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СОНОДИНАМИЧЕСКАЯ И СОНО-
ФОТОДИНАМИЧЕСКАЯ ТЕРАПИЯ В ОНКОЛОГИИ 

Д.А. Церковский, Е.Л. Протопович, Д.С. Ступак
Республиканский научно-практический центр онкологии и медицинской радиологии  
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SONODYNAMIC AND SONO-PHOTODYNAMIC THERAPY 
IN ONCOLOGY
Tzerkovsky D.A., Protopovich E.L., Stupak D.S.
N.N. Alexandrov National Cancer Centre of Belarus, Lesnoy, Republic of Belarus

Резюме
В представляемой публикации авторами произведен анализ результатов применения сонодинамической и соно-фотодинамиче-
ской терапии с фотосенсибилизирующими агентами различных классов (гематопорфирин, 5-аминолевулиновая кислота, произво-
дные хлорина и др.) в экспериментальных исследованиях и клинической онкологии. В ряде in vitro и in vivo исследований доказана 
высокая противоопухолевая эффективность указанных выше методов лечения. Ультразвуковое воздействие с частотой импульсов 
1–3 МГц и интенсивностью от 0,7 до 5 Вт/см2 в отдельности и в комбинации с фотооблучением экспериментальных опухолей, позво-
ляет существенно повысить эффективность лечения. Это стало основой для апробации методов у пациентов со злокачественными 
новообразованиями различных локализаций. Учеными из стран Юго-Восточной Азии представлены предварительные результаты 
применения сонодинамической и соно-фотодинамической терапии с фотосенсибилизаторами в лечении злокачественной патоло-
гии молочной железы, желудка, пищевода, предстательной железы, легкого и головного мозга. Анализ полученных данных свиде-
тельствует об отсутствии серьезных нежелательных явлений и повышении противоопухолевой эффективности лечения, в которое 
были включены данные методы лечения с фотосенсибилизаторами хлоринового ряда.

Ключевые слова: сонодинамическая терапия, соно-фотодинамическая терапия, фотосенсибилизаторы, злокачественные ново-
образования. 
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Abstract
In the present publication, authors have analyzed the results of using sonodynamic and sono-photodynamic therapy with photosensitizing 
agents of various classes (hematoporphyrin, 5-aminolevulinic acid, chlorin derivatives, etc.) in experimental oncology. In a number of in vitro and 
in vivo studies, the high antitumor efficacy of the above treatment methods has been proven. Ultrasonic treatment with a pulse frequency of 
1–3 MHz and an intensity of 0.7 to 5 W/cm2, independently and in combination with photo-irradiation of experimental tumors, can significantly 
improve the cytotoxic properties of photosensitizers. This became the basis for testing the methods in patients with malignant neoplasms of var-
ious localizations. Scientists from South-East Asia presented the preliminary results of the use of sonodynamic and sono-photodynamic therapy 
with photosensitizers in the treatment of malignant pathology of the mammary gland, stomach, esophagus, prostate, lung and brain. Analysis of 
the obtained data indicates the absence of serious adverse events and an increase in the antitumor efficacy of treatment, which included these 
treatment methods with chlorin-type photosensitizers.
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Introduction
Currently, the possibility to use ultrasonic radiation 

(US) as an antitumor agent is studied extensively. The 
study of biological effects of ultrasonics with various 
frequencies, intensities and durations of action showed 
that US has a corresponding activity [1, 2]. 

According to some authors, US with a pulse rate of 
0.5–3 MHz and an intensity of 0.5–5 W/cm² can increase 
cytotoxicity of various chemotherapeutic agents associat-
ed with an increase in permeability of the cell membranes 
and action of effects such as cavitation, hyperthermia and 
sono-induced free-radical oxidation of the tumor cell bio-
logical structures [3–5]. The new specialty has been called 
“sonodynamic therapy” (SDT), and such agents are com-
monly called sonosensitizers (SS). Radiosensitizers (dimex-
ide, metronidazole) and a number of chemotherapeutic 
agents (bleomycin, adriamycin, cisplatin, etoposide, 5-flu-
orouracil, etc.) belong to the SS class in the first place [6, 7].

