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A B S T R A C T

Purpose: Using continuous-pulse irradiation mode application for performing photodynamic therapy sessions to
introduce a new method, and conclude results of clinical research focused on vulvar leukoplakia photodynamic
therapy efficiency in combination with topical aqueous «Alasens®» solution administration.
Method: Seventy patients (average age of 61 years) diagnosed with vulvar leukoplakia disease (2018 ICD-10-CM
Diagnosis Code N90.4) were examined. The following values represent doses of combined mode photodynamic
therapy session: 12 J/cm2 pulse radiation dose; 3.5 J/cm2 continuous radiation dose. Non-invasive spectroscopic
and visual control of drug accumulation in real time was carried out by fluorescence diagnostic method before
and after each therapy session.
Results: Single-therapy session efficiency was estimated by a fluorescent signal reduction in the pathological
region after irradiation, and the direct correlation between photosensitizer photobleaching and disease regres-
sion was registered. Photodynamic therapy course included three procedures, with each session applied in 24 -h
intervals, and when necessary, an additional course of therapy was applied 60 days afterward. Significant post-
treatment results took effect after 2–3 courses with symptom presence reduced or fully regressed depending on
the initial severity of the disease. Additionally, side effects and sequelae remained absent in all cases.
Conclusion: The result of methods applied during the clinical research period indicate strong potential in uti-
lizing such promising technology to contribute to the possible prevention of malignant transformation and the
treatment of vulvar leukoplakia.

1. Introduction

Vulvar leukoplakia is a noninflammatory disorder and pathological
modification of external genitalia multilayered flat epithelium that is
accompanied by skin and mucosa cornification (according to the in-
ternational classification 2018 ICD-10-CM with Diagnosis Code N90.4).
Vulvar leukoplakia is a prolonged course, characterized by the severity
of clinical manifestations, frequent relapses, and a high likelihood of
vulva malignant transformation against the background of prior pa-
thological processes. The frequency of vulvar leukoplakia malignant
transition into cancer varies between 13–31% according to previous
clinical experience. Leukoplakia often accompanies dermatoses and the

development of inflammatory diseases due to infection vulnerability
through cracks in mucosa [1–5]. Traditional methods of treatment in
similar nature pathologies are surgical intervention and non-surgical
techniques. Examples of non-surgical methods are CO2 laser coagula-
tion, vaporization of lesion area with high-intensity radiation, appli-
cation of high-intensity laser radiation, ultrasound exposure, che-
motherapy, and immune-modulatory therapy [6–12]. The imperfection
of existing conservative and operative treatment methods results in the
imperative need for improved and optimized theranostics’ approaches.

Modern physical theranostics methods (fluorescent diagnostics [FD]
and photodynamic therapy [PDT]) are considered to be effective in
terms of radical and palliative treatment of oncological lesions of
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different localization and nature. FD and PDT are distinguished by low
invasiveness, selective impact on pathologically altered tissues, the
possibility of multiple sessions, the absence of severe systemic and local
complications, and excellent cosmetic effect [13–21].

