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The aim of the study is to develop approaches for fluorescence monitoring and planning of photodynamic therapy employing chlorine 
series photosensitizers.

Materials and Methods. The study included numerical simulations and experiments with optical agar phantoms of biotissue and human 
skin in vivo. Fluorescence imaging was used as a method of optical monitoring.  Chlorine series photosensitizer Photoditazin (Veta Grand, 
Russia) was employed. Numerical simulation of light propagation was performed with Monte-Carlo technique for a multilayer skin model.

Results. It was demonstrated that in the case of two-wavelength fluorescence monitoring of photosensitizer penetration into the tissue 
the ratio of fluorescence signals excited at wavelengths of 405 and 660 nm can be used as a characteristic of photosensitizer penetration 
depth in biological tissue. The results of numerical simulations are in good agreement with the results of model experiments on agar 
phantoms and pilot in vivo experiment. Radiant exposure and absorbed light dose maps at the wavelengths of 405 and 660 nm were 
calculated employing Monte-Carlo technique; the dependencies of the characteristic dose values on the optical properties of the medium 
were analyzed. 

Conclusion. Two-wave fluorescence imaging technique allows for non-invasive estimation of chlorine series photosensitizer penetration 
depth into the biotissue after topical application, while numerical simulation by Monte-Carlo method allows for more accurate choice of the 
light exposure dose for photodynamic therapy depending on optical properties of the tissue and the radiation wavelength. 
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Photodynamic therapy (PDT) is a modern multi-
factor method for treatment of tumors and non-tumorous 
pathologies, based on the selective accumulation of 
a photosensitizer (PS) in tissues, followed by optical 
radiation exposure at the absorption wavelength of 
the PS. Absorption of photons by the PS causes a 
photodynamic reaction. The main photodynamic effects 
are chemical impact on cells, tumor vasculature damage 
and immune reactions [1–3].

PDT has already taken its place in clinical practice 
and demonstrates high effectiveness in the treatment of 
a wide range of pathologies. Along with high oncological 
efficacy PDT also has the potential as a method of 
antimicrobial therapy in the treatment of inflammatory 
pathologies of various localizations [4–7].

Talking about the advantages of PDT, such as 
extremely minor systemic effects, minimal toxicity 

for healthy tissues, and the possibility of repeating 
procedure in case of proper indication, its disadvantages 
should be noted, however. One of the drawbacks of 
currently used PDT protocols is the fact that only PS 
dose and light dose are determined when the procedure 
is planned, without taking into account the individual 
characteristics of a patient. However, the efficiency of 
a PDT procedure depends on the distribution of the PS 
in tissues, the distribution of the absorbed intensity of 
optical radiation in tissues, and the PS photobleaching 
under light exposure [8]. The efficiency of a PDT 
procedure can be increased by taking these factors 
into account when determining the protocol of the PDT 
procedure. Therefore, further optimization of PDT 
technique is recognized as possible and necessary by 
many researchers [3, 9].

One of the directions of PDT optimization consists 
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in the individualization of the exposure regimes that 
can be performed due to effective treatment monitoring 
[3, 10]. Many known approaches use various imaging 
techniques [11–13]. Optical bioimaging is the most 
promising among them due to the possibility of real time 
non-invasive monitoring.

The application of optical bioimaging techniques 
for monitoring PDT procedure allows controlling 
PS distribution and photobleaching. Traditionally 
fluorescence imaging techniques [14] are employed for 
DT monitoring because PS are fluorescent markers. 
One of the most popular PSs widely employed in Russia 
are chlorine series PSs. They feature two maxima 
corresponding to the wavelengths of 405 and 660 nm in 
their absorption spectra (Figure 1).

