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ABSTRACT

The genes in every cell continuously undergo an immense amount of metabolic damage by reactive oxygen species
(ROS) which is prevented, repaired, and removed by a complex antimutagenic system. Recent studies document low
dose radiation stimulation of many cellular functions, including antioxidant prevention, enzymatic repair, and
immunologic and apoptotic removal of DNA damage. This homeostatic system is stimulated by a ten, or even a
hundredfold increase in background radiation. Enhanced prevention of gene mutations by the spatial and temporal
differences of ionizing radiation ROS and metabolic ROS is associated with radiation hormesis: decreased mortality
and decreased cancer mortality observed in populations exposed to low dose radiation. Therapeutic stimulation of the
immune system by low dose body irradiation prevents and removes cancer metastases in mice, rats, and humans.

INTRODUCTION

The prime concern of radiation protection policy since 1959 has been protecting DNA from damage by reducing
exposure to ionizing radiation “as low as reasonably achievable” (ALARA). This policy is based upon the linear
nonthreshold hypothesis (LNT) that carcinogenic gene mutuations are produced in linear proportion to the radiation
dose, no matter how small, 1995 NCRP Report 121'. Confidence in LNT is based on the biophysical concept that the
passage of a single charged particle could cause damage to DNA that would result in cancer. Current understanding
of the basic molecular biologic mechanisms involved will be examined after presenting several statistically significant
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epidemiologic studies that contradict the LNT hypothesis. Over eons of time a complex biosystem evolved in aerobic
organisms to control the DNA alterations (oxidative adducts) produced by about 10° free radicals/cell/d derived from
about 0.2-0.3% of all metabolized oxygen. Antioxidant prevention of DNA alterations, enzymatic repair of DNA
damage, and removal of persistent DNA alterations by the immune system and apoptosis, sequentially reduce DNA
damage from about 10° DNA alterations/cell/d to about 1 “mutation”/cell/d. These mutations accumulate in stem cells
during a lifetime with progressive DNA damage-control impairment implicated in aging and malignant growth. A
comparatively negligible number of mutations, an average of about 107 mutations/cell/d, is produced by low LET
radiation background of 0.1 cGy/y. The remarkable efficiency of this biosystem is increased by the adaptive
responses to low-dose ionizing radiation. Each of the sequential functions that prevent, repair, and remove DNA
damage are adaptively stimulated by low-dose ionizing radiation in contrast to their impairment by high-dose
radiation. The biologic effect of radiation is determined by its effect on the biosystem that controls the relentless
enormous burden of oxidative DNA damage. At low doses, radiation stimulates this biosystem with consequent
significant decrease of metabolic mutations. This reduction of gene mutations in response to low-dose radiation
provides a biological explanation of the statistically significant observations of decreased human mortality and cancer
mortality that contradict the biophysical concept upon which confidence in the LNT hypothesis is based.

EPIDEMIOLOGIC STUDIES

What are some of the statistically significant epidemiologic studies that demonstrate risk decrements (hormesis) as
predicted by the adaptive responses to low-dose radiation of the DNA damage-control biosystem? For several
decades increased longevity and decreased cancer mortality have been reported in populations exposed to high
background radiation. Such observations have been considered spurious or inconclusive because of unreliable public
health data or undetermined confounding factors such as pollution of air, water and food, smoking, and socioeconomic
variables. Recently, however, several epidemiologic statistically significant controlled studies have demonstrated that
exposure to low or intermediate levels of radiation are associated with positive health effects. Radiation hormesis is
the stimulatory response to subtoxic radiation exposure.

Dr. Zbigniew Jaworowski, past chairman of UNSCEAR, in his review of radiation hormesis’ cites recent data
showing hormetic effects in humans from the former Soviet Union.> After radiation exposure from a thermal
explosion in 1957, 7852 persons living in 22 villages in the Eastern Urals were divided into three exposure groups and
followed for 30 years. Tumor-related mortality was 28% P<0.05, 39% P<0.05, and 27% lower in the 49.6 cGy(r),
12.0 cGy, and 4.0 cGy groups, respectively, than in the nonirradiated control population in the same region (Figure 1).
Epidemiologic studies showing beneficial effects of low doses of radiation in atomic bomb survivors (Figure 2) and
other populations were reviewed by Sohei Kondo, Professor of Radiation Biology, Atomic Energy Research Institute,
Kinki University, Osaka, Japan.* Included are the apparently beneficial effects of low doses of external gamma rays
on the life span of radium-dial painters and the significantly lower mortality from cancers at all sites of residents of
Misasa, an urban area with radon spas, than residents of the suburbs of Misasa (Figure 3).

