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Abstract
Therapy with a-radiation has issues associated with internal exposure; its clinical use has been avoided. However, phase III clinical
tests of the a-emitting nuclide 223Ra on patients with cancer have been conducted, and results were reported in 2011 to 2012.
Since then, research has being carried out on targeted internal therapy by introducing a-emitting nuclides directly into the
cancers. For many decades, nontargeted radon therapy has been carried out and is controversial because its mechanism of action
is stimulation. The low-level radiation sends powerful signals to upregulate many biological protection systems, which protect
against the effects of radiogenic and nonradiogenic toxins. These vital systems prevent, repair, and remove DNA and other
biomolecular damage being produced endogenously at a very high rate by the very abundant reactive oxygen species associated
with aerobic metabolism. Stimulation of protection systems results in beneficial effects, including a lower risk of cancer. This
article reports the results of treatments on 4 patients with cancer and reviews the clinical use of a-radiation from 223Ra and radon.
It discusses the prospect of using the novel 225Ac-prostate-specific membrane antigen ligand-617 ligand as a therapeutic agent for
prostate cancer. It presents a new treatment system that we developed, a-Radiorespiro-Rn, which seems to be extremely effective
in treating cancer.
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Introduction

Therapy with a-radiation has issues associated with internal

exposure; its clinical use has been avoided. This article

describes fundamental and clinical knowledge of cancer treat-

ments using targeted 223RaCl2 and 225Ac-prostate-specific

membrane antigen ligand-617 (225Ac-PSMA-617) and nontar-

geted 222Rn gas. Alpha rays are released from radionuclides

having an atomic number of 82 or higher, and more than 400 of

them exist. Those whose half-life is not too long or too short are

suitable, and Table 1 lists the main a-emitters that can be

clinically used.

Targeted Internal Radiotherapy

Radiotherapy by intravenous or oral administration of a non-

sealed radionuclide itself or in a medication is called internal

radiotherapy. When the target tissue is cancer, it is internal

radiotherapy for cancer. Radiations usable for this therapy

include a�radiation, b-radiation, g-radiation, X-rays, auger

electrons, Compton electrons, internal conversion electrons,

and the like. Among these, b-rays from nuclides such as 89Sr,
90Y, and 131I have been widely used in clinical treatments for

many decades. Because of their long tracks in tissues (up to 12

mm), b-rays also affect the healthy tissues that surround the

targeted cancer cells. Incorporating an a-emitter into cancer

cells or other target cells (0.05-0.06 mm in diameter) is
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advantageous because a-tracks are much shorter, 0.03 to 0.1

mm. They inflict lethal damage only to cells that are very near

the target cells. The energy lost by the a-ray per unit distance,

its linear energy transfer (LET), is 80 keV/mm, increasing to

240 keV/mm at the end of its track. This is 400 to 1200 times the

LET of the b-ray, 0.2 keV/mm. The a-ray is not scattered; it

passes straight through cells, densely ionizing or exciting the

nearby atoms, while losing energy and reaching maximum

effectiveness just before stopping. The lethality of damage to

DNA is proportional to LET, so a-rays kill cancer cells much

better than b-rays. A prime target of internal therapy is the

tissue of a disease that is highly sensitive to radiation, such

as a cancer that has metastasized to bone marrow. Studies that

exploit the superior capabilities of a-rays for cancer treatment

have been reported since 1981. For example, 211At was

employed to suppress cancer growth in mice bearing malignant

ascites.1 Use of 212Bi-labeled antibody has been reported to

delay the deaths of mice with cancerous ascites.2

Nontargeted Radiotherapy

The mechanism for nontargeted radiation therapy is different

from direct cell killing. Since about three quarters of human

tissue is water, radiation-induced reactive oxygen species

(ROS) is a very important effect. Reactive oxygen species and

direct hits are a double-edged sword. They damage molecules

but also send signals to stimulate or inhibit genes.3 As shown in

Figure 1, the response of the patient depends on the radiation

dose or the dose rate. As dose (oxidative stress) is increased, a

point is reached at which protective systems begin to induce

beneficial effects. As dose is raised further, an optimum

response is reached at which stimulation of protection is max-

imal. As the dose is increased beyond the optimal point, inhibi-

tion of protection intensifies and stimulation weakens until, at

the threshold point, the health effect is the same as for the

unexposed patient. A dose or dose rate higher than this thresh-

old produces net harmful effects. Therefore, the dose or dose

rate administered is controlled to be in the range for high sti-

mulation of the patient’s protection systems.

