths and the ratio of the normalised
intensities of probing radiation at the medium surface
Kex(Aexo) Tkex(Aex1) Which can be directly measured as back-
reflectance intensities. For small values of d, the dependence
R;(d) is close to a linear one which slope is determined by the
difference in the attenuation coefficients of the excitation
radiation at two wavelengths:

(lin) (0)

R;(d) ~ R; " (d) = Ry [l + d(fex) — Hex2)/2]- (15)

This asymptotic describes well the behaviour of R;(d) in
the range of values 0 < d < 2/(uqy — Uexn); When the thickness
of a PS-containing layer goes beyond this interval, the growth
of R;(d) slows down, and for large thicknesses the ratio tends
to a constant value

Uex1 + ﬂem

© 0
Rl(d > 2/(/’£6X1 7/46)(2)) ~ R(i ) = R(/l) Uex2 +//~tem .

(16)

This limit value depends on the attenuation coefficient at
the emission wavelength, in contrast to characteristics (14),
(15) for small d determined by the attenuation parameters of
probing radiation only and the reduced PS absorption coef-
ficients. Based on the condition R < 0.95RS”, the ratio R, is
sensitive to the thickness of the PS-containing layer in the
range of values 0 < d < 3/(uex2 + ftem) and can be employed
for the estimation of the fluorescent layer thickness if the
spectra of the PS reduced absorption coefficient nu,r and
attenuation coefficient u (as a general case of ji ) are known.

3. Monte Carlo simulations

For numerical confirmation of the developed theoretical
model and, in particular, the dependence R;(d), we performed
MC simulations of the fluorescence intensity from the fluoro-
phore distributed in the biotissue superficial layer tissue. The
simulation algorithm has been adapted for the MATLAB
environment. Since the MATLAB environment is optimised
for large arrays, simultaneous operations with the arrays of
photon parameters are time-saving compared to traditional
sequential calculation of random trajectories [26, 34]. In
accordance with the scheme in Fig. 2, the biological tissue was
defined as a two-layered medium with an upper layer contain-
ing a uniformly distributed chlorin-based PS with a volume
concentration of C = 0.5%. The selected value of the fluoro-
phore concentration corresponds to the typical values of PS
accumulation after topical administration prior to a PDT
procedure [35]. The thickness of the fluorescent layer varied
from 0.01 to 3 mm, while the total thickness of the biotissue
sample was 6 mm. The transverse dimensions of the sample
were 20 x 20 mm. Fluorescence was excited by a wide and
spatially uniform collimated beam at a wavelength of 405 or
660 nm, corresponding to absorption peaks of a chlorin-
based PS. Basic optical parameters of biological tissue for
MC simulations corresponded to the parameters of human
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Table 1. Basic dermis optical properties employed for MC simulations and analytical studies adopted from paper [31].

Wavelength o mm! u/mm! g pfmm!
Biotissue Layer with a PS Biotissue Layer with a PS

Aex1 = 405 nm 0.89 1.01 37 0.80 4.67 4.99

Aexa = 660 nm 0.15 0.19 14 0.80 1.15 1.31

Aem = 760 nm 0.13 0.13 12 0.80 0.96 0.96

dermis [31] (Table 1). The refractive index of biotissue was
equal to 1.37. To demonstrate the sensitivity of the fluores-
cence signal characteristics to biotissue optical properties we
additionally performed modelling with the variations of
absorption and scattering coefficients by 30% relative to the
base values, both upward and downward.

The modelling of the fluorescence response from the
PS-containing layer was implemented in two stages, similar
to the construction of the analytical model (AM). At the first
stage, three-dimensional light dose absorption maps
P (Aex, X5 vis z;) were calculated for both values of excitation
wavelength 4., for the given tissue geometry, spatial fluoro-
phore distribution, and optical properties of the tissue and
fluorophore. Additional absorption in the PS-containing
layer was taken into account in the simulations. At the second
stage, the calculated map of the absorbed light dose was
treated as a distribution of fluorescence sources. Total weight
of fluorescence photons emitted from the centre of each voxel
of the map was equal to 7P, (Aex, Xj Vs 2;) X AXAyAz, where
Ax, Ay, and Az are voxel sizes over three coordinates. The
voxel sizes Ax, Ay, and Az were equal to 0.25, 0.25, and 0.01
mm, respectively. Larger discretisation over z axis is due to
the fact that fluorescence photons are emitted from the cen-
tre of the voxel, which requires determination of the elemen-
tary source depth with higher accuracy, while for the trans-
versely uniform problem the accuracy in the (x, y) position
of the source is not that critical. Emission of fluorescence
photons was assumed isotropic in direction, and the depen-
dence of the fluorescence quantum yield on the excitation
wavelength was not taken into account, and we additionally
assumed n; =7, = 1.

