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Abstract During intraoperative fluorescence navigation
to remove various neoplasms and during pharmacokinetic
studies of photosensitizers in laboratory animals, in many
cases, the ratio of photosensitizer accumulation in the
tumor and normal tissue can reach =10-fold, which
inevitably changes their optical properties. At the same
time, the tumor formation process causes various meta-
bolic and structural changes at cellular and tissue levels,
which lead to changes in optical properties. A hardware—
software complex for the spectral-fluorescence studies of
the content of fluorochromes in biological tissues with
significantly different optical properties was developed,
and it was tested on optical phantoms with various
concentrations of photosensitizers, absorbers, and scat-
terers. To correct the influence of optical properties on the
photosensitizer concentration analysis by fluorescence
spectroscopy, we propose the spectrum-processing algo-
rithm, which combines empirical and theory-based
approaches.

Keywords fluorescence, spectroscopy, scattering,
absorption, attenuation correction, optical phantoms

1 Introduction

The study on the pharmacokinetics and biodistribution of
pharmaceutical agents is based on the assessment of their
concentration in organs, tissues, and biological body fluids
at specific points in time after administration. As a rule,
such studies are performed in a wide range of administered

Received September 1, 2020; accepted October 1, 2020

E-mails: savelevat@gmail.com, tasavelyeval @mephi.ru

doses of the agent. The content of the agent considerably
varies in different organs and at different points in time.
One of the most important requirements for such studies is
a wide dynamic range of the measurement method, which
must be at least three orders of magnitude.

Currently, the most promising approach for studying the
pharmacokinetics and biodistribution of drugs with
pronounced fluorescence properties is to use spectral—
fluorescence techniques [1-3]. They are widely used to
assess the level and selectivity of photosensitizer (PS)
uptake in biological tissues for photodynamic therapy and
fluorescence diagnostics. However, this method has
various limitations, which are determined by the variability
of the optical properties of the studied biological tissues
and the high range of PS concentration in the tissue.
During intraoperative fluorescence navigation and phar-
macokinetic studies, in many cases, the ratio of PS
accumulation in a tumor and normal tissue can reach
= 10-fold, which inevitably changes their optical proper-
ties. At the same time, the tumor formation process causes
various metabolic and structural changes at cellular and
tissue levels, which also changes optical properties. A
change in the optical properties of tissue depending on the
wavelength affects both the excitation and fluorescence
spectra of the studied PSs. In addition, changes in
fluorescence intensity owing to changes in the fluorophore
concentration cannot be distinguished from changes in the
signal arising from changes in absorption and scattering
without further analysis.

Thus, the task of eliminating the influence of optical
properties on the method of analyzing the concentration of
PS by fluorescence spectroscopy, as well as its analysis in
the extended dynamic range, is very important. This
problem has not been solved in a complex, but there are
studies devoted to the solution of individual problems [4—
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6]. Currently available correction techniques fall into three
broad categories: empirical techniques, measurement
method-based techniques, and theory-based techniques
[4]. Empirical attenuation correction techniques use
reflectance information to subtract or divide fluorescence
signal from the reflectance signal [7,8]; spatially resolved
reflectance, assuming the concentration of an exogenous
fluorophore, can be recovered by determining the
fluorescence-reflectance ratio at a specific distance [9],
or taking a ratio of fluorescence intensities at two emission
wavelengths can be used to correct for changes in blood
volume and oxygenation [10]. Measurement method-based
techniques use nontrivial approaches for signal registration
such as confocal detection, single-fiber detection with a
fiber radius of < 100 pm, using polarized excitation light,
and measuring the fraction of fluorescence and reflectance
that retains polarization. This group of methods has a clear
limitation in the area of tissue sample analysis. The
information obtained from such small volume or depth can
be non-relevant for the whole picture of metabolic changes
and fluorophore concentration in the vicinity of this
volume. Theory-based attenuation correction techniques
use approximations to the energy transfer equation, i.e.,
modified Beer—Lambert law, Kubelka—Munk theory, and
diffusion theory or Monte Carlo simulation techniques to
eliminate the absorption and scattering effect on fluores-
cence signal. In this study, we combine empirical and
theory-based techniques and use hardware capabilities. On
the hardware level, it is necessary to take into account that
the dynamic range of the spectrum analyzer is mainly
determined by the characteristics of the matrix photo-
detector. At high levels of incident light on the cell of
matrix photodetector, this cell and adjacent cells may
undergo charge saturation; at low levels, the signal
associated with the incident light may be hardly distin-
guishable against the background of hardware noise of the
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device (first of all, the noise of the matrix photodetector).
Therefore, the dynamic range of known devices does not
exceed two orders of magnitude. This can lead to the
distortion of the shape of the spectra and to the dependence
of their intensity on the content of PS in the studied
biological tissue, which prevents the study of metabolic
(biochemical) transformations of the PS, its pharmacoki-
netics, and biodistribution. One of the objectives of this
study is to expand the dynamic range of a spectrum
analyzer for pharmacokinetic and biodistribution studies.