Reactive oxygen species are produced abundantly and con-

stantly by the patient’s aerobic metabolism. The rate of DNA

damage caused by endogenously produced ROS far exceeds

the rate of DNA damage caused by low-dose hits and the ROS

that they produced.4 Studies on experimental living systems

and on humans have shown that low doses of radiation upre-

gulate biological protective mechanisms, which also operate

against nonradiogenic toxins and produce beneficial effects,

including a lower risk of cancer.5 The degree of stimulation

and inhibition depends on the individual genome. These biolo-

gical effects are caused by the direct hits and by the burst of

ROS that they produce. Although they damage cells, they send

powerful signals also to activate many genes (>150) at the same

time that they stimulate various biological protective functions

originally provided to the cells. These vital protection systems

prevent, repair, and remove DNA damage and other biomole-

cuar damage being produced endogenously at a very high rate

by the abundant ROS associated with aerobic metabolism.

Upregulation of protection systems by a small amount of oxi-

dative stress results in significant beneficial effects.

A recent analysis of 2 studies on dogs that received lifelong

low-dose rates of ionizing radiation, one study with g�rays and

the other with a-rays, provided evidence of increased lifespan

and well-defined dose-rate thresholds for the onset of reduced

longevity.6 Short-lived dogs received a greater relative benefit

than the 50% mortality dogs. The study on dogs that inhaled
239PuO2 aerosols (a-emitter) demonstrated very strong signal-

ing to the protection systems of the entire animal, by local a-

particle hits in the group of dogs with the lowest initial lung

burden.6 An analysis of another study on dogs that inhaled
239PuO2 aerosols demonstrated a threshold dose rate for lung

cancer mortality. Two groups of dogs had lung cancer mortal-

ities below that of the control dogs. The group with the lowest

plutonium intake had no lung cancers.

Nontargeted Radon Therapy

As shown in Figure 2, 222Rn gas is released from the radium

present in uranium ore (pitchblende). Deposits of high-grade ore

are found in countries, such as Kazakhstan, Canada, and Aus-

tralia. In hot radium spring facilities, radon is absorbed mainly

by inhalation. Most is exhaled, but a small amount of gas and

decay products (progeny) adhere to the mucosa of the trachea

Table 1. Clinically Available a-Emitting Nuclides.

Radionuclide Half-Life
Ea, average

(MeV) Decay Series Production

149Tb 4.12 hours 3.97 Cyclotron
211At 7.21 hours 5.87 Actinium Cyclotron
212Bi 60.55 minutes 6.05 Thorium Generator
213Bi 45.59 minutes 5.85 Neptunium Generator
222Rn 3.82 days 5.49 Uranium Uranium ore
223Ra 11.43 days 5.67 Actinium 227Ac source
225Ac 9.92 days 5.79 Neptunium 229Th source

Figure 1. Dose–response for nontargeted radiotherapy.
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and the lung surface. Some are taken up by alveolar epithelial

cells and transferred into the blood together with oxygen. After 2

weeks, the gas (3.8-day half-life) almost disappears. There is no

evidence of adverse health effects from these treatments and no

significant long-term accumulation in any specific tissue. Radon

is also absorbed into the bloodstream through the skin when the

patient is immersed in warm radium bathwater. A third way is by

drinking hot spring water (drinking therapy). In this case, dis-

solved radon is swallowed and transferred from the stomach to

the blood. The subsequent kinetics in the body is the same as

radon transferred from the lung to the blood. During the transit of

radon, a-particles hit cells, imparting a dose of about 0.5 to 1 Gy

to each. Water molecules are ionized and various ROS, mainly

hydroxyl radicals, are formed. They damage biomolecules

including DNA molecules.

