Chapter 9

LONG-TERM AND LOW-LEVEL EFFECTS OF
IONIZING RADIATION

THOMAS L. WALDEN, Jr., Ph.D.*

INTRODUCTION
BACKGROUND RADIATION

SOMATIC EFFECTS
Cataract Formation
Sterility
Radiation Effects on Skin and Hair
Cancer

HUMAN DATA BASE
Leukemia
Thyroid Cancer
Breast Cancer
Other Systemic Cancers
Cancers of Negligible Risk

GENETIC EFFECTS
Gene Mutations
Chromosomal Damage
Factors Affecting Mutation
Radiation-Induced Damage in Humans
Estimating Genetic Risks

RADIATION EFFECTS IN UTERO
Stages of Development
Preimplantation
Major Organogenesis
The Fetal Stage
Humans Irradiated In Utero
Increased Incidence of Cancer with In Utero Exposure

RELATIVE BIOLOGICAL EFFECTIVENESS OF NEUTRONS
REGULATORY GUIDES FOR EXPOSURE
SUMMARY

* Radiation Biologist, Radiation Biochemistry Department, Armed Forces Radiobiology Research Institute,
Bethesda, Maryland 20814-5145

193



Medical Consequences of Nuclear Warfare

INTRODUCTION

Ionizing radiation damages biological tissues by exciting or ionizing their atoms
and molecules." Additional indirect damage is caused by the formation of free
radicals in water, which makes up 75%-80% of the mass of living systems. The
primary products of water radiolysis are the hydroxyl radical, hydrogen radical
(hydrogen atom), and hydrated electron; hydroperoxy radicals and hydrogen
peroxide are also formed in the presence of oxygen. The production of lysosomal
enyzmes and biological mediators, such as histamine and prostaglandins, is
another biological response to radiation exposure.”” Depending on the radiation
dose and the biochemical processes altered, damage may be prompt (expressed
minutes to weeks after exposure) or delayed (expressed several months to years
later) (Figure 9-1). Some radiation-induced injuries may not become apparent
until they are passed on to succeeding generations.

Radiation doses to biological tissues are measured in three ways. (&) The
exposure dose of gamma or X rays in air is expressed in roentgens (R). (b) The
dose of any type of radiation absorbed by the tissues was, at one time, expressed
by the rad, which is equivalent to 100 ergs of energy per gram of tissue. The
international measure of absorbed dose is now the gray (Gy), which is equal to
100 rads (conversely, 1 rad equals 1 c¢Gy). () Finally, because the biological
responses to radiation exposure may vary with the type of radiation, dose
equivalents are expressed by the rem, which equals 1 joule per kilogram, or by the
sievert (Sv), which is an international unit equaling 100 rem. The Sv allows
effects from radiations with differing LET values to be compared, since 1 Sv of
neutron radiation has the same biological effects as 1 Sv of low-LET gamma or X
radiation. Comparisons cannot be made among absorbed-dose measures of differ-
ent kinds of radiation (for example, 1 Gy of neutron radiation will not have the
same effect as 1 Gy of gamma or X radiation).

Low-level radiation exposure is generally considered to be less than the dose that
produces immediate or short-term observable biological effects. In the human,
low-LET gamma or X radiation doses of less than 0.5 Gy do not produce any
prodromal symptoms or the hematopoietic subsyndrome;** however, low-level
radiation exposure does increase the probability that delayed effects will occur.®"
Three primary delayed effects—somatic, genetic, and teratogenic®®—can be
observed and are already present in the population and in the gene pool.”®
Irradiation enhances the naturally occurring frequency of the effect, and in some
cases produces the observable end point by a process different from those of
natural selection. Certain biological responses have such low thresholds that they
are statistically indistinguishable, in many cases, from normal incidence.”*'” Even
so, current radioprotection guidelines state that all exposures to radiation should
be avoided if possible and that exposure should be kept as low as is reasonably
achievable."
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BACKGROUND RADIATION

Living organisms are continually exposed to ionizing radiation in nature as well
as from nuclear weapons testing, occupations, consumer products, and medical
procedures.”®" The radiation from all of these sources together is called back-
ground radiation, and is estimated to measure 180-200 mrem/person/year. Med-
ical procedures contribute most whole-body background radiation (Figure 9-2)."*
1 In addition, large doses of partial-body radiation may be delivered to the lung
by radon gas (radon-222 and radon-220), produced from the natural decay of ra-
dium and thorium.'® High concentrations of radon gas escape from soil and are
released from marble and granite, accumulating in buildings with poor air circu-
lation.'® Radon exposure is a health concern because its solid daughter products,
polonium-214 and -218, decay by alpha-particle emission in the human body near
the lung tissue and may increase the incidence of lung cancer.'