The advantage of our approach to achieve a more
accurate analysis of PS concentration is the use of the
combination of hardware and software techniques. To
eliminate the influence of significantly different optical
properties on the signal at the hardware level, we propose
the automatic real-time expansion of the dynamic range. At
the software level, we correct the influence of different
optical properties by determining the concentration of
tissue components responsible for absorption and light
scattering and extrapolating these data to the spectral range
of fluorescence recording.

2 Materials and methods
2.1 Spectroscopic setup

The spectroscopic setup for recording the spectra of diffuse
reflection and fluorescence is shown in Fig. 1 as a block
diagram of the device with main components.

The spectroscopic equipment used for this study
includes a laser, a polychromator, a fiber-optic probe
(containing illuminating fibers that deliver excitation
radiation to the biological tissue and receiving optical
fibers for delivering fluorescence radiation from the
biological tissue to the polychromator input), and a matrix
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(a) Block diagram of a spectral analyzer for the simultaneous recording of fluorescence and diffuse reflection spectra with a filter

system for recording fluorescence of photosensitizers in the near-infrared range. (b) Scheme of signal formation in the fiber-optic probe
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photodetector at the polychromator output. The signal
recording system from each of the cells of the photo-
detector, proportional to its charge, includes an analog-to-
digital converter (ADC), a block of buffer memory, and a
computer (PC) [1]. In the spectral-fluorescence study, light
from the laser output is introduced into the optical fiber
probe.

For fluorescence measurements, a standard fiber probe,
consisting of one central delivery fiber (for laser light), one
peripheral delivery fiber (for white light), and five
peripheral collecting metal-coated quartz fibers with the
core diameter of 200 um, was used. The fiber spacing was
250 um (center-to-center) with a total diameter of the
probe tip of 1.8 mm. The delivery fiber was coupled to a
He—Ne laser (632.8 nm) with a 10-mW output power
measured at the probe tip. The collecting fibers were
coupled to a spectrometer LESA-01-BIOSPEC (JSC
BIOSPEC, Russia) with a “cut-off” filter inserted at the
entrance for suppressing the scattered laser light.

After coming out of the distal end of the illuminating
fiber, this light irradiates biological tissue containing PS
and initiates fluorescence of its molecules. The receiving
optical fibers of the fiber-optic probe deliver fluorescence
light from the biological tissue to the input of the
polychromator, where the spectral decomposition of this
light occurs, after which the light falls on the photo-
detector. The signal from the output of the photodetector
enters ADC and the buffer memory unit. PC uses digital
data coming from the output of the buffer memory,
corresponding to the intensity of the signal from each cell
of the photodetector, and cell numbers of the photode-
tector, for which a certain wavelength is set according to
the calibration results, to form a spectral curve (intensity
vs. wavelength), which is displayed on the computer
screen. For the analysis of diffusely reflected radiation, an
illumination fiber is used to deliver broadband radiation to
the tissues, and a series of peripheral fibers of the optical
fiber probe are used to deliver light, which is diffusely
reflected by tissue, to the spectrometer.

