
Research Article

Vol No: 05, Issue: 01
Received Date: Mar 09, 2020

Published Date: May 14, 2020

Quanshi Zhang1 

Guiping Xiao1

Qiyin Sun1

Jun Zeng1

Liang Wang1

Lili Chen2

Chang-Ming Charlie Ma2*

1Radiotherapy Centre, Wuxi Yiren Tumor Hospital, 
Beijing, 100176, China

2Department of Radiation Oncology, Fox Chase 
Cancer Center, Philadelphia, PA 19111, USA

Chang-Ming Charlie Ma*

Department of Radiation Oncology, Fox Chase 

Cancer Center, Philadelphia, PA 19111, USA.

E-mail: Charlie.Ma@fccc.edu

MATHEWS JOURNAL OF 
CANCER SCIENCE

Investigation of the Mechanisms of 
Radio-Dynamic Therapy
ABSTRACT

Purpose: Photodynamic therapy (PDT) uses light-activated drugs to 
treat diseases ranging from cancer to age-related macular degeneration 
and antibiotic-resistant infections. The fini e penetration depth of light 
has limited the clinical application of PDT. This work investigates the 
substitution of light in PDT using Cerenkov light induced by 45MV photon 
beams from the LA45 therapy accelerator. This new treatment technique 
has been named radio-dynamic therapy (RDT) and this paper investigates 
the dosimetric requirement of RDT.

Method: Cerenkov light and its spectrum induced by 45MV x-ray beams 
from a LA45 therapy accelerator, was simulated with the Monte Carlo 
method. The excitation efficie y of Cerenkov light in RDT was theoretically 
studied and compared with the excitation efficie y of external laser light 
in PDT. Experiments were carried out to enhance the excitation efficie y 
for singlet oxygen production with specific coenzymes as substrates. These 
results were compared with previous experimental work reported in the 
literature.

Results: Our Monte Carlo results showed that the intensity of Cerenkov light 
induced by 45MV photons from a LA45 accelerator was 5-8 times of that 
induced by 6MV photons from conventional radiotherapy accelerators. The 
excitation effect for the homogeneous internal Cerenkov light distribution 
induced by 3DCRT was over 10 times of that by external laser light that 
is nearly exponentially attenuated in conventional PDT. According to 
the Soret-Band resonance absorption theory, Cerenkov light induced by 
45MV X-rays, which is peaked at 370 - 430nm, can be 10-20 times more 
effective in activating PpIX to produce singlet oxygen than the 630nm laser 
light used in conventional PDT. Finally, the specific coenzyme enhanced 
excitation efficie y by 3 times. Furthermore, RDT is delivered with 3DCRT 
using 45MV photons from LA45 accelerators (3- 6Gy/fraction, 1fraction/
week, 4~6weeks). This fractionated radiotherapy had a synergetic effect on 
the outcome of Cerenkov-induced PDT.

Conclusion: Our results indicated that the light dose and fluen e rate of 
RDT using Cerenkov light from 45MV x-rays was comparable to that in 
conventional PDT using the 630nm laser light. Combining the therapeutic 
effect of Cerenkov-induced PDT and the deep penetration and conformity 
of high-energy x-ray RT, RDT may be developed into a potential treatment 
modality for a wide range of cancers at various stages as well as for other 
diseases.
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INTRODUCTION

Photodynamic therapy (PDT) uses light-activated drugs to 
treat diseases ranging from cancer to age- related macular 
degeneration and antibiotic-resistant infections. Over the 
years, PDT has developed into an important treatment 
modality for superficial and shallow cancers [1]. PDT involves 
the administration of a tumor-targeting photosensitizer or 
photosensitizer prodrug (e.g. 5-aminolevulinic acid [5-ALA], 
a precursor in the heme biosynthetic pathway) and the 
subsequent activation of the photosensitizer by light. The 
photosensitizer can accumulate selectively within tumor 
tissues and absorb visible light and subsequently transfer 
most of the absorbed energy to oxygen molecules. This 
process converts the oxygen into some relatively strong active 
oxidizing agents; such as singlet oxygen. Singlet oxygen can 
destroy cell structure and block the delivery of nutrition to the 
cell. However, due to limited visible light depth penetration 
(usually, the effici t treatment depth is less than 7mm), PDT 
has not been extensively utilized clinically.