Extraterrestrial radiation includes solar-flare and cosmic radiation. Most cosmic
radiation is absorbed by the dense atmosphere before it reaches the earth's surface.
A person’s exposure to cosmic radiation increases at higher latitudes or altitudes,
as the atmosphere becomes less dense.”* A resident of the higher-altitude city of
Denver receives approximately 100 mrem more radiation exposure than does a
resident of Washington, D.C. A cross-country airplane flight increases individual
exposure by 0.2 mrem/hour because the level of cosmic radiation is greater at
36,000 feet than at sea level.” As humans venture farther from the protective
atmosphere, either in supersonic air carriers or in spaceflight, their background
occupational exposures to cosmic radiation will increase. The British Concorde
supersonic transport maintains radiation-monitoring equipment so that it may
drop to lower-altitude flight routes if increases in solar or cosmic radiation are
detected.® Spaceflight increases exposure to solar and cosmic radiations; Apollo
astronauts traveling to the moon received an average of 275 mrem over 19.5
days.®

On earth, naturally occurring radioactive elements contribute to background
radiation.”® External exposure sources include potassium-40, which may be con-
centrated in concrete, and radon gas. Internal radiation comes primarily from
radioactive isotopes of naturally occurring elements in biological systems, such as
potassium-40 and sodium-24. In some areas of Brazil and India, large concen-
trations of monazite, a mineral containing thorium, are present in the soil or sand.
Background-radiation exposures there range from 0.008 to 0.17 Gy/year.®

Fallout from nuclear weapons testing peaked in 1964, after seventy-seven
atmospheric detonations occurred in 1962. Of the total fallout, 69% was from car-
bon-14, 4% was from cesium-137, and 3% was from strontium-90. The remaining
24% was from radioactive isotopes of plutonium, rubidium, barium, iodine, iron,
manganese, krypton, americium, tritium, and zinc.® Carbon-14 will be a long-term
contributor to background radiation because it has a half-life of 5,700 years.
Nuclear fallout has decreased because of the total ban on atmospheric testing by
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the United States, Great Britain, and the Soviet Union, although several other
countries continue atmospheric testing.

Radiation is also emitted from consumer products, such as color television sets
(averaging 0.3-1.0 rem/hour of use), video terminals, smoke detectors (which con-
tain an alpha emitter, usually americium-241), and dinnerware that uses uranium
for an orange color.”"> Ophthalmic glass, used in prescription lenses, contains
trace impurities of thorium-232, and uranium is added to dental porcelain to give
dentures a natural fluorescent quality."” The latter may result in an alpha radiation
dose of 60 rem/year to the gums."”

SOMATIC EFFECTS

Delayed somatic effects of ionizing radiation result from somatic mutations and
accumulated damage, and include impaired circulation, necrosis, fibrosis of skin
and muscle tissue, loss of hair, loss of taste, impaired bone growth, susceptibility
to disease, immunodeficiency, aplastic anemia, cataracts, and increased incidence
of cancer.®*"

Some organs are more radioresistant than others. Radiation doses exceeding
15-50 Gy must be received before damage to the liver or heart is detected.®® Other
tissues, such as the lens and the sperm, show some detriment from doses as low as
0.15-0.30 Gy.”*'"®" Delayed somatic effects of intermediate- or high-level
exposures include cataract formation, skin abnormalities, and sterility.

Cataract Formation

The lens tissue of the eye is particularly radiosensitive, and radiation exposure can
result in its increased opacity.”®'*** Radiation cataractogenesis is the most com-
mon delayed radiation injury,”’ and is thought to result from damage to the
anterior equatorial cells of the lens's epithelial tissue.”” These cells normally di-
vide and migrate to the posterior portion of the lens, where they gradually lose
their nuclei and become lens fibers.** The lens tissue, like that of the testes and
the brain, is separated from the rest of the body by a barrier system.® As a result, it
has no direct blood supply, no macrophages for phagocytosis, and no way to re-
move accumulated damage. In a study of 446 survivors of the Nagasaki atomic
bomb, 45% of the 395 persons who were 0.1-2.0 km from the hypocenter of the
bomb developed cataracts by 1959 (whereas only 0.5%, or 2 out of 395, had
severe visual impairment)."”?' Four of the remaining fifty-one persons (7.8%)
who were 2-4 km from the bomb hypocenter developed mild cataract impairment.
Even survivors exposed to small doses of radiation were at increased risk for
cataract formation. By 1964, the incidence of cataract formation among a-
tomic-bomb survivors who received 0.01-0.99 Gy of radiation was 1.5% in
Hiroshima compared to 1.0% in the control population, and 2.0% in Nagasaki
compared to 0.9% in controls (Figure 9-3).”> Higher doses tend to increase the
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degree of opacity and shorten the latency period.”® There is a 10% risk of
developing a severely impairing cataract following a single exposure to 2.4 Gy of
low-LET radiation, and a 50% risk for a dose of 3.1 Gy.'"” The estimated dose for
50% incidence of cataract formation increases from 3.1 Gy to 9.3 Gy by lowering
the dose rate or extending the exposure period.' The latency period for cataract
formation in humans has been estimated to be 6 months to 35 years; however,
fractionation or protracted exposure lowers the incidence and prolongs the
latency.”®

Small radiation doses may increase the opacity, but visually impairing cataract
formation results from an accumulation of dead or injured cells, and therefore has
a threshold. For low-LET radiation, this threshold is 2 Gy.”* High-LET neutrons
have thresholds of less than 0.2 Gy.