Since optical properties of biological tissues at these 
wavelengths differ significantly (the absorbance at 
405 nm is much higher than that at 660 nm [15, 16]), 
the distribution of exposed intensity (both transmitted 
and absorbed) is also different, which makes it possible 
to control the impact depth. Simultaneous use of 
different PS absorption bands provides additional 
opportunities for both monitoring and performance of 
a PDT procedure. In particular, the registration of the 
fluorescence signal at different excitation wavelengths 
allows for noninvasive evaluation of PS penetration 
depth into tissues [17, 18].

In this paper, the aspects of the application of this 
approach are discussed in a numerical simulation 
study and in experiments on biotissue phantoms. The 
difference in absorbed intensity distribution for two 
wavelengths leads to the difference in the area of impact, 
which must be taken into account in PDT procedure 
planning. In this paper, we propose an approach to 
estimate spatial distribution of absorbed dose of light 
radiation applying numerical Monte-Carlo simulations for 
multilayer media mimicking biotissues and the analysis 

of the effect of biotissue optical properties on this 
distribution.

The aim of the study is to develop approaches for 
fluorescence monitoring and planning of photodynamic 
therapy employing chlorine series photosensitizers.

Materials and Methods. The study was performed 
for chlorine series PS Photoditazin (Veta Grand, Russia). 
The experimental part of the work included the study of 
the fluorescence imaging potential in the estimation 
of PS penetration depth into the biotissue both on 
phantoms and on human skin in vivo.

Experiments with biotissue phantoms. The model 
experiment was performed with agar phantoms of 
biotissue prepared from water, intralipid 20%, and red 
and black inks. Components concentrations were chosen 
to ensure that the optical properties of the phantom at 
wavelengths of 405 and 660 nm corresponded to typical 
biotissue optical properties of [19]. The recording of 
fluorescence images was performed with a custom-
built device for PDT monitoring developed by our 
group [20]. This device was improved to allow for two-
wavelength excitation of the PS by adding a LED source 
at 405±10 nm synchronized with the camera in addition 
to the 660±10 nm source.

PS concentration in a phantom was 0.05 mg/ml while 
the initial one in delivery package was 5.0 mg/ml. PS 
was uniformly distributed within the volume of the upper 
phantom layer which thickness d varied from 0.25 to 
6 mm. The lower layer of the phantom did not contain 
PS, and total thickness of the phantom equaled 6 mm 
(Figure 2).

In vivo experiment. Pilot in vivo experiment was 
carried out on the skin of the forearm inner side of a 
healthy female volunteer (41 years). The study was 
conducted in accordance with Protocol No.7 of the 
meeting of the local Ethics Committee of the Nizhny 
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Figure 2. The schematic of agar biotissue phantom:
µa — medium absorption coefficient, µs — medium scattering 
coefficient, g — anisotropy factor, µps

a — photosensitizer 
absorption coefficient, d — thickness of the layer containing 
photosensitizer
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Figure 1. Absorption and emission spectra of chlorine 
series photosensitizer
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Novgorod State Medical Academy on conducting 
research with human subjects (July 3, 2017). PS 
Photoditazin was topically applied to skin surface in a 
volume of 100 μl with subsequent uniform distribution 
over an area of 24 cm2. After the application, the site 
with the applied PS was monitored for 5 min using a 
PDT device. The position of the volunteer’s hand was 
fixed during the entire monitoring time.

Estimation of PS penetration depth. Estimation 
of PS penetration depth was carried out using the 
approach previously proposed in [17, 18]. It is based 
on the development of numerical model for fluorescent 
response of biological tissue in the presence of PS. The 
model is based on the calculation of the distribution of 
probing radiation Sex at the excitation wavelength λex 
within the tissue basing on the radiative transfer theory 
and the subsequent calculation of the fluorescence 
response Sem, when the emission map corresponding to 
fluorescence wavelength λem is calculated on the basis of 
the absorption map of exciting radiation.

It is proposed to use the ratio of fluorescent signals, 
corresponding to the wavelengths λex=405 nm and 
λex=660 nm respectively, as a parameter which 
characterizes PS penetration depth. In model and in vivo 
experiments fluorescent signal is calculated as the mean 
over the area of PS application.