Various methodologies and technologies have been 
developed to expand the clinical application of PDT [1-4]. 
Traditional improvements include delivery of light directly 
into targets via an applicator; invasive procedures, such as 
fibe -optic delivery in interventional therapy or endoscope-
accessible light source; and intra-cavitary irradiation [5,6]. Such 
methods are time-consuming, invasive, and inconvenient. An 
additional disadvantage is the difficu y to maintain sterile 
conditions over a prolonged period of time. There are also 
novel emerging techniques that deliver light via other agents. 
Kotagiri N, et al. [3] used the light emitted from the 18F-FDG 
PET tracer and Hartl BA, et al. [7] used the light emitted from 
the radionuclide, Yttrium-90, to activate photosensitizers and 
create singlet oxygen for deep tumor treatment. Although 
the light emitted from the 18F-FDG substituted external light 
in PDT to kill cancer cells effectively in mice [3], the work by 
Glaser AK, et al. [8] indicated that the intensity of light created 
from the 18F-FDG is very weak and currently insuffici t to 
apply clinically. For phototherapy applications, MC simulation 
outcomes [8] showed that the total light dose was found 
to be on the order of nJ cm−2 for radionuclides and mJ cm−2 
from radiotherapy beams on conventional Linacs. In a recent 
study by Justus A, et al. [4], psoralen was activated by UV light 
emitted from novel non-tethered phosphors under kV x-ray 
irradiation. Copper cysteamine (Cu-Cy) nanoparticle is a new 
type of photosensitizer that can be effici tly activated by kV 
x-ray or microwave to produce the singlet oxygen for cancer 

treatment [9,10]. Scintillation or persistent luminescence 
nanoparticles with attached photosensitizers such as 
porphyrins are used as an in vivo agent for photodynamic 
therapy [11]. Upon exposure to ionizing radiation such as 
kV X-rays, the nanoparticles emit scintillation or persistent 
luminescence, which, in turn, activates the photosensitizers 
as porphyrins. Upconverting nanoparticles (UCNP) use similar 
principles but instead the near-infrared light is employed 
as the activation source instead of X-rays [12,13] . Although 
these methods have shown some positive results in vivo, the 
penetration depth for kV X-rays or microwaves is still limited.

Both the traditional improvements and emerging techniques 
have disadvantages and limitations. Therefore, research 
efforts have increased to develop an alternative to laser light 
in conventional PDT to overcome its limited penetration 
depth. Light emission occurs when a charged particle 
moves faster than the speed of light in a given dielectric 
medium. This phenomenon was experimentally discovered 
by Cerenkov PA, et al. in 1934 [14] and subsequently named 
Cerenkov light. At present, Cerenkov light has mainly been 
used in two fields of medicine: 1) Optical molecular imaging 
(Cerenkov Luminescence Imagin, CLI) for diagnosis [15-21] 
and oxygen assessment [22,23] and 2) The Position and 
dosimetry verific tion for radiotherapies, such as electronic 
portal imaging [24] and image-based dosimetry applications 
[25-27]. Additionally, Helo Y, et al. [28] reported the feasibility 
of applying Cerenkov light imaging in proton therapy.

In this work, we investigate the use of Cerenkov light induced 
by 45MV X-rays from a LA45 accelerator to replace laser light 
in PDT to activate photosensitizers (5-ALA with catalase’s 
substrate coenzyme) to produce singlet oxygen to destroy cell 
structure and to block the delivery of nutrition to the cell. This 
treatment is called Radio-Dynamic Therapy (RDT) as reported 
in the publications [29,30,31]. RDT overcomes the limitation 
of laser/visible light penetration in PDT because 45 MV X-rays 
can penetrate effectively through bones and soft tissues and 
generate Cerenkov light in deep-seated tumors.