Other parts of the eye are not as radiosensitive as is the lens. The threshold for
corneal edema is 10 Gy of low-LET radiation; for atrophy of the lacrimal gland, it
is 20 Gy.*" Doses of less than 0.1 Sv/year are not thought to present appreciable
risk for detectable visual impairment. The International Commission on Radio-
logical Protection (ICRP) has recommended an occupational exposure limit of
0.15 Sv for the eye.*

Sterility

Males. Germ cells of the human testes are very radiosensitive.”** Temporary
sterility may occur after 0.1-Gy whole-body or local irradiation, with 50%
incidence following 0.7 Gy.”®° Sperm cells become more resistant as they
develop; spermatogonia are more radiosensitive than spermatocytes, which are in
turn more radiosensitive than spermatids.”® The regenerating spermatogonial stem
cell (A,) is more radioresistant than the developing spermatogonia (B). The EDs,
for damage to spermatogonia is 0.11 Gy of low-LET radiation.”” The spermatid is
also fairly radioresistant, requiring X-ray doses of 6 Gy to show visible damage.*

Radiogenic aspermia is caused by a maturation-depletion process similar to that
observed for hematopoietic cells after irradiation. Radiation kills stem cells or
delays mitosis, so that differentiating cells continue to divide without being re-
placed. The latency period for aspermia after radiation exposure is approximately
2 months,’® and the time for recovery is several months to years. Chronic and pro-
tracted exposures produce greater testicular damage than do acute large expo-
sures. This damage is reflected in the duration of aspermia,”** and is thought to
result from cycling of the radioresistant A, spermatogonia to the more radio-
sensitive B spermatogonia.”®** A dose of about 0.35 Gy produces a 50% in-
cidence of aspermia after a protracted exposure of 1-10 days.'” At low dose rates,
the recovery period depends on the total dose received: approximately 1 year
following a 1-Gy exposure, 3 years for 2-3 Gy, and up to 5 years for 6 Gy.”* A
fractionated dose of 2-3 Gy may require up to 14 years for recovery.”® Doses of
0.08 Gy do not significantly affect sperm count or alter plasma follicle stimulating
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hormone (FSH) levels.*® Radiation doses of up to 6 Gy do not alter plasma levels
of testosterone, but do decrease the levels of urinary hormone. Decreased pro-
duction of testosterone by the Leydig cells has been observed in humans receiving
6 Gy of X rays. Plasma levels are not affected because there will be a
compensating increased number of Leydig cells 3 months after irradiation.*® Fol-
lowing the onset of aspermia, there is a three- to fourfold increase in urinary
gonadotropin, plasma FSH, and luteinizing hormone. Elevated levels return to
normal when spermatogenesis resumes.”

Permanent male sterility may occur after 2 Gy (local or whole-body exposure) but
generally requires doses between 5 and 9.5 Gy.* These doses are within the lethal
range for whole-body exposure.’

Females. The ovary is not as sensitive to radiation-induced temporary sterility as
is the testis, but it is more sensitive to permanent sterility’”** These distinctions
are based on differences in the stages of development of the two germ cell groups.
Shortly before birth, the oogonia stop multiplying and proceed to prophase I of
meiosis.” After puberty, meiosis resumes for individual cells by ovulation.
Oocytes lose the ability to renew after birth and are unable to replace stem cells
that have been damaged or killed by radiation. The oocyte is most radiosensitive
as a proliferative stem cell during the fetal stage of gestation, prior to ceasing
mitosis and entering meiosis.”*

Temporary sterility may be induced in females by acute radiation doses of 1.5-6.4
Gy.*'"" Permanent sterility results from doses of 2-10 Gy, and depends on the
woman's age at the time of irradiation.*'** Older women, particularly those close
to menopause, are particularly radiosensitive for sterilization. Two Gy of low-
LET radiation may result in permanent sterility of 50% of the exposed female
population over 40 years of age, compared to an estimated 3.5 Gy for women
under 40."° This is simply due to the numbers of oocytes present at the time of
irradiation.”*” Women have about one-half million oocytes at puberty, which are
almost depleted through atresia at menopause.*

Higher radiation doses of 3.6-20.0 Gy are required for sterilization when the
exposures are prolonged or fractionated.*'’ From the 1920s through the 1950s,
radiation exposure was occasionally prescribed to treat infertility and sterility.*
One-third of the women referred for this treatment had amenorrhea. Each woman
received a total dose of 0.65 Gy to the ovaries and 0.75 Gy to the pituitary gland,
divided in three fractions over 2 weeks. In one study, this technique had a 55 %
success rate: 351 of 644 patients treated were able to conceive.”” The treatment
has been discontinued because of the concern for associated risks of genetic and
somatic damage. Higher doses of low-LET radiation (1.25 Gy) can result in a
delay of the menstrual cycle."
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Radiation Effects on Skin and Hair

Soon after Roentgen's discovery of X rays,' researchers and radiologists became
aware of the skin's sensitivity to radiation damage.”**® Eight months after the
discovery of X rays in 1896, a German scientist reported a case of dermatitis and
alopecia on the face and back of a 17-year-old man who had been exposed to
these rays for 10-20 minutes a day for 4 weeks during an investigation.®
Interestingly, the accompanying erythema, which resembled a burn, was painless,
whereas chronic radiation dermatitis following repeated exposure is usually
extremely painful.>”’

In another 1896 case, a man received an hour-long X-ray exposure during an
examination for a kidney stone.’” The patient experienced nausea (a prodromal
symptom) 3 hours after irradiation. Following a second exposure lasting 1.5
hours, the patient developed a radiation sequela leading to ulcer formation at the
site of exposure, which was not responsive to skin grafting.

An 1897 case study initiated the popularity of X-radiation treatment for
dermatological ailments. A Viennese doctor administered X radiation in two
hour-long treatments per day for 10 days to depilate a nevus pilosis birthmark
covering the back of a 5-year-old girl.** Epilation occurred 11 days after the
initiation of treatment.