These beneficial effects are consistent with the findings of B. L. Cohen, Professor of Physics, University of
Pittsburgh, that relate the incidence of lung cancer to radon exposure in nearly 90% of the population of the United
States.” The 1601 counties selected for adequate permanence of residence provide extremely high-power statistical
analysis. After applying the BEIR IVS correction for variations in smoking frequency, the study shows that lung
cancer mortality decreases with increasing mean radon level in homes, in sharp contrast to the BEIR IV theoretical
increased mortality derived by linear extrapolation of effects in uranium miners exposed to very high radon
concentrations. The discrepancy between theoretical and measured slopes is 20 standard deviations (Figure 4).
Rigorous statistical analysis of 54 socioeconomic, seven physical, and multiple geographic variables as possible
confounding factors, both single and in combination, demonstrates no significant decrease in the discrepancy. A
reasonable explanation is that stimulated biological mechanisms more than compensate for the radiation "insult" and
are protective against cancer in a low-dose, low-dose-rate range.



The thirteen-year 10 million dollar U.S. Nuclear Shipyard Workers Study (NSWS) of the health effects of low-
dose radiation was performed by the Johns Hopkins Department of Epidemiology, School of Public Health and
Hygiene, reported to the Department of Energy in 1991 7 and reported in UNSCEAR 1994.® Professor Arthur C.
Upton, who concurrently chaired the NAS BEIR V Committee on "Health Effects of Exposure to Low Levels of
Ionizing Radiation," ? chaired the Technical Advisory Panel that advised on the research and reviewed results.

The results of this study contradict the conclusions of the BEIR V report ° that small amounts of radiation have risk
- the LNT hypothesis. From the database of almost 700,000 shipyard workers, including about 108,000 nuclear
workers, three closely matched study groups were selected, consisting of 28,542 nuclear workers (NW) with working
lifetime doses >5 mSv (many received doses well in excess of 50 mSv), 10,462 NW with doses <5 mSv and 33,352
non-nuclear workers (NNW). Deaths in each of the groups were classified as due to: all causes, all malignant
neoplasms, leukemia, lymphatic and hematopoietic cancers, mesothelioma, and lung cancer. The results demonstrate
statistically significant decreases of the standardized mortality ratios for NW > 0.5 mSv of death from "all causes",
0.76 vs. 1.02 for NNW, a decrease of 16 standard deviation (SD), and of death from "all malignant neoplasms", 0.95
vs. 1.12 for NNW, a decrease of >4 SD P<0.001 (Figure 5). This highly significant risk decrement for death from "all
malignant neoplasms” is omitted from the NSWS Summary of Findings, the UNSCEAR 1994 report of the NSWS,
and the DOE press release of this study. The NNW and NW were similarly selected for employment, both with a
median age of entry of about 34 years, were afforded the same health care thereafter, and performed the identical type
of work, except for exposure to Co gamma radiation. The highly significant risk decrements for NW>0.5 mSv
exclude "the healthy worker effect" and contradict the LNT hypothesis. This DOE NSWS was never published. The
study provides evidence with extremely high statistical power that low levels of ionizing radiation are associated with
risk decrements, i.e., are hormetic. Radiation hormesis is the stimulatory response of the organism to subtoxic
exposure to radiation.

The Canadian Breast Cancer Fluoroscopy Study'® reports the observations of the mortality from breast cancer in a
cohort of 31,710 women who had been examined by multiple fluoroscopy between 1930 and 1952. The observed
rates of mortality are related to breast radiation doses and presented in tables with no graphs. The authors compare
linear and linear-quadratic dose-response models fit to the data and conclude, "that the most appropriate form of dose-
response relations is a simple linear one, with different slopes for Nova Scotia and the other provinces." On the basis
of this linear model fit that includes only non-significant data and excludes the data with the highest confidence limnits
(Figure 6), the authors predict the lifetime excess risk of death from breast cancer after a single exposure to 1 cGy(1r)
at age 30 to be approximately 60 per million women or 900 per million women exposed to 15 cGy. The observed
data, however, demonstrate with high statistical confidence, a reduction of the relative risk of breast cancer to 0.66
(P<0.05) at 15 cGy and 0.85 (P<0.32) at 25 ¢Gy. The second author, in his 1996 revision of this study, removed this
highly significant contradiction of the LNT hypothesis by lumping all low-dose data into a single 1-49 cGy category."'
This study actually predicts that a dose of 15 cGy would be associated with 7,000 fewer deaths in these million
women. Lauriston S. Taylor, past president of the NCRP, considered application of LNT theory for calculations of
collective dose as, "deeply immoral uses of our scientific heritage” 12,