Simulation of fluorescent response and the spatial 
distribution of the radiant exposure and the absorbed 
dose was performed applying Monte-Carlo technique. It is 
a statistical simulation technique based on the simulation 
of a large number of random photon trajectories in a 
medium, based on the specified optical properties and 

the irradiation geometry, and the subsequent statistical 
analysis of the obtained data. In this paper we used an 
algorithm previously developed in [21–23].

Fluorescent response modeling. In course of 
Monte-Carlo simulations, fluorescent responses were 
obtained for phantoms containing Photoditazin with 
concentration of 0.05 mg/ml and 0.5 mg/ml uniformly 
distributed in the upper layer with varied thickness which 
corresponded to the geometry of model experiments 
with phantoms. Optical properties of the model tissue 
corresponded to those typical for biological tissues [19]. 
Optical properties of the medium and PS absorption 
coefficient are shown in Table 1.

The model medium with dimensions of 20×20×6 mm3 
was considered to be uniformly irradiated over the entire 
surface. The PS penetration depth into the medium 
varied from 0.25 to 6 mm, the boundary between the 
layers containing and not containing PS was considered 
to be sharp.

Numerical simulation of radiant exposure and 
absorbed dose distribution. Monte-Carlo simulation 
of the distribution of absorbed radiation dose was 
performed for a planar geometry sample with the 
thickness of 4 mm and transverse dimensions of 
10×10 mm2. It was assumed that the sample surface 
was uniformly illuminated by radiation at one of the 
specified wavelengths (405 and 660 nm) with a total light 
dose of 50 J/cm2.

Human skin was considered as a model object. 
In this study a simplified three-layer skin model was 
considered, consisting of stratum corneum (50 μm thick), 
epidermis (150 μm), and dermis (3.8 mm) layers. All the 
layers were considered to be optically homogeneous; 
the optical properties of the layers at the considered 
wavelengths are displayed in Table 2. Refractive index 
for all three layers was considered to be 1.4.

In the frames of this study the Monte-Carlo algorithm 
was adapted for MATLAB environment. Algorithm 
implementation in MATLAB environment is based on 
simultaneous processing of 106 photon trajectories. 
Firstly, photon parameters, such as the initial position 
in Cartesian coordinates, the propagation direction, and 
the initial weight W, are initialized. These characteristics 
are stored as arrays, where each line corresponds to a 
single photon and the total number of lines is equal to the 

total number of photons. Then the data 
sets are processed in accordance with 
Monte-Carlo algorithm, which takes into 
account changes in the photon trajectory 
due to scattering and the decrease in 
the photon weight due to absorption in 
tissues.

In this case we understand the 
absorbed dose of the radiation in the 
medium elementary volume as the total 
weight that photons lost due to absorption 
in a given elementary volume. Elementary 
volume is a cube of 0.05×0.05×0.05 mm3.

T a b l e  1
Optical properties of the model tissue  
and photosensitizer absorption coefficient

Wavelength 
(nm) µa (mm–1) µs (mm–1) g µps

a (mm–1) 

(С=0.05 mg/ml)
405 2.41 4.35 0.7 1.65
660 0.68 4.22 0.7 0.31

N o t e : µa — medium absorption coefficient, µs — medium scat-
tering coefficient, g — anisotropy factor, µps

a — photosensitizer 
absorption coefficient, С — concentration of photosensitizer.

T a b l e  2
Optical properties and thickness of skin layers employed in numerical 
simulation [15, 16, 24]

Skin layers d 
(mm) g 405 nm 660 nm

µa (mm–1) µs (mm–1) µa (mm–1) µs (mm–1)
Stratum corneum 0.05 0.9 20.0 200.0 10.0 200.0
Epidermis 0.15 0.8 1.3 35.0 0.3 23.0
Dermis 3.8 0.8 0.9 27.0 0.15 14.0

N o t e : d — thickness of the layer containing photosensitizer, g — anisotropy 
factor, µa — medium absorption coefficient, µs — medium scattering coefficient.
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Results
Photosensitizer penetration monitoring 

by fluorescence imaging
Numerical simulation and model experiment. 