To expand the dynamic range of intensity of registered
signals, the following approach is proposed. During the
spectral signal registration, the maximum and minimum
values of the spectral density are automatically monitored.
If these values were outside the specified range, the
algorithm for automatically adjusting the exposure of the

photodetector is initiated. This approach is described in
more detail in our previous work [10].

2.2 Optical phantoms

To develop an algorithm for correcting the effect of optical
properties on fluorescence signal, the following strategy
was proposed. The experimental dependence of the
fluorescence signal on the concentration of absorbing and
light-scattering components measured from optical phan-
toms with significantly different optical properties were
used after approximation to obtain the functional depen-
dence of real PS concentration on fluorescence signal.

To physically model the scattering properties of
biological tissues, solutions of fat emulsions are usually
used. Polystyrene spheres are another classical material
that is used to simulate the scattering properties of
biological tissues [11]. Previously, we have already used
this approach to model multilayered optical phantoms [12].
However, in this study, phantoms with fat emulsion were
sufficient because we analyzed multiply scattered light,
which made it possible to neglect differences in the
scattering anisotropy factor for particles of a given size and
to rely in the modeling on the correspondence of reduced
scattering coefficient.

The limits of using the linear dependence of the
scattering properties of fat emulsion, Intralipid solution
on volume concentration, were investigated [13—15]. The
absorption coefficient of fat emulsions in the visible
spectrum at wavelengths exceeding 550 nm is negligible
[16]. Thus, fat emulsions are the correct and convenient
physical model of the scattering properties of biological
media.

To simulate the scattering properties of biological media,
an aqueous solution of lipofundin MCT/LST 20% was
used, the optical properties of which are shown in Table 1
for a number of concentrations used. In Tables 1 and 2, the
next parameters are listed: u's is a reduced scattering
coefficient equal to uy(1—g), where ug is scattering
coefficient calculated as value reciprocal of the photon
mean free path between scattering events, g is scattering
anisotropy factor calculated as average cosine of scattering
angle, and u, is absorption coefficient calculated as value
reciprocal to photon mean free path to absorption event. To
model absorption, an erythrocyte mass solution was used,

Table 1 Content of fat emulsion in optical phantoms and the corresponding values of the scattering coefficient in three spectral ranges in accordance

with Ref. [3]

parameter value

fat emulsion concentration/% 0.5 1 2 4 8
u's (550 nm)/cm ! 7.5 15 30 60 120
u's (632 nm)/cm ! 6.5 13 26 52 104
u's (700 nm)/cm ! 5.5 11 22 44 88




Tatiana A. SAVELIEVA et al. Fluorescence attenuation correction technique 363

Table 2 Blood content in optical phantoms and the corresponding values of the absorption coefficient in two spectral ranges in accordance with Ref.

[17]

parameter value

blood content in tissues (% or mL/100 g) 1 2 4 8
Hb in tissue/(mmol-L™") 0.024 0.048 0.096 0.192
HbO, 1, (550 nm)/cm! 2.235 4.47 8.94 17.88
Hb x, (550 nm)/cm ' 2775 5.55 11.1 222
HbO, p1, (632 nm)/cm™' 0.032 0.064 0.128 0.256
Hb p, (632 nm)/cm 0.267 0.534 1.068 2.136
HbO, u, (700 nm)/cm ! 0.015 0.03 0.06 0.12
Hb u, (700 nm)/cm™* 0.093 0.186 0.372 0.744

the optical properties of which are shown in Table 2 for a
series of concentrations used. Protoporphyrin IX (PpIX)
(for concentrations from 0 to 10 mg/L) was used as a
fluorophore.