FD and PDT methods are based on the interaction between photo-
sensitizer (PS), light, and oxygen located in the irradiation zone bio-
tissue. Theranostics begins with PS medication being administrated to
the patient. Due to specific processes and features occurring in patho-
logical tissue, PSs accumulate predominantly in the lesion region
without developing in surrounding healthy tissue. In relation to pho-
tonics science, mechanisms taking place during FD and PDT are de-
scribed hereinafter. While absorbing the radiation of a wavelength
corresponding to PS absorption band, PS transfers from the ground
energy state to a singlet excited one. The reverse transition of PS to the
ground state occurs in the form of fluorescence emission described by a
short lifetime of 10 ns order. Meanwhile, a portion of excitation energy
passes to the long-lived triplet level of PS while selection rules forbid
transition to the ground state (phosphorescence). Phosphorescence is
characterized by a durable lifetime of 10−2-10-4 s depending on the
extinguishers’ presence in PS’ microenvironment. Molecular oxygen
present in the PS surrounding dissolves in tissues and cells that allows
energy from triplet state of PS to be transferred to molecular oxygen
(that is excited from triplet to singlet state). The critical fact is that
singlet oxygen is a strong oxidant. It oxidizes biological molecules lo-
cated in the nearest microenvironment (so-called chemical quenching)
and also can oxidize the very molecule of PS (photobleaching) [22]. As
a result of oxidation, photodestruction of PS molecule occurs with the
subsequent formation of photo-reduction products (presumably,
chlorine type photoproducts called “photoproduct 1,2” in the literature,
also photodynamically active) [23]. The process of PS oxidation allows
qualitative evaluation of PDT efficiency that provides an opportunity of
changing and controlling treatment tactics when necessary. For in-
stance, if fluorescence intensity dropped to 10–20% of initial value
during irradiation, it is concluded that at a minimum of 2mm depth
(depth of probing) PS has oxidized, and if lesion depth does not exceed
2mm, then irradiation can be completed. PS absence at a depth of 2mm
defeats the purpose of carrying out PDT session because therapy effi-
ciency is directly related to “oxygen effect.” For effective pathological
cells destruction, it is essential to wait until oxygenation and influx
levels of PS are restored. That would be followed by lesion irradiation
or subsequent additional PS’ dose administration in case of insufficient
PS concentration in pathologically altered tissue. If lesion depth ex-
ceeds 2mm, it is recommended to continue irradiation considering
model calculations of light passage through tissue. If over time a rapid
restoration of fluorescence intensity signal is observed in certain zones,
it means that destruction of affected areas was not complete. Especially
in terms of microvessels destruction and therefore additional irradia-
tion is required.

An essential advantage of spectroscopic analysis is the opportunity
to obtain information about the dynamics of various biological pro-
cesses in real time. FD allows data collection of PS accumulation levels
in affected cells by measuring fluorescent signal intensity. This enables
FD to detect and specify localization of pathological formation, select
optimal parameters for conducting PDT sessions, and evaluate therapy
efficiency post session.

For the treatment of vulvar leukoplakia and diseases of similar
nature (lichen sclerosus, vulvar intraepithelial neoplasia (VIN) of I-III
grades and other dermatoses) PDT method is considered the most ef-
fective in comparison with existing ones [24–27]. Potential of applying
standard continuous irradiation mode for PDT of these diseases was
previously studied using PSs such as 5-aminolevulinic acid (5-ALA)
(10% and 20%) and Photolon [27–29].

The novelty of this study lies in the application of combined con-
tinuous-pulse irradiation mode for PDT of vulvar leukoplakia.
Evaluation of proposed PDT method efficiency using a 0.5% aqueous
solution of 5-ALA as PS defines the purpose of this research.

2. Materials

Studies were performed at the City Clinical Hospital №40 Moscow
Health Department. Seventy patients diagnosed with vulvar leuko-
plakia (according to the international classification 2018 ICD-10-CM
Diagnosis Code N90.4) participated in the research and the age of pa-
tients varied from 47 to 75 years. All patients had continuous ana-
mnesis between 3 to 5 years, severe clinical symptoms in the form of
pruritus, and in 9 cases itching led to sleep disturbance. Conservative
manipulations in the form of various ointments application had a
temporary effect.

5-ALA-induced protoporphyrin IX is an effective photodynamic
agent widely used in clinical practice for oncological diseases treatment
and diagnostics [30–35]. 5-ALA (Alasens®) is officially approved for
clinical application trials in Russia with the regulation of all PS para-
meters [36]. In this study, protoporphyrin IX, being an intermediate
product of reaction chains of heme biosynthesis from 5-ALA, serves as
PS. 5-ALA-induced protoporphyrin IX is characterized by high fluor-
escent contrast and enhanced accumulation in types of rapidly pro-
liferating tissues with ferrochelatase deficiency. Protoporphyrin IX
spreads not only inside the intercellular cell matrix but also in its ex-
tracellular space. The significant amounts of it persist in the lesion for
several hours, while in contrast with healthy cells it rapidly transforms
into non-photoactive porphyrin under ferrochelatase impact. In other
words, protoporphyrin IX accumulation in pathological cells is due to
the lack of ferrochelatase enzyme within the cells in comparison with
healthy ones