However, in the early 1990s, a research group from 
Tokyo guided by T. Yumita [8] published the early results 
confirming the high efficiency of SDT with a photosensi-
tizer (PS) hematoporphyrin. 

In recent years, results of in vitro and in vivo studies 
have been published showing great antitumor effects of 
the proposed method in the treatment of various specific 
forms of malignant tumors (breast cancer, lung cancer, 
liver cancer, colorectal cancer, pancreatic cancer, soft tis-
sue sarcoma, skin melanoma, osteosarcoma, ascitic forms 
of ovarian neoplasms, leukemias, gliomas [4, 9]). The key 
findings of these studies are listed in Tables 1 and 2.

In a number of publications, authors provided data on 
synergistic enhancement of the cytotoxicity of photosen-
sitizers on combined exposure of several physical factors 
(ultrasonic and laser radiation) to a sensitized tumor cell 
[1, 4, 32–34]. This specialty was called sono-photodynamic 
therapy (SPDT). The results of main studies using SPDT 
with sonodynamic exposure are shown in Table 3.

The main mechanisms of SPDT
The antitumor sono-photodynamic effect is based 

on reactions that develop:
1. during photodymamic therapy: – direct cytotoxic 

effects due to free-radical oxidation of biological struc-
tures (Fig. 1) [43, 44]; 

– disturbance in the blood supply to the tumor tis-
sue due to damage to the endothelium of blood vessels 
feeding the tumor (Fig. 1) [43-45];

– activation of components of the immune system 
(Fig. 1) [43-45].

2. during sonodynamic therapy:
–  physical processes (Fig. 2) [1, 2, 46];
–  physicochemical processes (Fig. 2) [1, 2, 46];
–  biological reactions (Fig. 2) [1, 2, 46].  
The results of all the above reactions proceeding in 

a tumor cell on combined exposure of photosensitizing 

agents, ultrasonic and laser radiation are apoptosis, ne-
crosis and autophagy [1, 2, 43–46]. 

Apoptosis develops due to the action of sonodynam-
ic and photodynamic effects at a low radiation intensity, 
while necrosis develops when high-intensity radiation 
is used. In the former case, the triggering mechanism is 
disruption of lysosomal and mitochondrial membranes 
leading to the rapid release of mitochondrial cytochrome 
C into cytosol followed by the apoptosome and procas-
pase-3 activation [1,2, 43–46]. In the latter case (specific 
to photodynamic effects), the triggering mechanism is 
damage to components of the tumor microvasculature 
with the development of vascular stasis, thrombosis and 
congestion. According to most authors, the key factor 
triggering the necrosis process is the formation of an 
increased concentration of Ca2+ ions in cytoplasm due 
to disruption of mitochondrial membranes and endo-
plasmic reticulum. The above mentioned ions activate 
cysteine proteinases – calpains – leading to the destruc-
tion of lysosomes and the release of lysosomal enzymes 
(cathepsins) followed by the start of calpain-cathepsin 
necrosis pathway driving tumor cell death [43, 44]. 

Clinical testing of SPDT in patients with malignant 
tumors

A few authoring teams make the first attempts to use 
SDT and SPDT in a clinical setting. Preliminary results have 
been obtained showing the efficiency and safety of the 
proposed method in the treatment of metastatic breast 
cancer, head and neck tumors, colorectal cancer, lung tu-
mors, esophageal cancer, prostate tumors [33, 47-49].

T. Inui et al. reported on the successful follow-up of 
a patient with terminal breast cancer with skin invasion 
after previous surgical treatment (October 2011) treated 
with Gc protein-derived macrophage-activating factor 
(GcMAF; intramuscularly; 0.5 ml 2 times a week, 21 admin-
istrations), hormonotherapy with the aromatase inhibitor 
Exemestane (Aromasin, 25 mg/day, orally) and 19 sessions 
of SDT with chlorine e6 (25 mg/kg, intravenously) and 
5-aminolevulinic acid (10 mg/kg, orally) photosensitizers. 