Before the introduction of the roentgen in 1928 as a unit to measure exposure
dose, the skin erythema dose (SED) was commonly used.” The SED is the
radiation dose required to produce a given degree of erythema. It depends on the
quality, energy, and exposure time of the radiation. For X radiation, the SED is
about 8.5 Gy. In 1925, it was proposed that the exposure of radiologists and X-ray
machine operators not exceed 1 /100th of the SED in a 30-day period.*®

During a radiation incident, skin may be exposed either by direct blast irradiation
or by beta burn from the direct deposition of particulate fallout.”* The degree of
radiation-induced skin damage depends on a number of factors, including the type
of radiation; the dose and dose rate; the area of skin irradiated; and skin-quality
characteristics, such as texture, age, color, thickness, and location.”*'**** The
neck is the most radiosensitive area because its skin is thin and usually not
protected by clothing.***” Additional trauma through burn, abrasion, exposure to
ultraviolet light, or extreme temperature variations will increase the damage.****
Environmental factors or inadequate clothing may contribute to hyperthermia, and
wool or other coarse fabrics may further abrade the damaged skin. An illness like
diabetes® or a genetic disease like ataxia telangiectasia®*"** may also make the
skin more radiosensitive. Alpha radiation is of little concern for skin damage
because the average penetrated dose is usually absorbed by the dead corneocytes
of the stratum corneum. However, it may present a problem at sites where the skin
is thinner and the radiation can penetrate to the basal level.*'
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Beta particulates in fallout may contain extremely high radiation dose rates (tens
of Gy per hour). When they land on the skin, their energy may penetrate to the
germinal basal cells.>***"* This radiation damage (beta burn) was observed in the
atomic-bomb survivors and the Marshall Islanders (Figure 9-4) who had been
exposed to nuclear fallout.>*****" The threshold dose of beta radiation for skin
damage depends on the average energy of the beta particle, the total absorbed
dose, and the dose rate.” The average penetrating range of a beta particle is
proportional to its energy; thus, higher-energy beta emitters, such as strontium-90
(0.61 MeV average), require lower surface doses to produce wet desquamation
than do lower-energy beta particles, such as those from cobalt-60 (0.31 MeV
average).” The surface threshold doses for transepidermal injury in the skin of
pigs is 15 Gy for strontium-90, 40 Gy for cobalt-60, and 200 Gy for sulfur-35.*
The exposure from each of these radioisotopes delivers approximately the same
tissue dose to the basal germ cells. Lower-energy beta particles like sulfur-35
(0.17 MeV energy) are not capable of penetrating to the dermis and cannot induce
chronic radiation dermatitis.*” Beta injuries from fallout can be minimized by
decontamination and washing.

Radiation damage to the dermis has a threshold dose of about 20 Gy, with 50%
incidence at 60 Gy.” Five progressive categories of radiation damage are
observed in skin: erythema, transepithelial injury (moist desquamation), ulcer-
ation, necrosis, and skin cancer.*3%44-34

Radiation-induced erythema occurs in two stages: (&) mild initial erythema, ap-
pearing usually within minutes or hours on the first day after irradiation (oc-
curring earlier with higher doses), and (b) the main erythema, appearing at 2-3
weeks and persisting for longer periods.'**”* In some cases, a third erythema may
occur at 6 weeks.* Radiation-induced erythema is a threshold phenomenon.****
A dose of 6 Gy of low-LET radiation received in less than 1 day, or 10 Gy in 10
days, will induce erythema in 50% of exposed persons.*'” The threshold for
neutron radiation is 2 Gy.® Because of these variables, and the fact that the
threshold dose decreases with an increase in the surface area exposed, erythema is
not a good biological dosimeter.*'**>**** Early erythema arises from the release of
mediators and from increased capillary dilation and permeability.* It is equivalent
to a first-degree burn or mild sunburn, subsiding within 2 or 3 days.*** Although
indomethacin or other prostaglandin-synthesis inhibitors have been used topic-
ally to prevent or reduce erythema caused by sunburn or ultraviolet light,”” they
have not been widely used to treat radiation-induced erythema. (One study sug-
gested that systemic and topical applications of prostaglandin inhibitors may be
useful in minimizing late damage and necrosis from large radiation doses.)”
When early erythema subsides, it will be latent for 2-3 weeks, depending on the
dose.

The second onset of erythema is attributed to impaired circulation in the arterioles

and capillaries, producing inflammation and edema®*>* and accompanied by dry
desquamation of the epidermal corneocytes. Low radiation doses induce mitotic
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delay,** with subsequent sloughing of epidermal layers. Higher radiation doses

extend the duration of mitotic delay but do not alter the rate of cell sloughing at
the skin surface. Upper cells are sloughed or abraded off, exposing cells that are
not completely keratinized. Cell death and moist desquamation ensue.