Thus, Alasens® medicine (synthesized by Organic Intermediates &
Dyes Institute (NIOPIK), Russia) was used as PS for FD and PDT in the
current study. Sterile aqueous PS solution with a concentration of c
=5 g/l was prepared one hour before use by dissolving the required
amount of Alasens® powder in distilled water. 5-ALA in solution is
utilized more efficiently in comparison with gel form. Cotton- gauze
swab soaked in drug solution was applied topically on external genitals,
and local administration process of PS was carried out for 3–4 hours.
The procedure was followed by visual and spectroscopic pretreatment-
FD, PDT session, and posttreatment-FD. Lesion surface was not treated
in a particular way before PS application; patients carried out regular
water-hygienic procedures.

Preliminary studies carried out on the selection of PS dosage have
demonstrated that above-mentioned 5-ALA concentration for topical
administration is sufficient for protoporphyrin IX stimulation, followed
by conducting theranostics. Additionally, treatment without PS ad-
ministration revealed that any photodynamic effects were non existent.
5-ALA 0.5% dose proved to be optimal and more profitable in terms of
price and effect.

Biopsy tests were carried out regardless of the preliminary cytolo-
gical examination results. Biopsy samples were collected from each
patient on the lesion region with maximum fluorescent contrast during
preliminary visual FD. All 70 patients showed histological results were
consistent with leukoplakia and in all cases, the major part of vulva was
affected. In 14 patients transition of dystrophic changes to the perianal
region was observed, and due to the prolonged course of the disease, 5
patients experienced affected inguinal-femoral folds. Phototheranostics
session was conducted no earlier than one month after biopsy analysis.

3. Methods

Studies devoted to pain effect assessment were conducted on vo-
lunteers and showed that pain effects occur even in cases of applying
low radiation doses. Furthermore, pain effect also had individual
nature. To neutralize the pain phenomenon, an approach of the pulsed
light application was implemented, and it was noted that the use of
pulsed radiation leads to anesthesia effects of irradiated tissue con-
taining PS [37]. However, pulsed radiation occurs in a wide spectral
range, and thus, a significant amount of light energy goes for tissue
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heating and not photodynamic response achievement.
For this reason, continuous laser radiation of wavelength corre-

sponding to the absorption maximum of PS was involved in the PDT
process simultaneously (in parallel) with pulsed radiation. Directed
continuous laser exposure provokes active singlet oxygen generation
that undeniably affects PDT efficiency. Radiation dosage was selected
in correspondence of total energy being sufficient for photodynamic
effect achievement. In the case of leukoplakia treatment, the total dose
amounted to 15 ± 2 J/cm2, and pulsed excitation in combination with
continuous one increased the depth of radiation penetration which al-
lowed affecting deeper lesion layers during therapy.

Light-emitting diode (LED) system was used for PDT of vulvar leu-
koplakia in combined continuous-pulse irradiation mode. After 3–4 hours
of topical administration of the drug, the efficiency of the proposed
therapy method was assessed by carrying out visual and spectroscopic
fluorescence monitoring before and immediately after PDT

3.1. Visual FD and PDT

For visual FD and PDT, a unique LED system with a pulsed source
based on xenon gas-discharge lamp was used (Fig. 1). This system con-
tains an annular pulse lamp (providing radiation with energy of 600 J/
pulse) and a group of LEDs emitting in red (630 +/- 5 nm) and blue
(400 ± 5nm) optical spectral ranges. The first LEDs are intended for
PDT, and others are for visual FD which allows the possibility to conduct
a visual assessment of lesion boundaries and identifying the quantity of
lesions in a specified area after PS accumulation. LEDs and the annular
pulse lamp are placed specifically to provide simultaneous continuous-
pulse mode irradiation of the pathological tissue site. As previous studies
on phantom models have shown, simultaneous pulsed and continuous
light exposure leads to an increase in penetration depth of radiation by
10–15%, and a decrease of patients’ sensitivity to intense heat during
irradiation. This provides an opportunity to enhance the efficiency of
PDT session and shorten its duration by increasing the penetration depth
of radiation and reducing the pain patients experience during therapy.