Since PSs are fluorescent markers, 
fluorescence imaging is the most obvious 
approach to optical monitoring of PDT, and 
two absorption peaks in chlorine series PS 
spectra provide additional opportunities for 
monitoring the presence of a PS in tissues. 
The comparison of the results of numerical 
simulation and the model experiment on 
measuring the ratio of fluorescence signals 
after excitation at the wavelengths of 405 and 
660 nm is shown in Figure 3.

Since biotissues absorption coefficient 
for λex=405 nm is much higher than that for 
λex=660 nm, absorption at λex=405 nm occurs 
predominantly in the superficial layers of 
biotissue, while for λex=660 nm absorption 
occurs in the deeper layers, therefore the ratio 
Sλ=405 nm/Sλ=660 nm monotonically decreases with 
the increase of the thickness of PS-containing 
layer. Quantitative comparison of absorbed 
dose at various depths in biotissue for λex=405 nm and 
λex=660 nm will be demonstrated below. There is a good 
agreement between model experiment and numerical 
model, which suggests that measuring signals ratio at 
these two wavelengths can serve as an effective indicator 
of PS penetration depth, however, it should be noted that 
in order to apply this approach correctly, it is necessary to 
know optical properties of the inspected biotissue.

In vivo experiment. Pilot in vivo experiment was 
performed on human skin to test this hypothesis. Typical 
fluorescent images for excitation at the wavelengths of 
λex=405 nm and λex=660 nm are shown in Figure 4.

The results of monitoring PS penetration into 
human skin (inner side of forearm, healthy female 
volunteer, 41 years) after topical application are 

shown in Figure 5. As was shown above in the model 
experiment, the ratio of the fluorescent signals falls with 
penetration depth increase, which agrees well with the 
dynamics observed in course of in vivo experiment. For 
qualitative comparison, Figure 5 also shows numerical 
simulation results for two concentrations of PS, 0.05 
and 0.5 mg/ml. It should also be noted that in case of 
topical PS application, PS distribution within tissue 
volume differs from the uniform distribution considered 
in numerical simulation and model experiment [25]. 
According to estimations (the ratio of quantity of applied 
PS and the application area), the concentration of PS 
in the volunteer’s skin was about 0.1–0.2 mg/ml. In 
addition, it must be taken into account that the optical 
properties of the volunteer’s skin may differ from the 
optical properties of the phantom. Considering all of 

Figure 3. Ratio of fluorescent signals after excitation at λex=405 nm 
and λex=660 nm, calculated with Monte-Carlo simulation and 
measured in model experiment; photosensitizer concentration was 
0.05 mg/ml

Monte-Carlo simulation (C=0.05 mg/ml)
Phantom experiment (C=0.05 mg/ml)

Penetration depth (mm)

а b

Figure 4. Typical fluorescent images for excitation at λex=405 nm (a) and λex=660 nm (b)
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Figure 5. Ratio of fluorescent signals after 
excitation at λex=405 nm and λex=660 nm, 
calculated with Monte-Carlo simulations 
for photosensitizer concentrations of 
0.5 mg/ml and 0.05 mg/ml, and dynamics of the 
ratio of fluorescent signals obtained in course 
of in vivo experiment with photosensitizer 
Photoditazin

Observation time (s)

Monte-Carlo simulation (C=0.05 mg/ml)
Monte-Carlo simulation (C=0.5 mg/ml)
in vivo experiment
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Figure 6. Distribution maps of (а) radiant exposure (the color scale 
shows the value in J/mm2) and (b) absorbed light dose (the color scale 
shows the value in J/mm3) for λex=405 nm
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abovementioned, we can say that the results of in vivo 
experiments are consistent with the results of the model 
experiment and numerical simulation, and model curves 
can be used to estimate PS penetration depth in human 
skin. PS accumulation in human skin was confirmed by 
the results of fluorescence imaging at 24 and 48 h after 
in vivo experiment.