BIOLOGY OF THE ANTIMUTAGENIC SYSTEM OF DNA DAMAGE CONTROL

During the past decade rapid advances in our knowledge of molecular biology, cell and body function explain why
low-dose radiation is associated with positive health effects in contrast to the carcinogenic effect of high-dose
radiation. Our understanding is based upon current, cellular molecular biology observations. Estimates are based on
published data:

L] Two to three tenths percent of all metabolized oxygen is leaked from mitochondria as free radicals, reactive
oxygen species (ROS)" . Humans generate about 10° ROS/cell/d that produce about 10° DNA oxidative
adducts/cell/d". These adducts include an average of 10" double strand breaks/d"*. In addition, a relatively
small number of metabolic DNA alterations are produced by DNA replication'®, deamination and



depurination, and thermal instability'”. By comparison, 1 mGy (0.1 r) per year low LET background radiation
produces 5x10° DNA oxidative adducts/cell/d that include an average of 1x10* double strand breaks/d'®.

o Over eons of time, as multicellular animals developed and metabolized oxygen, a complex DNA
damage-control system evolved (figure 7)'*. Much of the damage corresponding to 10° ROS/cell/d is
prevented by antioxidants. The resultant ~10° DNA oxidative adducts/cell/d are reduced by enzymatic repair
to about 10? persistent DNA alterations/cell/d. The immune system, apoptosis, differentiation, and necrosis
remove approximately 99% of these persistent alterations so that an average of ~1 mutation/cell/d, possibly up
to 2-3 remain". These accumulate in genes throughout life, decreasing DNA damage control and are
implicated in aging and cancer'’**. Cancer increases as the third to fifth power of age. This highly efficient
antimutagenic biosystem prevents precocious aging and malignancy unless impaired by genetic defects, or
damaged by high doses of radiation or other toxic agents.

L] How does background radiation add to the metabolic accumulation of mutations? A much larger fraction of
double strand breaks occurs in DNA oxidative adducts produced by radiation than in those produced by
metabolism (2x10 2 vs 1x107).}*'® Their repair is less accurate. Consequently, the persistent fraction of
these double strand breaks is also much larger than that of other metabolic DNA oxidative adducts (~10 Tvs
~10%). Nevertheless, the number of metabolic DNA oxidative adducts (~10 ®/cell/d) is so much greater than
the number of oxidative adducts from low LET background of 0.1 cGy/y (5x10 “/cell/d), that an average of
only ~10 7 radiation mutation/cell/d is added to ~1 metabolic mutation/cell/d (Figure7).”

RESPONSE TO LOW-DOSE RADIATION

The activity of the antimutagenic DNA damage control biosystem is decreased by high-dose radiation, but
adaptively responds with increased activity to low-dose radiation (e.g., <30 cGy) (Figures 8-10).'**%**® Though the
ROS produced by low-dose ionizing radiation are very few compared to those produced by oxygen metabolism, their
microdosimetric spatial and temporal differences have significant biphasic effects upon antimutagenic cell function:
stimulation at low doses and suppression at high doses.

The efficiency of this biosystem is increased by adaptive responses to low-dose ionizing radiation (Figures 8-10).
This is well documented in UNSCEAR 1994:*

“There is substantial evidence that the number of radiation-induced chromosomal aberrations and
mutations can be reduced by a small prior conditioning dose in proliferating mammalian cells in vitro
and in vivo.

There is increasing evidence that cellular repair mechanisms are stimulated after radiation-induced
damage... Whatever the mechanisms, they seem able to act not only on the lesions induced by ionizing
radiation but also on at least a portion of the lesions induced by some other toxic agents.”

This statement applies not only to the mutations produced by radiation and other environmental toxic agents, but
also to the enormous number of endogenous daily metabolic mutations. The operative effect of reducing metabolic
mutations by stimulatory adaptive response of the DNA damage-control biosystem to low-dose radiation damage is
the critical factor, not reduction of a relatively negligible number of mutations produced by low-dose radiation.

Assuming a 20% increased efficiency of biosystem control in response to a tenfold increase of annual background
radiation from 0.1 cGyly, to 1 cGly, radiation mutations would indeed increase from 1x107/cell/d to 8x107/cell/d but
metabolic mutations would decrease from ~1/cell/d to ~0.8/cell/d (Figures 7, 11)."