In January 2013, the progression of the disease was de-
tected in the patient on the basis of suction biopsy data 
with the development of corresponding clinical picture 
(cough, pain, swelling right arm). The results of PET/CT 
(June 2013) showed the presence of a metastatic tumor 
of soft tissues in the axillary region, permeation along the 
spinal cord, an intrapleural nodular tumor component 
and metastatic pleurisy on the right side. After the conser-
vative treatment, the regimen of which is indicated above, 
the PET/CT examination data (September 2013) showed 
a significant decrease in the size of tumors in axillary and 
intrapleural regions. Signs of metastatic pleurisy were not 
detected. No serious adverse events were observed [48].

X. Wang et al. reported on the outcomes of treatment 
of 3 patients with metastatic breast cancer treated using 
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Рис. 1. Механизм некроза при ФДТ (Goldman M.P., 2010)
Fig. 1. PDT-induced necrosis (Goldman M.P., 2010)

Рис. 2. Механизмы, лежащие в основе сонодинамической 
терапии
Fig. 2. Mechanisms of sonodynamic therapy
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the SPDT method with the Sonoflora 1 PS (chlorophyll 
derivative, 30–60 mg, subglossally, 2–3 days). Photoradi-
ation was carried out in a low-intensity mode using laser 
equipment with a radiation wavelength of 630 nm (light 
dose was 36 J/cm2; power density was 20 mW/cm2; du-
ration was 30 min), ultrasonic treatment was conducted 
with a frequency of 1 MHz and an intensity of 2 W/cm2 
for 20 minutes. The therapy began 3–4 days after the PS 
administration and lasted 3 days. The treatment was re-
peated every 1–2 weeks.

Patient 1 had the progressive breast carcinoma after 
surgical treatment, chemoradiation therapy, Herceptin, 
Zometa courses, etc. After 3 SDT sessions, the relief of 
clinical symptomatology and the partial response were 
detected (according to the data from PET/CT). Patients 2 
and 3 had the progressive breast carcinoma with meta-
static lesions appearing in internal organs. After 2 SDT 
sessions, the partial response were reported (according 
to the data from PET/CT). 28 months after the treatment, 
distant metastases were not detected [50, 51]. 

L. Q. Li et al. presented the first case of using SPDT 
with the Sonoflora PS (subglossally, on the 1st and 2nd 
day) in 7 patients with esophageal and gastric adenocar-
cinomas at the ASCO Annual Meeting in 2014. From the 
4th to the 6th day, both the tumor growth zone and the 
patient’s entire body were exposed to the photoradia-
tion and ultrasound. In 2 patients, no adverse reactions 
were noticed. In 5 patients, there were adverse events of 
the 1st and the 2nd grade (moderate pain, burns), which 
were easily relieved. The complete regression rate was 
42.8% (n=3), the partial regression rate was 42.8% (n=3), 
and no effect was in 1 patient. The objective therapeutic 
effect was 85% [49].

D. Murphy et al. from the Skills Laboratory RACS (Mel-
bourne, Australia) presented the results of the phase one 
clinical trial using SPDT with the Radochlorin, Sonnelux 
and Photosoft photosensitizers in the treatment of 66 
patients with prostate cancer after the curative surgi-
cal treatment. The photosensitizers were administered 
subglossally or orally 16–24 hours before the treatment. 
Photoradiation parameters: the maximum power was 2 W, 
the absorbed dose of light was 4000-5000 J. Ultrasound 
parameters: 1 W. The treatment was conducted through 
transrectal, transurethral and percutaneous approach-
es. The maximum session duration was 25 minutes. The 
course of treatment included 3 procedures per week and 
was repeated twice for 12 months. The morbidity was 
1.5% (n=1 is an urethral stricture). The authors noted the 
relief of clinical symptoms of the disease, the stabilisation 
or reduction of PSA after 6 months, the decrease in pros-
tate volume and the absence of erectile dysfunction [52].

In 2009, J. N. Kenyon from The Dove Clinic (Hamp-
shire, England) published the outcomes of treatment of 
115 patients with malignant tumors (n=31, breast cancer; 
n=14, inoperable lung cancer; n=13, colon cancer; n=8, 
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treatment of this severe disease and expand the range of 
therapeutic options [53]. 