Simulation of fluorescence photon propagation at the sec-
ond stage was performed for a medium with optical proper-
ties corresponding to the emission wavelength A, and sur-
face distribution of the weight of photons emitted from biotis-
sue in accordance with the refraction law was calculated on
the outer side of the biotisuue interface with z=0. Fluorescence

photons with the total weight P, (Aex, Xi» Vis 2;)AXAYAz were
emitted from each point corresponding to the absorption map
voxel centre.

The resulting fluorescence intensity was calculated by
averaging the total weight of photons leaving the tissue over
an area of 5 x 5 mm, similar to signal processing in the exper-
iment described in [36]. The ratio of fluorescence signals R;(d)
excited at two wavelengths was calculated from the modelling
results in accordance with expression (12).

4. Results and discussion

Results of analytical calculation of dual-wavelength fluores-
cence characteristics of a PS-containing layer of thickness d
embedded in biological tissue together with the results of MC
simulations are presented in Fig. 3 for basic optical parame-
ters of biological tissue [31] given in Table 1. Fluorescence
signals at a wavelength of 760 nm corresponding to the excita-
tion wavelengths of 405 and 660 nm are shown in Figs 3a and
3b, respectively. For analytical calculations, similar to MC
simulations, it was assumed that the fluorescence quantum
yield does not depend on the wavelength and is equal to unity.
Since the problem considers a two-layer medium with a
PS-containing upper layer, while analytical solutions were
obtained within the framework of radiation propagation in a
homogeneous medium, analytical curves are given for two
cases: (1) total absorption coefficient of the sample at the exci-
tation wavelength is equal to that of pure biotissue [, ss(4)]
or (ii) total absorption coefficient of the sample is the sum of
biotissue and PS absorption coefficient [, (4) + tap(A)].
As it can be seen from Figs 3a and 3b, the fluorescence
intensity reaches the limit value I& faster for the excitation
wavelength of 405 nm, which is associated with stronger
attenuation of the probing radiation at this wavelength com-
pared to the wavelength of 660 nm. At the same time, the
asymptotic level of fluorescence intensity calculated by MC
simulations is lower. This discrepancy is presumably due to a

Icm/IO Iem/IO R7» c
0.04F RS- fomm * 0.04F 1250
4
0.03F 0.03F I
L L —e n0)
0.02 T MC 0.02 075k o R MC Rl(m)
— AM — AM —R), AM T T 4.
0.01F 01F (lin)
—— AM+ 0.0 —— AM+ 0504 R
0 -I 1 1 1 1 1 1 O -I 1 1 1 1 1 1 O 25 1 1 1 1 1 1
0 05 1.0 1.5 20 d/mm 0 05 1.0 1.5 20 d/mm 0 0.5 1.0 1.5 20 dfmm

Figure 3. Fluorescence intensities /,,//, normalised by the intensity of incident radiation as functions of the PS-containing surface layer thickness d
upon excitation at wavelengths of (a) 405 and (b) 660 nm, and (c) ratios R; for the entire considered range of d, calculated by MC simulations (MC)
and analytical model for basic dermis optical properties (AM) and for account of the PS contribution to the absorption coefficient u,(1) = 1, is(4)
+ u, (1) (AM+). Figure (c) also shows asymptotes of the dependence Ry(d).
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simplification made in the analytical model (AM) when addi-
tional absorption in the PS-containing layer is neglected for
both excitation and fluorescence wavelengths, and the tissue
is considered to be homogeneous. To confirm this assump-
tion, Fig. 3 and the following figures (see below) show addi-
tional analytical curves calculated by formula (11) for a
homogeneous tissue with a uniformly distributed PS with a
given concentration in the entire volume with the absorption
coefficient u,(A) = u, iss(A) + 1, (). Figure 3a and 3b demon-
strate that the asymptotics of the fluorescence signal depen-
dence on d calculated by MC simulation is located between
the asymptotes calculated using AM for tissues with basic
absorption and with account for additional PS contribution.
The ratio R;(d) calculated using relation (12) from the results
of AM and MC modelling are shown in Fig. 3¢ along with
asymptotes (14)—(16). The analytical model is in good agree-
ment with the results of numerical simulations. However, it is
necessary to note that for small d (d < 0.1 mm), the results of
MC modelling differ from the linear asymptotic provided by
AM, since for small values of d the applicability conditions of
the diffusion approximation employed in AM are not satis-
fied. The demonstrated dependence indicates the presence of
a linear section in the interval d = 0.1-0.5 mm, followed by
transition to a constant asymptote. The R;(d) value is less
sensitive to a nonuniform absorption distribution (as to a
higher-order effect).