UNSCEAR did not consider that the increase of radiation mutations by low-dose radiation is negligible compared
to the operative effect of the adaptive response to low-dose radiation upon the high background of metabolic
mutations. The biologic effect of radiation is determined by its effect on the biosystem that controls the relentless
enormous burden of oxidative DNA damage. Acute high-dose radiation impairs this biosystem with consequent
significant increase of radiation and metabolic mutations and corresponding risk increments. Low-dose radiation
stimulates the DNA damage-control biosystem with consequent significant decrease of metabolic mutations and
corresponding risk decrements (Figures 7-12),*>*¢ i.e., radiation hormesis.



RESPONSE OF THE IMMUNE SYSTEM TO RADIATION

Low dose total body irradiation (TBI) and chronic TBI (LDR) stimulate immune system prevention and removal of
cancer metastses in mice, rats, and humans. This has been shown in mice for almost 40 years®’ and more recently in
rats*® and humans***.

The maximal immune response of mouse splenic cells to sheep red blood cells, both in vitro and in vivo, occurs
after a single dose of 0.25 Gy (25 r) (Figure 10)¥. Compared to the in vitro response, better homeostasis of the in
vivo response is shown by both the smaller maximal response and a greater resistance to suppression by high dose
radiation.

TBI with subimmunogenic tumor antigen induces tumor immunization (Figure 13)*. Sham irradiated controls
inoculated subcutaneously with 100 non-viable tumor cells did not suppress growth of 10,000 viable tumor cells
inoculated subcutaneously 21 days later. However, TBI 15 r given simultaneously with 100 non-viable tumor cells
induced marked suppression of tumor cell growth exceeding that induced by 100,000 non-viable tumor cells without
TBL

TBI stimulates immune suppression of tumor metastases to lung (Figure 14)*!. Lung colonies counted 20 days
after TBI given 12 days after tumor cell transplantation into axilla of mice, were decreased by TBI doses less than
50 r. 15 r induced the maximal decrease of 60%. High doses greater than 50 r suppressed the immune system with
associated increased metastases to lung.

Metastases are also suppressed by TBI of tumor-bearing rats (Figure 15)*. Metastases to lung and to mediastinal
and axillary lymph nodes in TBI rats were reduced by more than 70% of those in both control and locally irradiated
rats. Tumor tissue infiltration by lymphocytes in TBI rats was more than 900% of that in both control and locally
irradiated rats.

Chronic TBI ( multiple TBI fractions comprising a total course of low dose radiation [LDR]}) increases immune
system response of splenic T lymphocyte proliferation in mice (Figure 16)*. Mice irradiated 5 days/week for 4 weeks
with LDR courses of 10 r, 20 r, and 80 r showed proliferative responses of 115%, 140%, and 160%, respectively,
relative to the unirradiated control group 100%.

LDR in mice on a chronically restricted diet (CRD: calorically 70% of ad libitum diet) prevents and removes
spontaneous breast cancer tumors (Figure 17)". Eight month old, breast tumor susceptible female mice, after 3-week
adjustment to CRD were exposed to a 4-week course of LDR 48 r and then observed for 35 weeks. While 73% of the
control ad libitum diet mice and 27% of the CRD mice developed breast cancer, only 16% of the CRD+LDR mice
developed breast cancer. Most impressive was the very rapid 80% tumor regression of the CRD+LDR mice compared
to 20% and 4% regression in the CRD and control mice, respectively. Large numbers of cytotoxic T cells were
observed infiltrating the regressing tumors of CDR+LDR mice, but not in CRD and control mice.

LOW DOSE RADIATION (LDR) IMMUNOTHERAPY OF CANCER

Two Harvard University clinical trials of LDR therapy of patients with non-Hodgkin’s lymphoma were published in
1976 (Figure 18)*° and 1979 (Figure 19)®. The protocols were very similar. The Chaffey, et al.** (1976) trial used a
LDR course of 150 r given in fractionated TBI doses of 15 r 2x/week for 5 weeks. The Choi, et al.** (1979) trial also
used a course of 150 r given in fractionated TBI doses of either 15r 2x/week or 101 3x/week for 5 weeks. In both
studies transiently low platelets requiring temporary interruption of scheduled therapy occurred in 35-40% of patients,
irrespective of 10 r or 15 r dose schedule. Both control and LDR patients received chemotherapy and localized tumor
high dose irradiation. Histologic grades of tumors in LDR and control patients were matched. COP chemotherapy
used in the 1976 trial was replaced in the 1979 trial by more effective CHOP chemotherapy.