An array of optical phantoms was made, which
contained a fat emulsion (as a scattering agent in a series
of concentrations of 0.5%, 1%, 2%, and 8%), hemoglobin
(Hb) (as an absorber in a series of concentrations
corresponding to the blood content of 0%, 1%, and 4%
and 0%, 1%, 2%, 4%, and 8% (by taking into account
hematocrit 40%)), and PS (in the concentrations of 0, 1, 5,
and 10 mg/L).

The phantoms were poured into 5-mL Eppendorf tubes.
Trial measurements of the studied signals were performed
through the Eppendorf wall and by immersion in the
sample liquid. A decrease in the accuracy of the analysis
using the first approach was shown; therefore, preference
was given to measurements performed in contact with a
liquid.

In Table 2, attention should be paid to the difference in
the absorption coefficient depending on the degree of
oxygenation and wavelength. As has already been
mentioned, the average absorption coefficient decreases
by an order of magnitude when moving from the
neighborhood of 550 nm to the neighborhood of 632 nm
and by another order of magnitude when passing through
the near-infrared boundary. This property of hemoglobin
absorption spectrum forms the so-called biological trans-
parency window. However, attention should also be paid to
the unevenness of these changes for hemoglobin in
oxygenated and free forms. In the yellow—green region
of the spectrum, despite the considerably different spectral
shape of these forms of hemoglobin, their average
absorption coefficients are very similar (the absorption of
deoxyhemoglobin is only 25% higher than that of
oxyform). At 632 nm, the absorption coefficient of
desoxyhemoglobin exceeds the absorption coefficient of
oxyform by almost an order of magnitude (8.3 times
higher). In the region of 700 nm, this ratio slightly
decreases and reaches the value of 6.2; however, it is still

sufficiently large to talk about the need to take into account
the effect of hemoglobin oxygenation on the fluorescence
signal we recorded (just in the range of 700 nm). Thus, in
this study, the concentration and degree of hemoglobin
oxygenation in the region of 500—600 nm were analyzed.

2.3 Spectrum-processing algorithms

To develop the most effective algorithm of spectrum
processing to correct fluorescence attenuation by scattering
and absorption, a comparison of several approximations of
experimental dependencies of fluorescence on optical
properties was made. First, the ratio techniques were
utilized. Specifically, the ratio of the areas under
fluorescence spectrum around the peak and diffuse-
reflected laser signal is obtained. We call it the fluorescence
index. The fluorescence index provides a comprehensive
account of absorption and scattering at the excitation
wavelength and extrapolates their influence from the
excitation wavelength to the fluorescence recording
wavelength. However, there are at least two weak points
in this approach. First, the optical properties at 632 and 700
nm, as shown above for the scatterer and absorber, are
significantly different. Second, the ratio does not take into
account the nature of attenuation of light in the tissue,
which is usually described theoretically by an exponential
law. An important advantage of the fluorescence index is
its computational ease.

The fluorescence index for different concentrations can
be used to determine the concentration of PS after
spectrometer calibration. The calibration procedure con-
sists of measuring the index value for a number of optical
phantoms with known concentrations of the PS.

The aim of this work was to reduce the variation of the
parameter characterizing the fluorescence of the PS for
different concentrations of the absorber and scatterer in
comparison with the fluorescence index.

For this purpose, various variants of approximating the
dependence of signal at the fluorescence wavelength on the
scatterer concentration were considered as well as the
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possibility of using these approximations to take into
account the effect of scattering on the fluorescence signal.

The first linear approximation was considered. Con-
sidering that linear regression coefficients depend on the
concentration of the PS, the generalized dependence can be
represented as

S(Ipsl.[il])70s = (4([ps]) - [il] + B([ps]))
/(C-Hby = D), (M
A(lps]) = a-[ps] + ao, B([ps]) = b~ [ps| + b,  (2)
S([ps],[il])70s = ([ps]- (a[il] + b) + ao - [il] + bo)

/(C'HbtotalfD)a (3)

where [ps] is PS concentration, [il] is fat emulsion

concentration, Hby,, is total hemoglobin concentration,

and 4, B, C, D, a, ay, b, and b are fitting parameters.
The desired concentration of the PS is calculated as