Thus we have shown that the ratio of 
fluorescent signals for different PS excitation 
wavelengths can serve as a tool for 
differentiating the depth of PS penetration up 
to 1.5–2.0 mm (the limit depends on optical 
properties of the tissue and the concentration 
of accumulated PS). The latter limitation is 
associated with limited light penetration into 
biological tissues.

PDT planning with Monte-Carlo 
simulation

Calculation of distributions of radiant 
exposure and absorbed light dose. One 
of the factors determining the efficiency 
of a PDT procedure is the distribution of 
absorbed radiation in biological tissue, the 
so-called light dose. Thus, an important step 
in PDT planning is to study the propagation 
of radiation in inhomogeneous media and 
to estimate the volumetric distribution of 
the absorbed fraction of radiation. The 
most promising approach for solving these 
problems is numerical simulation employing 
Monte-Carlo technique.

During the study, maps of radiant 
exposure and absorbed light dose in a 
model multilayer sample mimicking structure 
of human skin were calculated by Monte-

Carlo technique for illumination at 405 and 660 nm 
(Figures 6 and 7, respectively), while the light dose on 
the surface of the tissue equaled 50 J/cm2 (0.5 J/mm2). 
The presented maps allow estimating the in-depth 
distribution of radiant exposure and absorbed dose. It 
should be noted that during PDT planning absorbed 
dose is of significant importance, since it characterizes 
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the intensity of photodynamic reaction. From 
the presented dependences one can see 
that for 405 nm, the main photodynamic 
effect will be observed in tissue at depths of 
up to 0.5 mm, while for 660 nm this value will 
be about 2 mm.

Effect of optical properties on absorbed 
light dose distribution. To study the effect 
of tissue optical properties variation 
on absorbed light dose distribution we 
performed Monte-Carlo simulations of this 
distribution for a three-layer medium with 
optical parameters corresponding to those of 
human skin at 405 and 660 nm (see Table 1), 
however, the absorption and scattering 
coefficients were separately varied within the 
range of ±60% from the basic values.

Figure 8 (a) and Figure 9 (a) show the 
comparison of absorbed light dose at three 
different depths (0.1, 0.5, and 1 mm) for 
different absorption coefficients of model 
tissue and fixed scattering coefficient in 
the case of illuminating the sample at 
405 and 660 nm, respectively. At 405 nm, 
absorption coefficient of stratum corneum 
(the thickness of which equals 0.05 mm in 
the model) significantly exceeds absorption 
coefficients of underlying layers. Thus, the 
photon undergoes a significant loss of weight passing 
through stratum corneum (see Figure 8 (a)). This trend 
is also maintained for variation in the value of absorption 
coefficient in model tissue layers. However, decrease in 
absorption coefficient leads to decrease in the fraction of 
photons weight loss at small depths and to increase in 
absorbed light dose at large depths.

In the case of layers absorption coefficients variations 
for 660 nm (see Figure 9 (a)), at the depths of 0.1 and 

0.5 mm, the largest absorbed light dose corresponds 
to basic values, and its value decreases both for 
increase and decrease in absorption coefficient. Two 
effects compete here: the abovementioned effect 
when absorption increase in the upper layers causes 
smaller amount of radiation reaching large depths 
and being absorbed there and the effect of absorbed 
dose decrease due to direct reduction of absorption 
coefficient.