MATERIAL AND METHODS

Theoretic Analysis

Cerenkov light is a threshold reaction for a charged particle 
and the threshold energy is given by

                                 βn > 1;                                                     (1)

Where n is the refractive index and β is defined as
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Cerenkov light will be emitted while the velocity of a charged 
particle in the media is greater than the phase velocity of light 
in the medium. In water, the threshold energy of electrons is 
0.264 MeV. However, in tissue, the threshold energy is 0.219 
MeV for a refractive index (n) of 1.4. Several radioisotopes used 
in biomedical imaging [15,18] satisfy the Cerenkov energy 
criterion in equation (1).

Further studies by Ilya Frank and Igor Tamm [32] predicted the 
number N of Cerenkov photons emitted within a wavelength 
interval in the case of λ1 < λ2 based on the path length x of an 
electron:

 

Two conclusions can be drawn from this equation: 1) higher 
energy particles will generate stronger Cerenkov light, and 2) 
the peak of Cerenkov light spectrum is between ultraviolet 
(UV) and blue.

A photon cannot directly produce Cerenkov light. However, 
Cerenkov light can be generated by secondary particles such 
as electrons or positrons as a result of photon interactions with 
a medium (Compton Effect, Pair productions, photonuclear 
interactions) in which the velocity of such secondary charged 
particles is greater than the phase velocity of light in the 
medium.

The LA45 Accelerator and Definition of Radio-Dynamic 
Therapy

In this work, Cerenkov light is induced from a high energy 
racetrack accelerator LA45 (Topgrade HC, Beijing, China), 
which can accelerate electrons up to 45MeV and produce 
45 MV X-rays using a tungsten target [33]. Comparing with 
conventional Linacs in radiotherapy, the LA45 accelerator 
produces higher energy X-rays and leads to more significa t 
Cerenkov light. Hence, it has the potential to replace laser light 
in PDT to activate photosensitizers to produce singlet oxygen. 
It is a Cerenkov- induced PDT by high-energy X-rays. To 
enhance the singlet oxygen production, a patented coenzyme 
has been added to the photosensitizers as a substrate for 
catalytic action. The 45MV X-rays are delivered to the tumor 
target using 3D conformal radiation therapy (3DCRT), 3-6Gy/
fractions, 1 fraction/week, 4~6weeks. Before the 3DCRT 
treatment, a small dose of 5-10 cGy is delivered to the entire 

body of the patient (TBI: 5-10 cGy) to initiate and stimulate 
the immunological response of the total body and to improve 
the cell function. Therefore, RDT combines Cerenkov-induced 
PDT and radiation therapy into one treatment modality. The 
main effect is believed to be from Cerenkov- induced PDT 
and it is further synergistically enhanced by radiation therapy. 
Accordingly, there are three key elements in RDT, 45MV 
X-rays (the LA45 accelerator), photosensitizer and patented 
coenzyme.

As charged particle energy increases, the intensity of Cerenkov 
light significa tly increases. The number of electrons from a 
clinical accelerator is 3 to 5 orders greater than that from the 
isotopic β- emitters. Therefore, the number of Cerenkov light 
photons from a clinical accelerator is at least 2 to 3 orders 
higher than that from isotopic β-emitters with energies less 
than 1 MeV typically [34]. This may explain why Cerenkov light 
created by isotopic β-emitters, such as 18F-FDG and Yttrium-90, 
is not suffici t for clinical PDT applications.

Furthermore, Cerenkov light produced from conventional 
Linac beams (beam energies below 15MV) is mainly 
by charged particles in the beam or created by direct 
photon interactions, e.g. Compton interactions and Pair 
productions, which is an instant emission, about 10-16 sec 
(the fast component). For 45MV photon beams from a LA45 
accelerator, however, there is also a slow component due to 
charge particles, e.g. positrons emitted by radionuclides 11C 
and 15O produced by photonuclear reactions by 45 MV X-rays, 
similar to that by 18F-FDG PET tracers. The slow component is 
a continuing emission process that may last several minutes 
or several hours. The emission time depends on the half-life of 
the radionuclides. The continuing Cerenkov light emission is 
beneficial to RDT. The photonuclear reactions are the threshold 
reactions. The photonuclear reactions in conventional clinical 
accelerators are very low because its x-ray energy is less than 
the threshold energy.