Optimal "complete" effective light dose is chosen by the patients’
sensitivity to intense heat prior to PDT treatment. Total light dose of
pulsed radiation during PDT session amounted to 12 J/cm2 (energy
density in a pulse – 0.3 J/pulse*cm2, number of pulses per session – 40);
continuous light dose – 3.5 J/cm2 (power density – 70mW/сm2, ex-
posure time – 50 s). Average total light dose reached 15 ± 2 J/cm2

which is 10–20 times lower than the commonly accepted irradiation
parameters. The critical light dose responsible for photodynamic effect
achievement was contributed by laser diode radiation with
λ=630+/-5 nm.

3.2. Spectroscopic FD

Spectroscopic control of PDT was carried out via fiber-optic spec-
trum analyzer LESA-01-BIOSPEC (Fig. 2) by quantitative registration of
5-ALA-induced protoporphyrin IX fluorescence intensity. PS fluores-
cence was excited by a laser diagnostic radiation source with a wave-
length of λ=632.8 nm, and with power on the output of fiber tip set to
Pex=4–5mW. Monitoring the development of the lesion area was
performed using a diagnostic fiber-optic probe with emitting and re-
ceiving fibers. Laser radiation supply on zones of interest was provided
using optical fiber. Passing an optical path in biotissue, photons migrate
along a "banana" shaped trajectory and are registered by receiving fi-
bers connected to a spectrometer. Once a signal is obtained it is then
processed using dedicated spectrometer software.

4. Results

Despite the variety of methods for PS application, intravenous ad-
ministration is associated with high drug costs and sensitization of the
whole organism. Therefore, topical drug administration is a preferred
method for the local procedure. Protocol parameters carried out in this
study demonstrated a significant positive result. The concentration of 5-
ALA 0.5% was selected empirically by conducting numerous experi-
ments on volunteers diagnosed with leukoplakia. Optimal PS dosage
providing the maximum therapeutic and minimal pain effect was
achieved by testing 5-ALA solutions of different concentrations.

High fluorescent contrast (red glow observed in blue light) relative
to surrounding tissue is the result of ALA-induced protoporphyrin IX
accumulation. This property provides a visual assessment to help de-
termine the amount of lesions and their boundaries. Color and fluor-
escent images of leukoplakia region were obtained before PDT (Fig. 3).
At the end of the PDT session, "photobleaching" effect was observed
which manifested when the reduction of visible fluorescence drug in-
tensity decreased by up to 30%. The result of visual FD indicated a
heterogeneous nature of examined lesions.

Spectroscopic FD was conducted by probing fluorescent foci identi-
fied by visual FD. Drug concentration in different pathological tissue sites
varied based on quantitative spectroscopic results. Lesion area with
maximum fluorescence was categorized as a control zone, and single PDT
session efficiency was assessed by PS photobleaching after combined
continuous-pulse irradiation of pathological centers. Fig. 5 presents a
common characteristic dependency: fluorescence spectra averaged over
one localization (in the control zone) for one patient after 3–4 hours of PS
administration, and immediately after PDT. Optical signal was detected
in the spectral range from 600 to 800 nm and included scattered laser
excitation peaks. Normalizing obtained spectra by backscattered laser
line allowed quantifying PS amount in tissue.

Fig. 1. LED system with pulsed source based on the gas-discharge lamp for FD
and PDT of skin non-oncological and precancerous diseases. Gas-discharge
lamp (1), LEDs with λ=630 +/- 5 nm (2), LEDs with λ=400+/-5 nm (2).

Fig. 2. Fiber optic spectrometer LESA-01 "BIOSPEC". Laptop with specialized
software, spectrum analyzer (1), laser diagnostic source λ=632.8 nm (2),
fiber-optic diagnostic probe (3).
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It is well known that oxygen is an active agent provoking cells de-
struction and subsequent death induced through necrosis/apoptosis
mechanism. Heat is proven to be synergetic with PDT as micro-
circulation activity that is proportional to oxygen supply increases
during the heating process. During PDT, irradiation temperature of the
exposed surface is increased by 1.6 °C and was recorded using thermal
monitoring with a highly sensitive IR camera.