For many decades, radon has been employed to treat various

diseases, such as low-back pain, high blood pressure, and can-

cer at radium hot springs in Misasa and in Tamagawa Onsen,

Japan. Clinical trials have been carried out at the Misasa Med-

ical Center in Okayama University Hospital, where patients are

treated by inhalation of radon volatilized from radon-

containing water. Patients inhale radon at a concentration of

about 2000 Bq/m3 (54 pCi/L) for 40 minutes, every 2 days in a

room that is maintained at 42�C and 90% relative humidity.

Diseases that are treated with radon therapy are those related to

ROS or oxidative stress, such as arteriosclerosis, osteoarthritis,

and bronchial asthma. The effective absorbed radiation dose of

each radon treatment is estimated to be 50 to 67 mSv. Nontar-

geted therapies with X-rays, g�rays, and radon are performed

in clinics in Japan that have an established radon room.7–11

Three patients were treated several years ago. Two had wide-

spread bone metastasis of prostate cancer, diagnosed to be

inoperable, and one had ulcerative colitis. Their diseases are

now in remission, as described in a recent article about these 3

case reports.12

Radon therapy has been practiced in Central Europe and in

Russia for many years.13 The pain relieving treatment of rheu-

matic disease by radon was reviewed in 2005.14 This report

states that “to bathe in about 0.3 to 3 kBq/L of radon water for

about 20 minutes for therapeutic purposes” or “to stay in

caverns or galleries of about 30 to 160 kBq/m3 for about 1

hour” made it possible to obtain a statistically significant pain

relieving effect. Unfortunately, the US Environmental Protec-

tion Agency (EPA) and many other organizations responsible

for public safety use the linear no-threshold model to assess the

risk of radiation-induced cancer. They do not consider any

exposure to radon to be safe. The EPA action level for radon

in homes is 4 pCi/L (150 Bq/m3). Therefore, radon therapy has

not been accepted as an approved medical treatment in many

countries; it remains in the category of an “alternative therapy.”

Nontargeted Effect of Radon on Melanoma
in Mice

In our laboratory, skin cancer B-16 melanoma cells (2 � 105, 1

� 105, and 5 � 104) were injected into the tail vein of 3 groups

of C57 black 6 (C57BL/6) mice (male, 6 weeks old). They were

given radon-containing water (203 Bq/L) every day to deter-

mine the effect of radon on lung metastatic cancers.15 The colo-

nies formed were counted 14 days later. As shown in Figure 3,

Figure 2. Decay chain of 238U showing the production of 222Rn and
its a-emissions.

Figure 3. Effect of ingestion of 222Rn-containing water (203 Bq/L) on
the formation of metastatic lung colonies after intravenous injection of
B16 melanoma cells via tail vein in 3 groups of C57 black 6 (C57BL/6)
mice. Radon treatment was started 2 weeks before the injection of the
melanoma cells and continued for 14 days. Rn (�) is tap water; Rn is
radon hot spring water (203 Bq/L); (1) melanoma cells ¼ 2 � 105; (2)
melanoma cells ¼ 1 � 105; (3) melanoma cells ¼ 5 � 104. ***P < .005
(n ¼ 7 each). NS indicates not significant.
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metastasis was not significantly suppressed in the group with

a large number of cancer cells, but significant inhibition (P <

.005) was observed in the group with the smallest number of

cells (5 � 104 cells). When the radon concentration in water

was diluted twice, the inhibitory effect on cancer was not

observed in the group in which metastasis had been sup-

pressed. From these results, it is concluded that there is a

threshold for radon concentration to suppress metastasis of

the cancer to the lung, and the effect is not induced below

that concentration.

Targeted 223RaCl2 Therapy Against
Bone Metastasis

Radiopharmaceuticals have been developed that can alleviate

pain, but none have been able to extend survival. Bone-seeking
223Ra was studied for alleviating the pain of metastasis; how-

ever, this therapy has been observed to prolong survival

time.16–18 In Europe and the United States, 223Ra has become

a focus of attention. Phase I/II tests are underway in Europe and

the United States on other a-emitting nuclides.