During the study in our clinic, we tested the method 
of intraoperative SPDT with the chlorine based PS in 15 
patients with recurrent glioblastoma. Methodology: 
the photolon solution was administered to patients via 
IV infusion at a dose of 2–2.5 mg/kg 30 minutes before 
the end of the surgery in the form of total or near-total 
resection of the recurrent tumor. After the infusion, the 
tumor bed was filled with 0.9% saline solution, then local 
ultrasonic treatment was conducted with a pulse rate of 
1 MHz and a radiation intensity of 1 W/cm2 for 10 minutes 
(Phyaction USTH 91, GymnaUniphy N.V., Bilzen). At the 
second stage after meticulous hemostasis, photoradia-
tion of the tumor bed and walls was performed at light 
doses of 50–100 J/cm2 using a laser apparatus generating 
radiation with a wavelength of 660±5 nm (UPL-FDT, Imaf 
Axicon, Belarus). The adverse reaction rate was 20% (n=2, 
convulsive disorder; n=1, cerebral edema with the devel-
opment of hemiparesis and paresthesias). All adverse 
events corresponded to grades 1-2 of the СTCAE criteria 
(Version 4.0), were easily relieved and were not directly 
related to the sono-photodynamic therapy. The median 
overall survival of deceased patients was 23.1 months; 
the median survival after SPDT was 8.2 months [54].

Conclusion
As indicated by results of the experimental studies in 

cell culture and laboratory tumor-bearing animals pre-
sented in the literature, SPDT is an efficient option for an-
titumor treatment of various specific forms of malignant 
tumors [35-42]. Currently, several research teams are tak-
ing the first steps in testing the method in a clinical set-
ting. The scientists from the South-East Asia presented 
preliminary results of using SPDT with photosensitiz-
ing agents in the treatment of malignant lesions of the 
breast, stomach, esophagus, prostate, lung and brain. 
The analysis of the obtained data indicates the absence 
of serious adverse events and increase in antitumor ef-
fects of the treatment regimens that have included SPDT 
with chlorine based photosensitizers [48–54].

prostate cancer; n=6, ovarian cancer; n=6, lymphoma; 
n=4, head and neck tumors; n=4, esophageal cancer; 
n=3, cervical cancer, n=3, gliomas, etc.) using SPDT with 
the Sonnelux-1 metallo-chlorine agent as a PS. The sub-
lingual administration of the PS was slow and lasted for 
2–5 hours. Photoradiation was performed using lasers 
with radiation wavelengths of 660 nm and 940±30 nm, 
ultrasonic treatment was conducted with a pulse in-
tensity of 1 W/cm2. The course of treatment included 3 
sessions. The authors noted the high tolerability of the 
method and the absence of serious adverse events. The 
detailed description of findings upon survival criteria can 
be found in the publication [33].

Zhang W. et al. published the results of the pilot study 
involving the use of SPDT combined with chemotherapy 
in the treatment of 12 patients with metastatic (brain, in-
ternal organs, bones) breast cancer. SF1, SFa and UF chlo-
rophyll derivatives were used as photosensitizing agents. 
Ultrasonic treatment was conducted both in continuous 
and pulsed modes with a pulse intensity of 1±10% MHz 
and an intensity of 2 W/cm2 for 20–40 minutes daily 4–6 
days after the sublingual administration of the PS and 
immersion of patients into a special water bath. The ra-
diation was supplied to both nidi and the patient’s entire 
body from 125 specially designed ultrasonic applicators. 
Photoradiation was carried out using laser equipment 
in a low-intensity mode (λ=554 nm, 45 mW/cm2) for 30 
minutes daily. 9 of 12 patients received additional che-
motherapy treatment (according to standards of treat-
ment accepted in the research centre). The number of 
SPDT courses was 1–4: 3 courses of SPDT in the mono 
mode, 9 courses of SPDT + chemotherapy. The median 
follow-up time was 34 months (9–68). Detected adverse 
events corresponded to grades 1-3 (CTCAE, version 3.0): 
weakness, pain in the nidus area, etc.). The therapeutic 
response was observed in 75% of cases, the complete re-
gression rate was 16.7%, the partial regression rate was 
58.3%, and the stabilisation was observed in 25% of cas-
es. The authors concluded that the inclusion of SPDT in 
the comprehensive treatment regimen for patients with 
metastatic breast cancer can improve the outcomes of 
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