[ps] = (S([ps].[il])70s - (C - Hby — D) —aq - [il] = by)

/(a-[il] + b). 4)

The final equation for calculating the concentration of
the PS was obtained in the form

[ps] = (S([psl;[il])70s * (3.6208Hbyqy + 0.8529)

+0.0704[i]] — 1.0166) /(0.8882[il] + 0.2867).  (5)

The next step for refining the experimentally described
dependencies of fluorescence on the scatterer concentra-
tion is the approximation by a power function. This
dependence is empirical and does not take into account the
whole complex of factors of interaction of light with tissue;
however, it is closer to the obtained dependencies than
linear dependence and at the same time is advantageous for
its computational simplicity.

The power law coefficients also depend on the
concentration of the PS. In this case, the generalized
dependence can be represented as

S([ps).[il]) 705 = C([ps]) - [il] P =# Howr ()

After taking the logarithm of both sides of the equation
and expanding the logarithm of the concentration of the PS
into a Taylor series by taking two main terms, we obtain
the dependence:

[ps] = (In(S([psl[il])705) 4 0.16

+ (1.9481Hbygy — 0.3816) - Inil])

/(1.17 + 0.06261n][il]). 7
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The modified Beer—Lambert law describes the attenua-
tion of radiation in strongly scattering absorbing media and
takes into account an increase in the path of photons in the
tissue owing to the effect of multiple scattering [18]:

A=In(ly/I) =B p, d+G, (8)

where A4 is coefficient of light attenuation by a medium,
which takes into account the effects of absorption and
multiple scattering; B is factor of the average path length of
a photon in tissue along the path from the source to the
receiver at a given distance between them (d), depending
on the coefficients of absorption, scattering, and scattering
phase function; and G is factor that depends on the
geometry of measurements and the scattering coefficient
and does not depend on the absorption of light by the
medium.

Let us imagine the molecules of a PS as a type of
internally distributed source of fluorescence radiation in
the tissue. In this case, the dependence of fluorescence
signal reaching the receiving fiber on the concentration of
the absorber and scatterer can be described as follows:

S([ps[il]) 05 = €€ (i Frali0))HG ()

where p,(Hb) = 2.303¢y, - [Hb] /M, u,(HbO,) = 2.303
€m0, ' [HbO,]/M. [Hb] and [HbO,] are concentration of
free and oxygenated hemoglobin, measured in g/L; &5, and
€nbo, are molar extinction coefficient of free and
oxygenated hemoglobin, measured in L/(mol-cm); and
M is molar mass of hemoglobin equal to 66500 g/mol. G
depends in some way on y's, e.g., linearly, G = g~ i's + go.

Considering all parameters, the dependence will take the
form

S([ps},[il])70s

— OB 2303 [Hbuu] " (€10, " (SO2)+ms " (1-S02))+g s +2o
b
(10)

S([ps], [il]) 705
B-2.303 " [Hbyoia] (€m0, * (SO2)+&ms - (1-S02))+g - 15 +g0

)

When recalculating the concentrations of absorbing and
scattering components used in the experiment into the
indicated optical parameters, the data shown in Tables 1
and 2 were used.

[ps] =

€

An approximation based on the Beer-Lambert law
modified for multiple scattering and the approximate
diffusion theory of radiation transfer was also proposed.
The dependence was proposed as close as possible to the
form of the solution of the diffusion approximation and
compensated for the disadvantage of the modified Beer—
Lambert law:
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S([psl.[il])70s
= C- (py(total) + pf)

- eB" V/ altotal) (i (total) 415 ) g prs +20
Hence, the concentration of the PS is

S([ps].[il]) 705
(g (total) + 1) - €8 Vialto) G (tot@l) 125 ) g 11l o

(13)

(12)

[ps] =

3 Results and discussion

3.1 Investigation of the influence of exposure time on the
calculated spectral characteristics

The dependence of diffusely reflected laser radiation and
fluorescence intensity on the concentration of fat emulsion
and PS are shown in Fig. 2.