Both dry and wet desquamation occur about 1-4 weeks after irradiation.’”*~*
Regeneration of the stratum corneum requires 2 months to 4 years,* and this
regenerated tissue will be more sensitive to other skin damaging agents.”** The
new skin may be thinner than the original, with greater sensitivity to touch and
pain.** Reduction or loss of the dermal ridges making up the fingerprint has
occurred from large or chronic exposures.*

Epidermal basal cells are thought to be the targets of early radiation damage,**
and further damage to the surrounding vasculature is an important factor in late
radiation injury and necrosis.>*>***** The blood vessel damage may lead to
telangiectasia, and fibrosis and alterations in connective tissue may appear.®***
Hyper- or hypopigmentation may occur after radiation exposure: low doses
activate melanocytes and produce hyperpigmentation, and higher doses may result
in death of melanocytes and hypopigmentation.*~°

Dermal necrosis from radiation results from cell death in the dermis, and is
equivalent to third-degree thermal burns.'®**> Ulceration is seen with doses
greater than 20 Gy;* some muscular atrophy may occur with highly penetrating
radiation.**** When the proliferation rate of basal cells is depressed for long
periods, fibrotic repair may surpass the basal cell repair, leading to reduced toni-
city and resiliency and the formation of scar tissue.*** Figure 9-5 shows the
general pattern of skin damage of a patient who received large doses of radio-
therapy. Ulceration with scar-tissue formation occurs after 30 Gy,* and severe
fibrosis after 55 Gy.” Ulcerations may require corrective surgery, because the
underlying tissue may maintain the ulcer and the recovery of the immediate sur-
rounding tissue may be slow.* Chronic radiation exposure (chronic radioderma-
titis) can also lead to increased fibrosis and to ulceration.**** Skin cancers may be
evident after months or years.****”* They may result from either acute or chronic
exposure, but are not generally associated with increased mortality.”**

Radiation induces a bluish-brown pigmentation of the fingernails in persons of
dark-skinned races.” The threshold dose has not been determined. Fingernail
pigmentation was observed in the Marshall Islanders, who received an average
estimated whole-body gamma-radiation dose of 61 rem. The bluish-brown pig-
ment was slowly eliminated by normal fingernail growth over the first 6 months
after irradiation.”® Cracking or shedding of the nails may occasionally occur.*

The first report of epilation caused by X rays was written in 1896.”” As a way to
test the machine's ability to make a photograph of the skull (in preparation for
locating a bullet in the head of a child who had been accidentally shot), the author
exposed the head of a colleague to X radiation for 1 hour. The photograph did not
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turn out, and 3 weeks later, the colleague developed a 2-inch bald spot on his
scalp.”’

Generally, epilation occurs about 2 weeks after irradiation with doses greater than
2-3 Gy.'"**** This loss is temporary, with regrowth occurring in 2-6 months. The
returning hair may be thinner, with either different pigmentation or loss of pig-
mentation. Permanent epilation occurs with doses greater than 6 Gy.** Epilation

results from a combination of mitotic delay, interphase death, and reproductive
death of the hair cell.

Cancer

Two months after their discovery, X rays were being used to treat cancer.”” The
earliest radiotherapy was performed in 1896 for breast carcinoma® and stomach
tumors.®*®' However, with the increasing use of radiotherapy came reports that
radiation actually induces cancer.”’******% One of the earliest radiation-induced
cancers occurred in the laboratory of Thomas Edison, whose assistant died in
1904 from skin cancer contracted while working on the development of a fluo-
rescent light using an X-ray tube.”® By 1907, eleven mortalities were attributed to
cancer induced by X radiation.”” The first investigator to demonstrate that X
radiation causes cancers in laboratory animals used a fractionated radiation
schedule to induce spindle-cell carcinomas in rats.** Many early radiologists,
researchers, and workers experienced chronic radiodermatitis, increased in-
cidence of cancers, and other damage before the dangers of radiation were
clarified and protective measures were initiated.””"*> Now, the National Academy
of Sciences considers cancer induction to be the most important somatic effect of
low-dose ionizing radiation.’

Cancer Induction. Cancer development is thought to be a multistep process, in
which the initial damage leads to a preneoplastic stage, followed by selection and
proliferation of the neoplastic cell.”*** Chromosomal and enzymatic analyses
indicate that all of the cancer cells of a tumor and its metastases are derivatives or
clones of a single cell.”””" A neoplasm is characterized by unrestrained growth,
irregular migration, transformation, and genetic diversity.”’

The three stages in cancer formation are initiation, promotion, and latency (Figure
9-6).”% During initiation, fixation of the somatic mutational event occurs, which
leads to the development of a neoplasm. Damage can be initiated by various
agents, including exposure to radiation or another environmental or chemical
carcinogen.

During the promotion stage, the preneoplastic cell is stimulated to divide or is
given preferential selection. A promoter is an agent that by itself does not cause
cancer, but once the initiating carcinogenic event has occurred, it promotes or
stimulates the cell containing the original damage.” The National Toxicology
Program lists 148 chemical agents and groups known to be carcinogenic in
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humans, including asbestos, benzene, vinyl chloride, nickel, soots, tars, formal-
dehyde, DDT, saccharin, and urethane.”” Unlike most carcinogens, radiation may
act both as an initiator by inducing somatic mutation, and as a promoter by
stimulating cell division as a result of recovery and repair processes.®”” Some
chemotherapeutic alkylating agents (including cyclophosphamide and nitrogen
mustard) initiate biochemical damage similar to that caused by radiation, and are
called radiomimetic agents. Like ionizing radiation, they are useful for chemo-
therapy but are also carcinogenic. Some hormones may act as promoters by
stimulating the growth of target tissues.” For example, estrogen may function as a
promoter of breast cancer, and thyroid-stimulating hormone (TSH) may act as a
promoter of thyroid cancer. Conjugated and unconjugated estrogens have been
identified as carcinogenic in human populations.’