Monte Carlo Simulation

We performed MC simulations of the LA45 accelerator to 
obtain the energy spectra of 5 and 45MV photon beams and 
then simulated Cerenkov light production in a water phantom 
using the GEANT4 code for various energies of electrons, 
positrons, and photons. The Geant4 code used in this work was 
GEANT4 9.6.0 - Optical Photon Process - Cerenkov Effect. The 
dimensions of the water phantom were 30cm × 30cm × 30cm. 
Charged particles were isotropically ejected from the center 
of the water phantom with monoenergetic energies from 0.2 
MeV to 50 MeV. The simulated particle histories (counts) were 
100,000 for photons and 10,000 for positrons and electrons for 

(2)

(3)
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every energy level, respectively. The simulated counts for the 
5 and 45 MV X-ray spectra from the LA45 accelerator were also 
100,000.

RESULTS AND DISCUSSION

Monte Carlo Simulation

The simulated Cerenkov light emission from monoenergetic 
electrons, positrons and photons in water as a function of 
energy are shown in figu e 1. The numbers of Cerenkov light 
photons generated by monoenergetic electrons, positrons 
and photons in water are also listed in table 1.

Figure 1: Cerenkov light emission from monoenergetic electrons/positrons/
photons in water.

Table 1: The number of Cerenkov light photons induced by monoenergetic 
photons, electrons, and positrons in water.

Energy 
(MeV) Photon Electron Positron

0.5 0.27 14.2 15.3
1.0 18.4 83.3 86.1
5.0 315.6 810.9 819.1

10.0 605.8 1719.2 1701.0
20.0 1111.1 3424.5 3344.3
50.0 2384.5 7878.8 7560.9

The energy spectra of 45/5MV X-rays from the LA 45 
accelerator are shown in figu e 2 and 3, respectively. The ratio 
of Cerenkov photons generated by 45MV and 5MV X-rays from 
the LA 45 accelerator are listed in table 2. The ratio of Cerenkov 
light generated by 50MeV and 5MeV monoenergetic photons 
in water is also listed in table 2.

Table 2: The ratio of Cerenkov light photons generated by 45MV and 5MV x-ray 
beams from the LA 45 accelerator in a water phantom and the ratio for 50MeV and 
5MeV monoenergetic photons. * Monoenergetic photon.

Incident Radiation Ratios

45/5 MV 5.54

50/5 MeV*      7.56

Figure 2: The energy spectrum of a 5MV x-ray beam from the LA45 accelerator.

Figure 3: The energy spectrum of a 45MV x-ray beam from the LA45 accelerator.

According to figu e 1, the intensity of Cerenkov light will 
increase with the energy of the incident particles, and, in 
particular, will drastically increase at lower energies (below 2 
MeV). The threshold energy for electrons and photons is 0.22 
MeV and 0.26 MeV, respectively. These are consistent with the 
results calculated from Equations (1) and (2). Since photons 
are not charged particles, Cerenkov light induced by photons 
is a result of secondary charged particles. Hence, Cerenkov 
light intensity by photons is less than that by the same energy 
electrons. However, Cerenkov light by positrons does not have 
a threshold. For positrons of energies < 0.22 MeV, the intensity 
of Cerenkov light remains unchanged. This is mainly because 
any positron can be annihilated with surrounding electrons 
and emits 0.511 MeV photons and, in turn, these photons 
can produce Cerenkov light through secondary charged 
particles from the photoelectric effect, Compton Effect, and 
Pair production.