In Figs. 2(a) and 2(b), an increase in the recorded signal
(both diffusely reflected laser and fluorescence) is observed
with an increase in the scatterer concentration. This is
explained by the fact that the more scattering events that
light undergoes, the higher is the probability that some of it
will return back to the receiver. However, this growth is not
constant, and the dependence tends to gradually reach a
plateau. This can be explained by the geometry of the
experiment. In our case, the signal is recorded not from the
entire surface of the tissue but at a certain point at which
the receiving fiber is located. The relative position of the
illuminator and receiver affects the form of considered
dependencies. With an increase in the concentration of fat
emulsion, diffuse scattered photons are concentrated in the
area closest to the light source, without penetrating deep
into the tissue. They pass a smaller path in the tissue and do
not have time to excite the same number of fluorophore
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molecules as in the case of a less scattering solution. This
can lead to a decrease in the fluorescence index in strongly
scattering solutions.

The dependence of fluorescence index on the concen-
tration of fat emulsion and exposure time is shown in
Fig. 3.

For different values of exposure time, we observe a
negligible variation in the values of fluorescence index in
the region of high concentrations of fat emulsion. This
suggests the possibility of automatic exposure control
during measurements without significant influence on such
calculated parameter as fluorescence index. However, the
absolute value of light scattering must be taken into
account when calculating the fluorophore concentration
because the calculated fluorescence index decreases with
an increase in light scattering.

3.2 Investigation of the effect of absorption and scattering
on the accuracy of determining the concentration of a
photosensitizer from its fluorescence spectrum

Below are the results of measurements of the diffuse
reflectance (DR) signal at the wavelengths of the laser and
fluorescence radiation, as well as their ratio (fluorescence
index), as a first approximation by taking into account the
effect of absorption and scattering on the fluorescence
signal.

Figures 4(a) and 4(b) show the effect of an increase in
the fluorescence index in weakly scattering solutions
owing to the limited cuvette size. For the high concentra-
tion of fat emulsion, we can see an increase in fluorescence
index. This can be explained by the different growth rates
of the dependence of laser signal and fluorescence on
the scatterer concentration (Figs. 4(c) and 4(d)). The
diffusively reflected laser signal tends to plateau faster than
the fluorescence signal. The source of laser radiation is
limited by the aperture of the illuminating fiber, and the
source of fluorescence radiation is distributed in the
volume of tissue, and the fluorescence process itself is
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Fig. 2 (a) Dependence of diffusely reflected laser radiation on the concentration of fat emulsion for different fluorophore concentrations,
marked with different colors. (b) Dependence of fluorescence intensity on the fluorophore concentration for different concentrations of fat

emulsion, marked in different colors
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Fig. 3 Dependence of fluorescence index on the concentration of
fat emulsion for different exposure values (in ms) for 1 mg/L of
PpIX (without hemoglobin)

isotropic. Thus, fluorescence is better scattered by the
medium than by the exciting laser light.

In this study, we considered these quality criteria for the
parameter describing the concentration of fluorescence as
its variation depending on the concentration of the scatterer
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and on the concentration of hemoglobin. Our goal was to
minimize these criteria.

For a given PS concentration of 1 mg/L, the variation in
the fluorescence index depending on scattering was 12%
and that on the blood content was 13%. With an increase in
the concentration of the PS to 10 mg/L, the variation of the
fluorescence index significantly increases and reaches 44%
of the variation depending on scattering. The variation
depending on the blood content remains at the level of
12%.

To reduce the considered variations, we proposed
several options for approximating the dependence of the
fluorescence signal on the concentration of the scatterer
and absorber.

The first considered approximation was linear according
to Eq. (5) in Section 2. Figure 5 shows the results of
correcting the fluorescence signal using a linear approx-
imation.