Radiation may also affect latency, which is the third (and last) stage of cancer
development. During latency, the transformed cell produces a number of different
phenotypic clones through continued genetic diversity, although not all clones
will be neoplastic.”*”*® Eventually, one phenotype acquires the selective ad-
vantage of evading the host's defense systems and metastasizing (Figure 9-6). The
primary contributions of radiation in latency are the immunosuppression and
alteration of biological mediators released in the surrounding tumor microen-
vironment.

Environmental and host factors have roles in cancer promotion.*’ The contri-
bution of environmental agents can be estimated by comparing high and low
cancer incidences in different populations of the world.” As many as 80% of
cancer deaths in the United States may be linked to environmental factors that
could have been avoided.” The incidence of lung cancer in males in the state of
Connecticut in 1968-1972 was 325.8 cases per million males under 65 years old,
compared to nine cases per million in rural Norway (Table 9-1).” Similar dif-
ferences occur for the incidences of prostate cancer and myeloma in the pop-
ulations of Connecticut and Miyagi, Japan. Environmental factors that may pro-
mote cancer are the use of tobacco, alcohol, and food additives; other dietary
factors; sexual behavior; occupation; air pollution; industrial products; medicines
and medical procedures; bacterial and viral infections; and geophysical factors.”
Tumor registry studies have shown higher incidences of colon cancer in the
United States than in Japan, while higher incidences of stomach cancer occur in
Japan.”* Japanese immigrants in the United States have a higher incidence of
colon cancer than those living in Japan, indicating that environmental factors and
dietary changes may influence its development. One environmental agent of
increasing importance is the human immunodeficiency virus (HIV), implicated in
the cause of acquired immune deficiency syndrome (AIDS).” This virus selec-
tively attacks and destroys a subclass of T-cells (T-4 lymphocytes) that is re-
sponsible for monitoring the immunity of the spontaneously developing neo-
plastic cells. Impairment of the immune system may, therefore, promote cancer
growth.
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The differing incidences of cancer for males and females (Table 9-2) may be the
result of hormonal, environmental, or behavioral factors. Leukemias and lung
cancer are more prevalent in men. Their higher incidence of lung cancer may be
due to the greater percentage of males who smoke. Thyroid cancers are more pre-
valent in women.” Genetic studies have shown that family tendencies for devel-
oping certain cancers are associated with several genetic syndromes, including
xeroderma pigmentosum, ataxia telangiectasia, Fanconi's anemia, Bloom's syn-
drome, Gardner's syndrome, and Li-Fraumeni's syndrome.***"%*"® These diseases
are associated with increased cellular mutation rates, sensitivity to environmental
and chemical mutagens, and exposure to ionizing radiation. Chromosomal trans-
locations are observed more frequently in cells from persons with these diseases,
and specific defects in the repair of deoxyribonucleic acid (DNA) have been
identified for most of these syndromes. These hereditary syndromes may increase
susceptibility to cancer by providing the genetic diversity that is necessary for its
development.®’°

Specific gene mutations and chromosomal aberrations are associated with par-
ticular cancers.” % %77 Research in this area has been stimulated by the discovery
in recent years of oncogenes, proto-oncogenes, and antioricogmes.**¢7"%7

Oncogenes are genes that induce the transformation of cells in culture when in-
corporated into the DNA of otherwise normal cells.”” These genes have been
found to have structural similarity to normally occurring genes that are present in
nontransformed, noncancerous cells.”* About forty different oncogenes have
been identified.” Their functions are diverse; however, many of their gene pro-
ducts bind to DNA or promote cellular proliferation.®””**

The normally occurring counterpart of the oncogene is the proto-oncogene. Very
few natural functions of the proto-oncogenes are known, although similarity
exists between the v-sis oncogene and the gene coding for the platelet-derived
growth factor-2 peptide.***!

Most oncogenes were first isolated from avian leukemia retro-viruses, and later
research identified oncogenic and normal counterparts in laboratory animals and
in humans.” The viral oncogene is referred to as v-onc. One of the most com-
monly studied v-onc genes is v-myc.®””** Its homologous cellular gene (c-myc) is
amplified in several different forms of cancer, including Burkitt's lymphoma in
humans.®7>#*% Another oncogene (ras) codes for a G-protein that regulates cell
receptor activity by controlling adenyl cyclase activity.* Up to 40% of the
surgically removed human colon cancers contain an activated ras oncogene.*
Radiation-induced skin tumors in rats and mice have been found to have activated
forms of the c-myc, k-ras, and ras oncogenes as well as amplification of the c-myc
gene.¥ A mouse lymphoma induced by radiation was shown to have an
activated c-k-ras oncogene that differed from the normal gene by a single point
mutation, resulting in incorporation of aspartic acid instead of glycine into the
corresponding protein.*’
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Oncogenic activation by itself is not necessarily a carcinogenic event because
these genes have important normal cell functions.’”* They are thought to parti-
cipate in initiating a neoplasm state by either quantitative or qualitative changes in
their specified gene product as a result of amplification, mutation, or dereg-
ulation.””*’” Some antioncogenes help repress cancer induction.®®*® The deletion,
inactivation, or presence of that gene in a homozygous recessive state may predis-
pose or permit cancer development.””® Hybridization experiments using normal
cells and cancerous cells show that the cancerous actions of some oncogenes are
repressed by the presence of the normal chromosome in the new hybrid.®”* An
activated raf-oncogene has been implicated in the radioresistance of a human
laryngeal cancer cell line’' and also in radioresistant benign skin fibroblasts from
a patient with Li-Fraumeni's syndrome.’