The results in table 2 indicate that Cerenkov light from a 45MV 
x-ray beam or 50MeV monoenergetic photons is 5-8 times of 
that from a 5MV X-ray beam or 5MeV monoenergetic photons. 
This suggests that higher energy X-rays are more effective 
in Cerenkov light generation. The spectra of Cerenkov light 
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from 5 MV and 45 MV X-rays was calculated using the MC 
method. Figure 4 shows the normalized spectral distributions 
for both X-ray beams. It shows that the intensity of Cerenkov 
light decreases with the wavelength from 300 to 650nm. 
The highest intensity of Cerenkov light is in the UV region. 
The normalized spectra of Cerenkov light from 5MV and 
45MV X-rays are identical, which is consistent with previous 
observations [25,26,35,36]. As shown in figu e 4, the intensity 
of Cerenkov light at 300nm and 400nm equals nearly 5.5 and 
three times the intensity at 630nm wavelength, respectively. 
This also suggests that radiation-induced Cerenkov light is 
more effective than laser light at 630nm, which is the common 
light source used in conventional PDT.
        

Figure 4: The normalized spectra of Cerenkov light from 5/45MV x-rays in water.

The Resonance Absorption of Ppix’s to Cerenkov Light
Protoporphyrin IX (PpIX) is an endogenous photosensitizer, 
which shows strong absorption characteristics in the UV 
region, from 370nm to 430nm, and peaked at 405nm. This 
resonance absorption is called Soret Band [37].

PpIX is derived from the photosensitizer prodrug, 
5-aminolevulinic acid (5-ALA), a precursor in the heme 
biosynthetic pathway. Although several photosensitizers 
other than 5-ALA-derived PpIX have been used in clinical PDT, 
5-ALA-based PDT has garnered increased interest in clinical 
PDT research during the past decades. Some studies [38,39] 
have shown that higher accumulation of 5-ALA-derived PpIX in 
rapidly proliferating cells may provide a biologic rationale for 
the clinical use of 5-ALA- based PDT and diagnosis. Therefore, 
we have selected PpIX derived from the photosensitizer 
prodrug, 5-ALA as the photosensitizer in this work.

Figure 5 shows the excitation spectra of PpIX and the strong 
resonance absorption of Soret-Band at 400nm and 405 nm 
in methanol and tissue, respectively [39]. It is apparent that 
the absorption efficie y during 370- 430nm is much greater 
than the absorption efficie y at 630nm, which is the laser 

light wavelength commonly used in clinical PDT. The peak at 
400/405nm is at least 20-30 times higher than that at 630nm.
As seen from 5.1, the highest intensity of radiation-induced 
Cerenkov light is in the UV region, overlapping with the peak 
excitation values for PpIX in tissue from 370nm to 430nm. 
By integrating the PpIX excitation values in figu e 5 with the 
Cerenkov spectrum induced by 45MV X-rays in figu e 4, we 
can see that radiation-induced Cerenkov light is 15 times 
more effective in activating PpIX than commonly used 630nm 
laser light.

Figure 5: The excitation spectra of PpIX in methanol (left) and tissue (right), 
respectively 39.
  
                                        

Figure 6: The fluen e rate distribution in tissue as a function of the distance from 
the light source, which is placed at the tissue surface.

Homogeneous Inner Excitation of Photosensitizers by 
Cerenkov Light in RDT
In RDT, the tumor target is treated using 3DCRT with 
45MV X-rays, which will create a nearly uniform X-ray dose 
distribution within the treatment volume. This process also 
results in a nearly homogeneous Cerenkov light distribution 
in the tumor target because Cerenkov light is generated 
by charged particles that also determine the X-ray dose 
distribution. Consequently, the excitation of photosensitizers 
by Cerenkov light is nearly homogeneous inside the treatment 
volume and, therefore, Cerenkov light can be regarded as an 
internal homogenous light source.
 
In conventional PDT, however, the tumor target is irradiated 
by external light from one direction and the light intensity 
decreases dramatically with depth. Figure 7 illustrates the 
fluen e rate versus distance from the center of the light 
source, which is a 3cm diameter cylindrical source emitting 
1.0W/cm2 at the surface. The fluen e rate distribution during 
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PDT was simulated using the Monte Carlo method. The optical 
properties of the tissue were assumed as follows: µa = 0.01 
mm−1, µs = 10 mm−1, g = 0.9 and the tissue index of refraction 
= 1.4. At a depth of 7 mm under the skin surface, the intensity 
of  light decreases to about 10% of that at the skin surface. This 
depth is often the maximum treatment depth for superficial
tumors in PDT.
         