As we can see, the result of reconstructing fluorescence
information using linear approximation is unsatisfactory.
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Fig. 4 Effect of the concentration of the scatterer (along the x-axis) and absorber (graphs are marked in different colors) on the
fluorescence index for (a) 1 mg/L of PpIX and (b) 10 mg/L of PpIX and initial fluorescence and diffuse reflection dependencies for

(c) 1 mg/L of PpIX and (d) 10 mg/L of PpIX
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Though, on average, the variation of the parameter
decreased from 28% to 14%, this was owing to a
significant reduction in the calculation error for the PpIX
concentration of 10 mg/L, whereas for 1 mg/L, the average
variation, on the contrary, increased from 12% to 16%.
Thus, we abandoned this computationally simple correc-
tion method in favor of those that more accurately
accounted for the nature of dependences obtained in the
experiment.

The power law approximation showed considerably
better results (see Fig. 6). The average variation was
10.6%. At the same time, the variation for 1 mg/L
decreased to 11.6% and to 9.6% for 10 mg/L.

The use of the Beer—Lambert law, modified by taking
into account multiple scattering, did not lead to a decrease
in the variation of the parameter under study because this
dependence was strictly curved downward compared with
the observed experimental dependences (Fig. 7). To
compensate for this difference, we will perform an
approximation by taking into account the multiple
scattering of the Beer—Lambert law and the diffuse
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approximation of the radiation transport theory (Eq. (12)).

According to Eq. (13), we obtained the average variation
equal to 16.3%.

By summarizing the results of studying various
approximations, we concluded that the power law
approximation is advantageous for our measuring probe
configuration (Table 3).

The power law approximation is optimal for a given
configuration of the fiber-optic sample, and it can be used
to calculate the concentration of the PS at known
concentrations of the scatterer and absorber with the least
variation. We can extract the information about scattering
and hemoglobin absorption from DR spectra in the spectral
region from 500 to 625 nm according to the algorithm that
we proposed earlier in Ref. [19].

There are many possibilities of using the proposed
approach, e.g., in the field of fluorescence intraoperative
navigation. In the case of using this approach when
removing intracranial tumors, we observed a significant
change in optical properties with a change in the degree of
tissue malignancy [20]. The main contribution to the
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Fig. 6 Attenuation correction for fluorescence signal with the power law approximation for (a) 1 mg/L of PpIX and (b) 10 mg/L of PpIX
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Fig. 7 Attenuation correction for fluorescence signal using the combined Beer—Lambert law approximation for (a) 1 mg/L of PpIX and
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Table 3 Results of fluorescence attenuation correction with different approximations

approximation type

average variation in determining the photosensitizer
concentration for phantoms with 1 mg/L of PpIX/%

average variation in determining the photosensitizer
concentration for phantoms with 10 mg/L of PpIX/%

fluorescence index 13
linear approximation 16
power-law approximation 11.6
combined (Lambert—Beer law and 14

diffuse approximation)

28

15
9.6
18.5

change in scattering is considered to be the destruction of
myelin. However, one cannot ignore the fact that tumors,
as a rule, differ from normal tissues in terms of the degree
of blood filling. Therefore, a comprehensive analysis of the
influence of these factors on the recorded fluorescence
signal is necessary to obtain reliable information on the
concentration of the PS in tissues, especially in the area of
infiltration of tumor cells into healthy tissues, where the
accumulation of PS is small and the effect of absorption
and scattering on the signal is especially critical for the
sensitivity of the method.

4 Conclusions

In this study, a variant of the fiber-optic spectrometer with
an extended dynamic range for the study of the content of
fluorochromes in biological tissues with significantly
different optical properties is proposed, which makes it
possible to use it to study the PS distribution in the tissues
and organs with significantly different optical properties.
Various variants of approximation of the dependence of the
fluorescence signal on the concentration of the scatterer
and absorber for the correction of its attenuation in tissues
are considered. The power law approximation is optimal
for a given configuration of the fiber-optic sample, and it
can be used to calculate the concentration of the PS at

known concentrations of the scatterer and absorber with
the least variation.
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