Healthy tissue existing outside the pathology region accepted as a
norm was free of any drug accumulation as no pronounced fluorescent
signal was detected. Two maximum units of fluorescence spectra re-
gistered in the lesion area correspond to ALA-induced protoporphyrin
IX (λ= 706 nm), and to endogenous porphyrins (λ=690 nm) (Fig. 4).
That enables observation of active PS accumulation in pathological cells
and their increased content of endogenous porphyrins. The intensity of
the fluorescent signal corresponding to both endogenous porphyrins
[38,39] and protoporphyrin IX decreased post-treatment. Endogenous
porphyrins that are a mixture of uro-, copro- and protoporphyrins are
characterized by weaker photodynamic activity, as a more rapid

reduction in intensity of protoporphyrin IX was observed in comparison
with endogenous porphyrins.

Five spectral value characteristics were collected from each of the
70 patients examined by taking measurements in lesion areas that
contained the highest PS accumulation revealed by visual fluorescent
diagnostics. These areas were probed before and after PDT to monitor
the impact of therapy. Data gathered was averaged out over one loca-
lization for an individual (Fig. 4) and two target groups were created
based on the results of pre and post therapy intensity values for each
patient. The first group of patients contributed to a poor outcome as less
than 50% loss of PS concentration values after PDT was observed.
Despite this outcome, the rest of patients did account for beneficial
therapeutic results as PS concentration value after PDT decreased more
than by 50%. In all cases, the standard deviation approach of error
estimation was applied to a set of obtained data values to quantify the
amount of variation. Grouping method was introduced in order to help
clinicians simplify the selection of disease treatment tactics.

PS concentration reduction of 2x or higher in the lesion area was
observed in 60% of patients (Fig. 5a) after PDT and based on previous
studies, a decrease in fluorescence intensity of 2x or higher is a good
prognosis when reflecting on the quality of the conducted therapy
session. 40% of patients (Fig. 5b) showed slight declines of PS con-
centration which can be explained by prolonged drug accumulation due
to the lack of vascular damage during PDT and by possible proto-
porphyrin IX diffuse redistribution.

The suggested assumption could be justified by the sensitivity of
laser line of λ= 632.8 nm used for excitation of PS fluorescence to
hemoglobin at a certain depth. So, by the intensity of the registered
signal it is possible to monitor the dynamics of tissue oxygenation.
Detected scattered back light is inversely associated with absorption of
hemoglobin and oxygen concentration in tissue. Thus, blood flow dis-
turbance accompanied by oxygen reduction leads to an increase in laser
line intensity. To present diagnostics results, spectra were normalized
by laser peak (Fig. 4) in order to see comparisons of pre and post 5ALA-
induced PPIX fluorescence intensity. Data of non-normalized spectra
that characterize the specified results was not presented.

5. Discussion

Because of active light absorption in the upper tissue layers, lower
lesion layers experience a reduction in light intensity. In lesion depths of
10mm or more, lower layers are affected to a lesser extent or not ex-
posed to PDT at all. This causes a significant reduction in the effective-
ness of therapy and may result in a relapse of disease. When this happens,
influencing the entire pathological site including the lowest layers cannot
be enhanced by increasing drug dose administered due to shielding of
lower layers by a highly sensitized surface. Enhancement of photo-
dynamic therapy impact on lower lesion layers has its hardware limita-
tions when increasing the power density of continuous radiation inter-
action with the tissue. Furthermore, the high power density of radiation
may cause overheating of the pathological site and adjacent tissues.

Due to the potential of light dosage applied reaching up to a dozen of
J / cm2 for several milliseconds, pulsed radiation provides high peak
power density that contributes to photobleaching of superficial en-
dogenous and exogenous chromophores. That outcome results in a sig-
nificant decrease of absorption coefficient by surface tissue layers.
Previous studies on phantom models confirmed that simultaneous pulsed
and continuous light exposure leads to an increase in penetration depth
of radiation by 10–15%, and a decrease of patients’ sensitivity to intense
heat during irradiation [40,41]. This phenomenon is theoretically pos-
sible taking into account the existence of triplet long-living level of PS
molecule that can contribute to the clearing effect of the medium.