Radiation is known to induce chromosomal aberrations, and specific chromo-
somal aberrations are shown by many cancers. The most common translocations
and trisomic conditions observed in human cancer involve chromosomes 1, 8, and
14.% The c-myc and c-mos genes are located on chromosome 8.°>*° Translocation
of chromosome 8 to 14 is present in 80% of patients with Burkitt's lymphoma and
is associated with amplification of the c-myc gene.”””> A similar translocation
occurs in 10%-20% of patients with acute T-cell leukemia.”” The Philadelphia
chromosome that is present in 90%-95% of patients with chronic myeloid
leukemia is a translocation of a portion of chromo-some 9 to chromosome 22,°**°
and it is thought to involve the c-abl proto-oncogene.”>®” A transformation is
thought to arise by random selection in the tumor cell due to its greater genetic
diversity. Once present, the transformation provides a selective growth advantage
that allows the cell possessing that modification to predominate.*>%%-%

Models for Predicting Cancer Incidence. With few exceptions, radiation may
induce cancer in any organ of the body.”* Radiation-induced cancers cannot be
distinguished from spontaneous cancers.*”'” The possibility of radiation in-
duction is based on a person's history of exposure to large doses, and is influenced
by a number of variables, including total dose, dose rate, and radiation quality.”®
As with other somatic effects, genetic changes, and in utero effects, high-LET
radiation and high dose rates have a greater probability of initiating or promoting
cancer than does low-LET radiation. Most leukemias and cancers of the thyroid,
breast, lung, liver, and bone are induced at higher rates by high-LET radiation, but
the incidence is not large enough to allow accurate determination of the RBE in
human populations. Low dose rates permit partial or complete cell repair of the
radiation damage. In contrast, with high dose rates, the rate of cell damage may be
faster than the repair rate, resulting in damage accumulation. Fractionation of the
dose permits repair of a potential neoplasm and decreases the incidence of car-
cinogenesis for leukemia, but does not appear to be as important in reducing the
incidence of breast and thyroid cancers. The latency and total risks for breast,
lung, intestinal, stomach, and thyroid cancers vary with the age at exposure. In
general, persons who are younger at the time of exposure are at increased risk for
most cancers. For breast and thyroid cancers, persons younger than 20 years at the
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time of exposure are more radiosensitive, whereas they are less radio-sensitive for
stomach cancer and leukemia. The minimum latency periods are 2-3 years for
leukemia and 5-40 years for solid tumors.

The probabilities of developing cancer as a result of exposure to high doses of
either low- or high-LET radiation are fairly well established, but the risks of
low-level exposure are not.”® Insufficient data exist to accurately determine the
risks to humans.”*'"'? The risk for low-level exposure is extremely small and may
be nonexistent.” Epidemiological analyses for determining the role of radiation
exposure in carcinogenesis are made difficult by the small numbers of irradiated
populations and the even smaller chance that a specific cancer resulting from a
specific radiation exposure can be detected in a population.”®!"'>101% Epi.
demiology is also clouded by the contributions of other carcinogens, differences
in health factors, inappropriate control populations, and (in retrospective studies)
possible death certificate inaccuracies, missing data in the records, and poor or
biased memories.'"'"'* The most recent estimates for the incidences of cancers
resulting from 1 cGy of low-LET radiation are shown in Table 9-3."

Within the limitations described above, the scientific community has attempted to
derive risk estimates for low-level radiation exposures that may be used by
legislative bodies to prescribe occupational and public safety standards. Four
research models are used: linear, linear-quadratic, quadratic, and pure quadratic
with cell killing.®*'>'""' Each model may exist with or without thresholds. Two
of these models, linear and quadratic (nonlinear), are shown in Figure 9-7. A
linear model is more likely to overestimate the incidence of cancer for lower
doses. If the initial rate of increase is shallow for the lower doses, then a threshold
essentially exists for the lower doses of a nonlinear model (Figure 9-7) because
the incidence is extremely low in proportion to the dose. Different cancers may fit
one model better than another. For some cancers, the confidence limits of the
curve fit may not permit the selection of one model over another with any degree
of accuracy. Figure 9-8 shows the degree of fit to the incidence of leukemia in the
Nagasaki atomic-bomb survivors.'”” The data are best predicted by a linear-
quadratic model,>'" although either model is applicable. The radiation-induced
incidences of breast cancer and thyroid cancer are best described by linear
models."" The cell-killing component of the pure-quadratic-with-cell-killing
model refers to the fact that some incidence curves decrease at the higher
radiation doses. Lower radiation doses increase the incidence of cancer cell
induction, whereas the accumulated damage from higher doses is more likely to
kill the cell, thus eliminating potential neoplasms.