The ratiometric parameter R; calculated by (12) allows
adequate estimation of the thickness d of a chlorin-based
PS-containing layer even with the described simplifications of
the fluorescence signal model. Analytical calculation of R;
with account for additional PS absorption in the whole biotis-
sue volume does not seem appropriate, since owing to signifi-
cant backscattering of 660-nm excitation light from the tissue
volume below the PS layer, this approach would introduce a
systematic error.

To estimate the sensitivity of the developed AM to the
variations of biotissue optical properties, the comparison of
the results of MC simulation and analytical study was per-
formed for media with £30% variations with respect to basic
dermis optical properties. The results for the medium with the
absorption coefficient variations within +30% range are
shown in Fig. 4.

Note that fluorescence signal from the tissue is formed not
only by photons emitted from the upper PS-containing of
layer of the tissue, but also by photons diffusely backscattered
by the lower layer containing no PS. From the results pre-
sented in Figs 3 and 4, one can see that for 4., = 405 nm the
dependence of the fluorescence signal on d calculated by MC
simulations is closer to the analytical curve for tissue with
increased absorption (U, = Uatss T Uar)- It is due to the fact
that blue-light excited fluorescence is formed primarily by
superficial tissue layers and for large thicknesses of the
PS-containing layer it is weakly sensitive to the parameters of
the lower layer containing no PS. Upon red-light excitation
(Aex = 660 nm), photons backscattered from the underlying
tissue volume without a PS significantly contribute to the
light dose absorbed by fluorophore; therefore, the fluores-
cence intensity curve calculated by Monte Carlo simulations
is located between two analytical curves calculated for tissues
with basic absorption and with additional PS absorption.
This conclusion is confirmed by the results of calculations for
the variations of scattering coefficient within +30% range
(results not shown due their similarity to the results for
absorption coefficient variations). In case of simultaneous
variations of absorption and scattering coefficients within
+30% range, the diffuse attenuation coefficient 4 changes in
the same range. Such a change in ¢ is more pronounced com-
pared to the variations of scattering or absorption coefficients
only, which leads to more significant changes in the behav-
iour of the R;(d) dependence. The corresponding dependen-
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Figure 4. Fluorescence intensities /.,,//, normalised by the intensity of incident radiation as functions of the PS-containing superficial layer thick-
ness d upon excitation at wavelengths of (a, d) 405 and (b, ¢) 660 nm, and (¢, f) ratios R; calculated by MC simulations (MC) and analytical model
without (AM) and with (AM+) account of the PS contribution of to biotissue absorption coefficient for relative variations in tissue absorption coef-

ficients of (a—c) +30% and (d—f) —30% (Table 1).
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cies are shown in Fig. 5. Since the slope of the R;(d) depen-
dence in the linear section is proportional to the difference
Uex — Uexa (15); corresponding deviations of the dependences
from the case of basic parameters are observed. It should be
noted that the results of AM and MC simulations are in good
agreement for all the cases considered.

Ry,

1.1+

b R g

09+

0.8}

071 —a - Ry, MC (=30%)
—a= R, AM (-30%)

0.6 —o— R;, MC (basic)
—a— R;, AM (basic)

0.5 —-o-- Ry, MC (+30%)
A== Ry, AM (+30%)

0.4+

1
0 0.5 1.0 1.5 2.0 2.5  dfmm
Figure 5. Ratios R; of fluorescence intensities at wavelengths of 660
and 405 nm, calculated by MC simulation and by AM for basic tissue
parameters and for the cases of simultaneous variations of tissue ab-
sorption and scattering coefficients by £30% relative to the baseline.

Analysis of the R;(d) dependences in Figs 3—5 shows that
a proportional variation of the basic tissue optical properties
at both excitation wavelengths while keeping the shape of the
PS absorption spectrum practically does not affect the range
of R;[R{”, R{™] values, since the latter is determined by the
ratio of tissue properties at wavelengths A.,, A2, and Agy,
(13). The slope R;(d) of the linear section, on the contrary, is
sensitive to changes in the absolute values of the attenuation
coefficients u, since it is proportional to the difference uq,; —
Ueo (15); however, relative changes of the same magnitude
and sign in either absorption or scattering coefficients lead to
practically the same rate of change in R;(d).

Obviously, for the estimation of the fluorescent layer
thickness d from dual-wavelength FI measurements, it is nec-
essary to employ the function d(R;), which is the inverse of
the above-mentioned dependence R;(d); however, since the
value of R; depends on tissue optical properties, the a priori
unknown tissue optical properties can act as a source of error
in estimation of d. For the estimation of this error, the d(R;)
dependences were plotted for basic optical properties and for
the case of their variations within £30% range. The estima-
tion of the value range width (highlighted in Fig. 6 in gray) for
fixed values of R; allows predicting the error in the estimation
of the fluorescent layer thickness below 25%—30% with an
uncertainty in determination of biotissue optical properties in
30% in the range of R;= [0.4,1] which corresponds to the
range of fluorescent layer thicknesses d ~ 0.1-2 mm. For
small values of d (d << /;; = 3D), the described AM cannot be
employed, since the applicability conditions for the diffusion
approximation are violated.