1
0.1
0.01
0.001
0.0001
10–5

10–6

0
0.5

1
1.5

2
2.5

3
3.5

4

Z 
(m

m
)

Х (mm)
0         1        2         3         4        5        6       7        8       9         10

а

1
0.1
0.01
0.001
0.0001
10–5

10–6

0
0.5

1
1.5

2
2.5

3
3.5

4

Z 
(m

m
)

Х (mm)
0         1        2         3         4        5        6       7        8       9         10

b

Figure 7. Distribution maps of (а) radiant exposure (the color scale 
shows the value in J/mm2) and (b) absorbed light dose (the color scale 
shows the value in J/mm3) for λex=660 nm
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Figure 9. Comparison of absorbed light dose at three typical depths for ±30 and ±60% variations of (a) absorption 
coefficient and (b) scattering coefficient in the case of sample illumination at λex=660 nm
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Figure 8 (b) and Figure 9 (b) demonstrate similar 
comparison of absorbed light dose at three different 
depths when scattering coefficient of model tissue is 
varied while the absorption coefficient is kept fixed. For 
the fixed absorption coefficient, the magnitude of the 
light dose at all three depths increases with the decrease 
in tissue scattering coefficient. Indeed, propagating in 
tissues with larger scattering coefficient, photons need to 
travel longer path in order to reach certain depth due to 
substantial multiple scattering, which causes significant 
decrease in their weight due to absorption yet at smaller 
depths.

Thus, it is demonstrated that PDT requires taking into 
account the distribution of both radiant exposure and 
absorbed light dose; moreover, for the same incident 
dose these distributions essentially depend on the 
radiation wavelength and on the local optical properties 
of biotissue. Numerical Monte-Carlo simulations allow 
to more accurately estimate the distribution of incident 
light energy in biological tissues, moreover, in particular 
cases the dependence on optical properties is nonlinear.

Discussion. In order to increase the efficiency of 
PDT procedure it is necessary to control PS distribution 
and photobleaching in tissue, as well as to know 
the distribution of optical radiation. Since PSs are 
fluorescent markers, the control of PS distribution and 
photobleaching can be performed with optical imaging 
techniques, while numerical simulation of radiation 
propagation in inhomogeneous media can be used to 
estimate the distribution of light dose within the tissue.

In this paper we discuss approaches to monitoring 
PS penetration into tissue after topical application by 
fluorescence imaging technique and estimating the 
distribution of light dose in biological tissues using 
numerical Monte-Carlo simulations.

It is shown that the ratio of fluorescent signals 

detected after excitation at 405 nm and 660 nm can 
be used to evaluate the dynamics of chlorine series 
PS penetration into tissue. Monotonic decrease in this 
ratio with increase in penetration depth is shown in 
numerical simulation and in model experiment. The 
results are in good agreement with the results of pilot 
in vivo experiment in which the signal ratio decreases 
monotonically with time.

By means of Monte-Carlo numerical simulations of the 
distribution of absorbed light dose in a simplified three-
layer model of human skin a significant dependence of 
absorbed light dose on local optical properties of tissue is 
revealed at characteristic depths of 0.1, 0.5, and 1 mm. 
It should be noted that this dependence has difference 
for the considered wavelengths of 405 and 660 nm. In 
particular, for 405 nm, with an increase in the absorption 
and scattering coefficients of the model tissue layers, the 
fraction of absorbed radiation is reduced monotonously 
at all three depths under consideration for the same 
incident light dose. However, for variations of tissue 
optical properties corresponding to 660 nm, at small 
depths the largest absorbed light dose corresponds 
to the basic values, and its value decreases both with 
increase and decrease in absorption coefficient. The 
variation of optical properties in real biological tissues 
can reach up to 30%, so taking into account individual 
characteristics and estimating the distribution of 
absorbed light dose in numerical simulations by Monte-
Carlo method with subsequent correction of PDT 
procedure can significantly improve its efficiency.

Conclusion. Two-wave fluorescence imaging 
technique allows for non-invasive estimation of 
chlorine series photosensitizer penetration depth 
into the biotissue after topical application, while 
numerical simulation by Monte-Carlo method allows 
for more accurate choice of the light exposure dose for 
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photodynamic therapy depending on optical properties 
of the tissue and the radiation wavelength.
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