Figure 7: The comparison of the photosensitizer excitation effects by the internal 
Cerenkov light from 45MV x-rays in RDT and by the external laser light in PDT.

Figure 8 shows the main difference in the excitation process 
between RDT and conventional PDT. For RDT, as mentioned 
above, the excitation of photosensitizers is achieved by the 
internal homogeneous Cerenkov light in the tumor target 
irradiated by 45MV X-rays. There is little difference between 
shallow tumors or deep-seated tumors in the body because 
of the penetrability of 45MV X-rays. For PDT, however, because 
of the nearly exponential decrease of external laser light, 
the laser intensity requirement for PDT is determined by the 
deepest depth of the tumor target. For example, to ensure 
complete tumor cell killing at a depth of 7mm, the laser 
intensity at the skin surface has to be 10 times higher than that 
at a depth of 7mm below the skin surface. For RDT, in contrast, 
the internal Cerenkov light is homogeneous and, therefore 
the light intensity requirement will be 10 times less for a 7mm 
thick tumor in PDT. More importantly, PDT cannot effectively 
treat tumors beyond a 7mm depth under the skin surface 
while RDT can treat deep-seated tumors anywhere in the 
body. Moreover, because of its shorter wavelengths and the 
possibility to be generated inside a given cell, the Cerenkov 
light has much better absorption/excitation properties at the 
microscopic level [40], which may be very helpful in killing 
cancer cells. Finally, Cerenkov light generated by 45MV X-rays 
has both a fast component and a slow component and the 
latter is a continuing emission process lasting about 2-20 
minutes. The radiobiological effect of this slow component on 
tumor cell killing remains unknown at the moment.

The Catalyst Effect of the Substrate Coenzyme

In RDT, a coenzyme has been added as a substrate to 

photosensitizer 5-ALA to catalyze more singlet oxygen. In an 
early work [41], the catalytic conversion of specific H2O2 into 
1O2 by PpIX was investigated for high-energy x-ray irradiation. 
A fluo escent marker DMA (9, 10- dimerthylanthracence) was 
used to quantify the singlet oxygen production. Historically, in 
addition to the fluo escent marker DMA, singlet oxygen sensor 
green reagent (SOSG) was also used for testing whether some 
chemicals or coenzymes could enhance the entire reaction 
[42]. In this study, the production of singlet oxygen 1O2 was 
monitored with 2.12 µM DMA.

                 

Figure 8:  The effects of irradiation and specific H2O2 on the production of 1O2 in 
the presence of 14.4 µM of PpIX and 1.05 µM of DMA: (A) without x-ray irradiation, 
(B) with 1Gy x-ray radiation using 6MV beams and (C) using 45 MV beams.

Figure 8 shows the effect of specific H2O2 on the production 
of singlet oxygen. When more coenzyme H2O2 was added, 
more singlet oxygen was generated. With additional 3mM 
H2O2 and 1 Gy of 45MV X-ray irradiation, more than 90% of 
PpIX was transferred to singlet oxygen. It plateaued with 
4-6mM coenzyme and 1 Gy of 45MV X-ray radiation. Without 
radiation, the production of singlet oxygen also increased with 
the H2O2 concentration and reached a stable state of 20- 30%. 
The results showed that (1) the amount of PpIX transferred 
to singlet oxygen with specific H2O2 added was 2.5-5 times 
compared to that without catalytic coenzyme added, and (2) 
the amount of PpIX transferred to singlet oxygen with 45MV 
irradiation was 3-5 times of that without irradiation (in the 
presence of only catalytic coenzyme and PpIX).