The applicability of the proposed method for the estima-
tion of fluorophore localisation is also limited by the condi-
tion u, << u/ for the absorption coefficient and reduced scat-
tering coefficient in biotissue (applicability condition for the
diffusion approximation). If this condition is violated, for-
mula (12) is not valid, and employment of MC simulations is
reasonable for the estimation of fluorophore localisation. As
we previously demonstrated [26, 27], the R; value can be
employed for the estimation of the localisation of chlorin-
based PS in biotissue if the values of u.,; and u.,, are signifi-
cantly different.

It should be noted that the proposed model for the estima-
tion of the PS-containing layer thickness is based on a simpli-
fying assumption regarding the uniformity of the PS in-depth
distribution. In practice, the concentration of the substance
administered on the biotissue surface decreases with depth;
moreover, typical PS penetration depth depends both on the
matter diffusion characteristics and on the penetration time.
The problem of determination of the PS spatiotemporal dis-
tribution in biotissue as a result of its diffusion was solved, for
example, in paper [37]. To extend the developed here simpli-
fied principle of PS thickness layer evaluation onto a real situ-
ation of a nonuniform PS distribution, one can approximate
a complex depth-dependence of PS concentration at each
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Figure 6. Estimations of the fluorescent layer thickness d based on the fluorescence signals ratio R;, obtained by (a) applying AM and (b) MC
simulations for basic values of optical properties of dermis (solid curve) and for the cases of their variations (including simultaneous ones) within

+30% range (the interval is indicated in gray).
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time moment by a step function with parameters (the thick-
ness of the PS-containing layer and the absorption level of a
PS) expressed through the characteristic in-depth decay scale
of PS concentration and the value of PS concentration at the
surface. In this situation the estimation of the PS-containing
layer thickness by fluorescence ratiometric measurements will
allow tracking the dynamics of PS penetration into biotissue
and determining its characteristic temporal parameters, which
is of practical value in monitoring of PS accumulation in var-
ious biotissues.

Traditionally, the studies of the fluorophore penetration
into biotissues are mainly associated with the estimation of
the average concentration, not with the measurements of their
in-depth distribution. Non-invasive in vivo techniques for
studying the fluorophores accumulation after topical admin-
istration can be differentiated into the methods of direct and
indirect imaging. The first group includes confocal and multi-
photon fluorescence microscopy [38, 39] characterised by
cellular-resolution level and significantly limited imaging
depth below 500 um due to scattering in biotissue. The second
group includes spectroscopic techniques [40] and DFT
[6—11, 41], which have the imaging depth of up to tens of
millimetres. The existing spectroscopic techniques do not
imply estimation of the dye layer embedding depth, while
the accuracy in estimation of the dye concentration is
determined by the accuracy of the analytical model
employed in the reconstruction algorithm. The DFT tech-
nique, which has been successfully implemented in recent
years using hyperspectral technologies [41], has a submilli-
metre spatial resolution and allows reconstructing the fluo-
rophore three-dimensional spatial distribution at depths of
up to tens of millimetres. However, this is an extremely
expensive [41] and time-consuming [10, 11] technique with
significantly limited abilities for application in clinical
practice. The technique proposed in our study for the esti-
mation of the fluorescent layer thickness has such advan-
tages as simplicity of technical implementation, economic
efficiency and high potential for applications in biomedical
research and clinical practice.

5. Conclusions

Within the frames of a semi-empirical model employing the
diffusion approximation of radiative transfer theory, an ana-
lytical expression for fluorescence intensity detected from a
fluorophore distributed in a biotissue superficial layer is
obtained. On the basis of the proposed model, a method for
the estimation of the fluorescent layer thickness was devel-
oped based on dual-wavelength ratiometric FI. It is shown
that the results of analytical calculations of the detected fluo-
rescence intensity are in good agreement with the results of
MC simulations for the parameters corresponding to topical
administration of PS’s in a therapeutic concentration on
human skin. It is shown that the ratio of the fluorescence sig-
nals obtained upon the excitation at two wavelengths allows
estimating the thickness of the superficial skin layer contain-
ing uniformly distributed PS’s in the range of 0.1 -2 mm with
accuracy no worse than 30% given a 30% variation in the
determination of optical properties of biological tissue.
Quantitative estimation of the PS penetration depth based
on the described model requires information about biotissue
optical properties at all operating wavelengths. Simultaneous
back-reflectance measurements and dual-wavelength FI with

the evaluation of biotissue optical properties is a promising
combination for the enhancement of the diagnostic value of
the proposed technique preceding a PDT procedure.
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