Spectroscopic non-invasive analysis after PDT session demonstrated
a decrease of fluorescence signal intensity of both ALA-induced proto-
porphyrin IX and endogenous porphyrins, which could have also con-
tributed to obtaining therapy effect. The concentration decrease of PS

Fig. 3. Lesion region before PDT (after 3–4 hours of topical PS application). a-
Visible light image; b - Fluorescent (λex= 405 nm) image.
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within the lesion area after PDT is explained by partial elimination of
PS molecules and the transformation of PS into photo-reduced forms
under the radiation excitation on the wavelength corresponding to the
absorption maximum of PS. These photo-reduced forms are called
“photoproducts” in the literature. Fluorescence intensity reduction in-
dicates that radiation has reached its goal and protoporphyrin IX lo-
cated in cells produced a photodynamic effect. As a result of the pho-
todynamic impact, a portion of generated singlet oxygen was consumed
on inactivation of inflammation cells and destruction of stromal tissue
part, and another portion of it was consumed on the transformation of

PS. Based on previous research experience [42], the simultaneous de-
struction of biological tissue and oxidation of PS occurs during ex-
periments related to PS photobleaching in biological tissues. Further-
more, the percentage ratio between energy used on the elimination of
biological molecules located in PS ‘microenvironment, and energy of PS
itself, depends on the type of surrounding molecules and the enrich-
ment of tissue with oxygen. A comprehensive evaluation of such
parameters was not carried out in this study considering the complex
nature of creating an appropriate experimental model.

Destruction of the stromal part of tissue caused by PDT plays an
essential role in the treatment process. Weak therapeutic effects are
demonstrated in cases of stroma remaining untouched which is con-
firmed by the recovery of fluorescence intensity after PDT (Fig. 5b). A
direct correlation between photobleaching and the effects of therapy
was noticed.

Significant fluorescent signal reductions within the lesion area were
observed in 42 patients after a single therapy session. This is a good
prognosis and indicator for effective treatment. A slight decrease in PS
concentration was registered in 28 cases that can be attributed to the
insufficient vascular damage during PDT and possible protoporphyrin
IX diffuse redistribution. It is permissible to increase the irradiation
dose if the therapy proves to be weak but not without taking into ac-
count the pain threshold of patients.

6. Conclusion

Combined continuous-pulse irradiation mode for vulvar leukoplakia
PDT with a 0.5% 5-ALA application was investigated for the first time in
this study. Phototheranostic sessions were conducted in 70 patients,
who were scheduled to undergo three courses of treatment that con-
sisted of 3 therapy sessions every other day with a one-month interval
between courses. In 7 patients, significant beneficial effects such as itch
relief and visual change regression were observed after the first course
of therapy. A direct correlation between PS photobleaching and the
patients’ ability to heal was also recorded. In no case did the disease
transition into a malignant form while patients were closely monitored
before, during, and after treatment.

Combined continuous-pulse mode of PDT exposure accompanied by
topical 0.5% 5-ALA application is a promising approach towards
treatment of pathological vulvar diseases and an effective way to pre-
vent the development of cancerous vulvar transformations against the
background of illness. Described in this study technique is characterized
by methodological simplicity of execution, selective influence on

Fig. 4. Fluorescence spectra of healthy tissue, lesion region before (after 3–4 hours of topical PS application) and after PDT session. Spectra are averaged over one
localization (for a zone with maximum fluorescent contrast) for one particular patient.

Fig. 5. Level of PS concentration in the lesion region before (after 3–4 hours of
topical PS application) and after PDT session. A – in 60% of patients; b – in 40%
of patients. Histograms are presented for zones with maximum fluorescent
contrast.
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pathological tissues, the absence of adverse reactions and complica-
tions, and excellent cosmetic effect. Also, improved PDT treatment
approach is less time-consuming and provides with an opportunity to
carry out theranostics daily in 20 patients.
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