Both studies present 4 year survival data. The 1976 study shows 70% 4 year survival in 25 LDR patients and 40%
survival in 25 matched control patients treated with COP (Figure18)*. The 1979 study shows 4 year survival of 74%
in 39 LDR patients and 52% survival in 225 matched control patients treated with CHOP (Figure 19)%.

Sakamoto, et al. (1997) at Tohoku University, Sendai, Japan, published a review of their experimental studies in
mice and a clinical trial of LDR in humans*. In mice 15 r TBI induced the maximal suppression of tumor metastases



(Figure 14)*'. TBI given 6-12 hours before localized high dose tumor therapy increased effectiveness of tumor
therapy. 15r doses of TBI, upper half body irradiation (HBI), and localized splenic irradiation were equally effective
in stimulating the mouse immune system. '

This 1997 study of LDR therapy of patients with non-Hodgkin’s lymphoma is similar to the 1979 study by Choi, et
al. Both used a LDR course of 150 r with equally effective doses of either 15 r 2x/week or 10 3x/week for 5 weeks
and CHOP chemotherapy. Choi, et al. used TBI while Sakamoto, et al. used either TBI or HBI (Figure 20) with equal
effectiveness and without interruption of scheduled therapy because of low platelets.

Sakamoto, et al. present 9 year survival data of 23 LDR patients and 94 control patients with matched histologic
tumor grades (Figure 21)*. Tumors outside the HBI field were shown to regress completely in response to LDR
(Figure 22)*2. The 9 year survival of LDR patients is 84% compared with 50% survival of control CHOP patients.
Subsequently, the 12 year survival of LDR patients continues to be 84% (personal communication).

Comparisons of 4 year survival in the Harvard and Tohoku studies are consistent in showing about a 20% better
survival of LDR patients compared with control CHOP patients. In the Japanese study, however, a moderate decrease
of platelets did not require schedule interruption and the 4 year survival of both LDR and control CHOP patients is
increased about 10% above those of the United States studies. This may be related to the well established benefits of
lower caloric dietary intake (Figure 17)*” and more exercise in the Japanese population. Though racial differences
may be a factor, this has not been demonstrated in Japanese living in the United States. In general, the population of
Japan is lean and physically active with a diet low in calories and fat, high in vegetables (particularly soy and seaweed
products), with some fruit, little fish and very little meat. Sound nutrition and regular exercise stimulate the immune
system. LDR therapy is more effective when administered to patients with better initial immune system activity.

SUMMARY

The reduction of gene mutations in response to low-dose radiation stimulation of the antimutagenic biosystem of
antioxidant prevention, enzymatic repair, and immune system and apoptotic removal of metabolic ROS DNA damage,
provides a biological explanation of the statistically significant observations of radiation hormesis: decreased cancer
mortality and decreased mortality from all causes. Radiation hormesis contradicts the biophysical concept upon
which confidence in the LNT hypothesis is based.

Recent research has led to recognition of the importance of the immune system in controlling cancer as well as
infectious disease. LDR cancer immunotherapy has been shown to be effective in rodents and man with high
statistical significance and repeated confirmation. Published results justify strong financial support of well designed
clinical trials of LDR therapy in patients with breast, prostate, colon, ovarian cancer, and lymphomas. Clinical trials
are also indicated to determine the efficacy of LDR immune stimulation in therapy of patients with early HIV disease
and in potentiation of vaccines for HIV and other infectious diseases.

Successful implementation of these trials would provide a long sought major advance of cancer therapy and
terminate radiation phobia. Ending the enormous expenditure of many billions of dollars for needless protection from
low dose radiation would also furnish funds needed for health care that includes low dose radiation immunotherapy of
cancer and infectious diseases.
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4 year survival: TBI-HBI 84% Chemotherapy 66% (79% of TBI-HBI Survival)
9 year survival: TBI-HBI 84% Chemotherapy 50% (60% of TBI-HBI Survival)
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Figure 21. Comparison of low-dose irradiation of half body (HBI) or Total Body (TBI) of patients with Non-Hodgkin's
Lymphoma. Patients in both groups received chemotherapy and localized tumor high-dose radiation.
Adapted from Sakamoto et. al. J Jpn Soc Ther Radiol Oncol 9:161-175, 1997

Figure22. CT (computerized tomographic) scan of upper nasal cavity before and after half body irradiation
(HBI). Nasal tumor, though outside HBI field, disappeared after low-dose HBL

Takai et al. In: Low Dose Irradiation and Biological Defense Mechanisms (Sugahara, Sagan,
Aoyama, eds). Amsterdam, Elsevier Science Publishers, 1992:115-11 6.
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