As shown in Figure 4, 227Ac transitions to 223Ra. Four a-

particles are emitted as 223Ra transitions to 207Pb, producing

strong cell killing action. Irradiation of 226Ra in a nuclear reac-

tor produces 227Ra, which b decays with a half-life of 42.2

minutes to 227Ac. A reagent is added to a generator that con-

tains 21.8-year 227Ac to “milk” 11.4-day 223Ra for use in bone

cancer therapy.19 Comparing the efficacy of a-particles from
223Ra with b�rays from 89Sr, the radionuclide commonly used

to treat metastatic bone tumors, it is noted that the a-particle

energy is about 50 times larger than the b-ray energy, and the

energy lost per micrometer of range is 400 times larger (80 keV

vs 0.2 keV). 223Ra inflicts irreparable damage to the DNA of

the target cell. Furthermore, the cell killing effect is active also

during the S phase, since the action of a particles does not

depend on cell cycle.

Studies have been conducted worldwide on the use of
223RaCl2 to inhibit bone metastases in castration-resistant pros-

tate cancer (CRPC).20–24 Phase III clinical trial reports issued

in the United States and European countries from 2011 to 2012

state that this drug has a life-prolonging effect by relieving pain

and delaying the occurrence of bone-related events such as

fracture. It is said to be an excellent antitumor agent with fewer

side effects than b-emitting treatments. In the phase III clinical

study of 223RaCl2 (Xofigo) that led to its Food and Drug

Administration (FDA) approval in 2013, the mean survival

time in the treated group was 14.9 months versus 11.3 in the

placebo group, a 30% reduction in mortality risk. The average

time to the onset of bone-related events was 15.6 months versus

9.8 months in the placebo group, a 34% reduction in risk. A

drop in the alkaline phosphatase increase at the time of bone

metastasis was shown. Improved quality of life was recog-

nized. No significant difference in the incidence of adverse

side effects was noted between the Xofigo group and the pla-

cebo group. The rate of treatment dropout due to adverse side

effects was lower, 16% versus 21% for the placebo group.25

In March 2016, 223RaCl2 (Xofigo) was approved for clinical

use in Japan for CRPC with bone metastasis. Its efficacy and

safety for bone tumors, other than castration refractory prostate

cancer, has not been confirmed. Further research will be

needed. Because the drug price is high, about 700 000 yen

(US$6300), multiple treatments would be a heavy economic

burden on patients.

Targeted Treatment of 2 Patients
With Metastatic Cancer Using
225Ac-PSMA-617 Ligand

Prostate cancer is very common in elderly men in many west-

ern countries.26 Prostate-specific membrane antigen is a pro-

mising target for prostate cancer, and the a-emitting PSMA

ligand, 225Ac-PSMA-617, has been successfully synthesized.

Studies on the use of PSMA-617 have been carried out over

the past few years.27,28 We discuss here a recent case report

about 2 patients who were treated successfully by
225Ac-PSMA- 617 therapy.28

Figure 4. Decay chain of 235U showing 223Ra and its a-emissions.
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The first patient had peritoneal carcinomatosis and liver

infiltration and was given an accepted treatment of b-emitting
177Lu-PSMA-617 ligand (7.4 GBq per treatment). Referring to

Figure 5A and B, the initial prostate-specific antigen (PSA)

value was 294 ng/mL in June 2015, but after the second treat-

ment with 177Lu-PSMA ligand, the PSA value rose to 419 ng/

mL in September 2015, and tumor progression was also seen

with positron emission tomography (PET) diagnosis. Therapy

with a-emitting 225Ac-PSMA-617 ligand was offered to rescue

the patient. He was given 3 cycles of 6.4 MBq (100 kBq/kg

body weight) at bimonthly intervals. No lesions were observed

in the PET image after the second treatment, as shown in Figure

5C, and complete remission was achieved by 1 additional dose

thereafter, Figure 5D. No related toxicity was observed, and the

PSA value on the final day (in April 2016) was below the

detection limit (<0.1 ng/mL).