The Combined Effects of Cerenkov-Based PDT and 
Radiation Therapy

The biological response of PDT depends not only on the local 
light intensity but also on the fluen e rate and treatment time, 
i.e. the light dose and dose rate. In previous experiments [22], 
the intensity of Cerenkov light induced by 6MV and 18MV 
X-rays from a Varian 2100C accelerator was investigated. At 
a dose rate of 4Gy/min, the fluen e rate of Cerenkov light 
generated by 6MV and 18MV X-rays in muscle tissues was 
0.7×10-3mW/cm2 and 1.1×10-3mW/cm2, respectively. Based 
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on previous experiments and our Monte Carlo simulations, 
Cerenkov light by 45MV X-rays was 5-8 times more than that 
by 5MV X-rays. This means that the possible fluen e rate of 
Cerenkov light generated by 45MV X-rays from the LA45 
accelerator is about 3.5-5.6 × 10-3mW/cm2 (at a dose rate of 
4Gy/min). This is much lower than that used in conventional 
PDT [1,39], which is about 1~102 mW/cm2.

However, some unique characteristics of Cerenkov-induced 
PDT will lower the fluen e rate requirement for RDT: (1) 
the higher efficie y of Cerenkov light to activate PpIX, 
i.e. the Soret-Band Effect, a factor of 10-20 improvements, 
(2) the homogeneous internal activation, a factor of 10 
improvements, and (3) the coenzyme catalysis, a factor of up to 
5 improvements. These combined improvements (up to 1000 
times) indicate an equivalent excitation fluen e rate of up to 5 
mW/cm2 with Cerenkov-induced PDT. This equivalent fluen e 
rate is within the range of 1~102 mW/cm2 for conventional PDT 
using the 630nm laser light. Therefore, Cerenkov-induced PDT 
may have comparable biological response and fluen e rate 
effects as conventional laser light-based PDT.

During a complete RDT treatment course, the tumor target 
is treated with 3DCRT using 45MV X-rays to a total dose 
of 18-36Gy (3-6Gy/fractions, 1fraction/week, 4~6weeks). 
Although this dose is insuffici t to evacuate all of the 
tumor cells, it is expected to have a synergetic effect with 
the outcome of Cerenkov-induced PDT. Radiation therapy 
with large fractioned doses is intended to debulk large tumor 
masses, which are often hypoxic with poor vasculature, and 
to improve the therapeutic effic y of PDT through better 
photonsensitizer circulation/absorption in the tumor tissues. 
The equivalent light dose for Cerenkov-induced PDT using the 
maximum radiation dose of 36Gy and the estimated fluen e 
rate of 5 mW/cm2 is 2.7 J/cm2, which is still lower than the 
light dose in conventional laser light-based PDT of 10-100 J/
cm2. However, the combined therapeutic effect of Cerenkov-
induced PDT and radiation therapy may provide a suffici t 
tumorsidal dose for cancer therapy. Additionally, there is also 
a therapeutic contribution from continuous activation of PpIX 
to singlet oxygen due to the slow Cerenkov light generation, 
which lasts several tens of minutes by 45MV X-rays. Further 
experimental and clinical studies are warranted to confi m the 
dosimetric requirements for RDT.

Recently, some research studies on low-level light phototherapy 
[3,7,40,43,44] could shed light on the mechanism of RDT. For 
example, Mathews MS, et al [45] showed that effective ALA–
PDT decreased cell viability or inhibited spheroid growth at 

low light dose and fluen e rates (light dose 1.5, 3, or 6 J/cm2; 
irradiance = 0.017-17 mW/cm2) if given over long periods. The 
work by Bisland SK, et  al. [46] showed the use of low fluen e 
rates (irradiance = 0.116 mW/cm2) and long exposures (1-4 
days) has notably increased selective apoptosis (programmed 
cell death) of tumor cells, which is more desirable when 
compared to the inflamm tion and edema that commonly 
occur with the uncontrolled rupturing of cellular contents of 
necrosis.

CONCLUSIONS

Our results and detailed discussions indicate that the PpIX 
excitation process and the efficie y of RDT using Cerenkov 
light from 45MV X-rays is similar to that using the 630nm laser 
light in conventional PDT. Comparing the mechanisms and 
therapeutic effect of RDT with conventional PDT, RDT brings 
a synergetic action, a combination of Cerenkov-induced 
PDT and hypofractionated radiation therapy. RDT may be 
developed into a potential treatment modality for a wide 
range of cancers and various cancer stages as well as for other 
diseases.
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