The second patient was also treated with 225Ac-PSMA-617

ligand (data not shown). In the PET images, diffuse red marrow

invasion was observed. Treatment with b-emitting 177Lu-

PSMA ligand was considered contraindicated. Therefore,
225Ac-PSMA-617 ligand (100 kBq/kg body weight) was intra-

venously administered to this patient 3 times at intervals of 2

months at doses of 9 to 10 MBq each. A target tumor was

confirmed in a PET image scan immediately after treatment

in December 2014. In the image after the third administration

in July 2015, the PSMA positive lesion disappeared com-

pletely. The PSA value decreased from 3000 ng/mL or more

(in December 2014) to 0.26 ng/mL (in July 2015). In addition,

6 MBq of 225Ac-PSMA-617 ligand was administered to the

patient as an integrated medical care, resulting in the image

becoming much clearer and the PSA value decreasing to below

0.1 ng/mL.

Due to the short range of a-particles, 225Ac-PSMA-617

needs to be taken into the cancer cell in order to destroy it. The

uptake of this ligand into prostate cancer cells has been con-

firmed—54% and 75% of the ligand were incorporated into the

cells after 1 and 3 hours, respectively.29 The cases suggest that

radioligand therapy using 225Ac-PSMA-617 is an effective

a-particle therapy targeting metastatic CRPC. This is important

for patients who are in a clinically difficult stage, such as those

showing resistance to diffuse red bone marrow infiltration and

other treatments. A study should be carried out on a large

cohort to confirm the effectiveness of this therapy; however,

this will not happen soon because routine supply of this radio-

nuclide has not been established.

Nontargeted Treatment of 2 Patients With
Metastatic Cancer Using Radon

The a-Radiorespiro-Rn apparatus has been specially developed

to deliver radon inhalation therapy. As shown in Figure 6A and

B, it is made from simple parts and stored in a wooden cabinet,

450 mm wide, 300 mm deep, and 600 mm high. Particles of

high-grade uranium ore, averaging 4 mm in diameter, are

spread evenly on the bottom of a 16 L polyethylene container.

About 2.5 L of distilled water is poured into this tank and

maintained at a temperature of 35�C. The amount of ore is

adjusted to allow the radon gas to accumulate to a concentra-

tion of about 8 MBq/m3 (216 nCi/L) in the volume above the

water. As prescribed by the physician, the patient inhales radon

through the suction tube into a special respirator, as shown in

Figure 6C and D, for the time specified.

The first patient with breast cancer is a 42-year-old woman

with metastasis to her brain. In 2013, she felt a sting on her left

Figure 5. 68Ga-PSMA-11 PET-CT scans of the first patient with prostate cancer. Initial tumor spread (A) versus tumor progression after 2
cycles of b-emitting 177Lu-PSMA-617 (B). Impressive response after second (C) and third (D) cycles of a-emitting 225Ac-PSMA-617. Reprinted
with permission from Kratochwil et al28 Copyright© 2016, The Society of Nuclear Medicine and Molecular Imaging, Inc. All rights reserved.
PSMA indicates prostate-specific membrane antigen; 68Ga-PSMA-11 PET-CT, positron emission tomography-computed tomography.
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chest. The lump gradually enlarged to about 2 cm in diameter

and was diagnosed to be breast cancer at a hospital. Only

private therapy was carried out for 2 years, during which time

the whole breast grew bigger and harder. Compression fracture

in the lumbar vertebrae and inflammation throughout her chest

were apparent in July 2016. In addition, the growth of the tumor

in her brain pressed her left ocular nerve, affecting her field of

vision; the image became blurred. There was bleeding from her

breast, and she was taking analgesics to relieve the low-back

pain.

On August 22, 2016, radon inhalation treatment was started

using the a-Radiorespiro-Rn apparatus. Three days per week,

she inhaled 0.5 to 1.0 MBq/m3 of radon for 40 minutes, twice

each day. In November 2016, the patient’s condition was

observed to improve. The rash on her breast started to disap-

pear. A dramatic recovery was recorded in February of 2017.

Her left eye ball, which had been rotated to the upper right side

at the start of treatment, returned to almost normal position. Her

visual acuity recovered to normal vision. Furthermore, she

was able to walk normally without a cane and without back

pain. Figure 7A is a photo of the patient on November 13,

2016, after 2.5 months of radon treatment, and Figure 7B is a

photo on April 14, 2017, after 8 months of treatment. Breast

cancer marker values, cancer antigen 15-3 (CA15-3, 1391)

and carcinoembryonic antigen (CEA, 1815) on October 20,

2016, fell to 252 and 396, respectively, on January 12, 2017,

as shown in Figure 8.

The hormesis room exposes the occupants to g-radiation and

radon gases from radiation sources in the walls, supplied by Lead

& Company Co (Yokohama, Japan). The sources are natural mon-

azite excavated from a mountainous area in Japan. The average

g-radiation level in the room is 11 mSv/h, and the average

Upper door

Heater switch

Receptacle 
outlet

Rubber foot

Caster

strap

strap

tube

poly-tank

wide palate

lever stopper

(a) Body appearance

(B) Inside the main body

(C) Appearance of suc�on tube installa�on

(D) Actual usage of a pa�ent

Figure 6. System of a-Respiro-Rn and its actual usage. Particles of uranium ore, about 4 mm in diameter, are spread evenly on the bottom of the
16-L polyethylene tank. About 2.5 L of distilled water is poured into the tank and maintained at a temperature of 35�C. Radon gas with a
concentration of about 8 MBq/m3 in air accumulates in the tank on the day before use. The patient inhales radon through the suction tube.

Figure 7. Eye of first patient with breast cancer before and after
radon treatment using a-Respiro-Rn system.
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concentration of radon is 9800 Bq/m3.12 Temperature and humid-

ity in the room are maintained at about 40�C and 70%,

respectively.

The second patient with breast cancer is a 47-year-old

woman with metastasis to her bones. She was diagnosed with

breast cancer 5 years ago. She refused chemotherapy, opting

instead for folk remedies such as hyperthermia. Her breast

cancer gradually progressed to stage IV. Her treatment began

on May 28, 2014. At the start, her body weight was only 38 kg

and she wore a neck brace because of bone metastasis. Twice

daily, she received radon therapy in the room for 40 minutes.

No improvement was observed in the first week. She lost

weight during the following week, but the secretion of pus

from her chest stopped. This treatment continued into the

following year. As shown in Figure 9, her breast cancer

markers of CA15-3 and National Cancer Center-Stomach-439

returned to their normal values in August 28, 2014, and the

patient returned to work. In May 2015, the tumor tissue became

scab, and in June, she was walking 7 km every 2 weeks, an

indication of good physical condition and improved quality of

life. Subsequently, she went to Germany for 2 weeks of com-

pany training. Her cancer markers are still at normal levels. The

patient’s weight, which was 38 kg at the start of treatment,

increased to 51 kg.

Conclusions

Therapy with a-radiation has been regarded as having signifi-

cant concerns associated with internal exposure, and its clinical

use has been avoided. However, a phase III clinical trial of

targeted therapy with 223RaCl2 produced evidence of its effi-

cacy for the treatment of metastatic bone tumors, and it was

approved for clinical use by the US FDA in 2013. Since then,

fundamental and applied research is underway on internal ther-

apy with other a-emitting nuclides. The recent targeted treat-

ment of metastatic prostate cancer by 225Ac-PSMA-617 ligand

therapy is one of the most promising results.

Clinical use of nontargeted a-radiation from radon gas on 2

of our patients with advanced breast cancer brought their dis-

ease into remission. One patient received inhaled radon ema-

nating from natural monazite ore in the walls of our hormesis

treatment room. The other inhaled radon from uranium ore

contained in a new treatment apparatus that we developed, the

a-Radiorespiro-Rn system. Treatment with radon gas stimu-

lated the patient’s protection systems to produce their very

remarkable recoveries from advanced breast cancer. Our

a-Radiorespiro-Rn system is very convenient to use and very

effective in reversing the progression of their illnesses. We

expect it to be potent for other types of cancer and for other

illnesses that would benefit from upregulation of inherent bio-

logical protection. Further studies are recommended to opti-

mize the treatment protocol for cancer and to identify other

important applications.

This article reviewed the present and future prospects of

treating cancer using a-emitting nuclides for internal radiation

exposures. It examined the application of 223RaCl2 and 225Ac-

PSMA ligand for targeted therapy and 222Rn gas for nontar-

geted therapy. Employing a-emitters for treating cancer could

be a very important method for curing many types of cancer

and other illnesses.
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