HUMAN DATA BASE

Data from the human population on the effects of low-level radiation come from
four sources (Table 9-4): atomic-bomb survivors, medical exposures, occupa-
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tional exposures, and epidemiological comparisons of geographic areas con-
taining high background radiation.”®

The 92,231 survivors of the atomic detonations in Hiroshima and Nagasaki are
being monitored by the Radiation Research Foundation for possible radiation-
induced health effects.'” Of the 24,000 deaths in this population through 1982,
6,720 were attributable to radiogenic and nonradiogenic cancers. The foundation
is also following 27,000 children of the survivors who were conceived after the
detonations to determine if genetic damage was induced in their parents and
passed on to them.'” Radiation doses received by a majority of the survivors were
first determined in 1965,'” and were recalculated in 1986 after more information
on the explosions became available.'”™ Earlier differences in the biological
responses of the Hiroshima and Nagasaki populations were thought to be
attributable to the larger neutron exposure and, hence, the greater RBE in the
Hiroshima explosion,”® however, reestimation of the radiation doses indicates less
contribution from neutrons and a greater influence from gamma radiation in the
Hiroshima bomb.'® This necessitates revising the risk estimates for low-LET
radiation exposure and may increase the potential risk estimates by 50%.'"

The largest medically irradiated population for which dosimetry is available com-
prises the 14,111 patients in the United Kingdom who received spinal irradiation
for treatment of ankylosing spondylitis.>'*'*'"! Ankylosing spondylitis is a rheu-
matoid disease primarily affecting the spine and characterized by destruction of
the cartilage and ossification of the vertebral joints. The patients received their
radiation treatments sometime between 1935 and 1954. In the most recent study,
they were monitored through 1970."° An increased incidence of leukemia has
been observed in this population. Other medically irradiated groups with in-
creased cancer incidence are children who received head radiation for treatment
of tinea capitis,''> and patients who received routine fluoroscopy examinations for
postpartum mastitis'™> or during treatment of tuberculosis.''*'"

The third category includes occupational groups with very low radiation doses
(averaging less than 1 rem/year); the medical, scientific, and industrial pro-
fessions; and victims of radiation accidents. In the early 1900s, workers in a
number of occupations received large or chronic exposures to ionizing radiation
because of inadequate safety standards and ignorance of its long-term biological
effects. Three groups with a high incidence of radiation-induced cancer were the
early radiologists, the radium-dial painters of the 1920s,”* 1 and uranium
miners.''*'"

Leukemia

Leukemia is one of the most frequently observed radiation-induced cancers.”*'"® It
accounts for one-sixth of the mortality associated with radiocarcinogenesis, with
equal numbers of cancers of the lung, breast, and gastrointestinal tract.”®"
Leukemia may be acute or chronic, and may take a lymphocytic or myeloid form.
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With the exception of chronic lymphocytic leukemia, increases in all forms of
leukemia have been detected in humans exposed to radiation and in irradiated
laboratory animals.”®"' More acute than chronic leukemias are induced, although
the latencies are roughly equal.”’ Characteristic chromosomal aberrations induced
by radiation have been identified in patients with either acute lymphocytic leu-
kemia'" or chronic myelogenous leukemia.”””” The most common aberration is
the Philadelphia chromosome, found in approximately 95% of patients with
chronic myelogenous leukemia.”®***

Leukemia first appeared in the atomic-bomb survivors 2-3 years after the nuclear
detonations, and reached a peak incidence 10-15 years after irradiation.”®”' The
data for the Nagasaki atomic-bomb survivors best fit a linear-quadratic model
(Figure 9-8), although the number of observations is so small that, statistically,
either model fits well.'”” The average latency period for leukemia is thought to be
2-20 years.”*'"" The mean time from exposure to death was 6 years in the
ankylosing spondylitis patients'®''’ and 13.7 years in the atomic-bomb casualties
(Table 9-5).”' The difference between the two groups may reflect the larger
radiation dose (averaging 3.21 Gy) received by the bone marrow of the anky-
losing spondylitis patients, compared to an average dose of 0.27 Gy in the
atomic-bomb survivors. Table 9-5 shows the large numbers of observed leu-
kemias in five irradiated populations compared to the predicted numbers. Bet-
ween 1950 and 1972, sixty-three excess leukemia deaths occurred among the
92,000 survivors of the atomic bombs.”"''®!2% Results from a group of women in
Scotland treated for metropathia hemorrhagica with pelvic X radiation are also
shown in Table 9-5."' These patients received an average radiation dose of 1.34
Gy to the bone marrow, and have experienced increased incidences of leukemia
and cancers at the site of irradiation (intestines, rectum, and uterus).

Thorotrast is a contrast medium that contains thorium-22 and decays by alpha
emission (Table 9-5). It was used in diagnostic radiological procedures between
1928 and 1955.”*°! An increased incidence of leukemia and liver cancer was
observed in patients in whom thorium had concentrated in the liver and bone. The
mean radiation dose to the bone marrow from Thorotrast ingestion was 3.5 Gy.”'
The estimated incidence of leukemia from 1 ¢Gy of internal alpha radiation from
Thorotrast is 32 persons per million, compared with 11.4 per million in the
ankylosing spondylitis patients, who received 1 ¢Gy of low-LET X radiation.”’
The alpha particle releases so much energy into a small area that most of the local
tissue is destroyed before neoplasia occurs, thereby reducing the RBE for neo-
plasia. Although the risk of inducing cancer increases with an increasing dose, the
accumulated damage results in the death of the cell before it can express its cancer
potential. The RBE for leukemia induction by neutron radiation is estimated to be
1-25, according to data from the atomic-bomb survivors.'*

The incidence of leukemia is influenced by age at the time of exposure (Figure

9-9). The younger the person at the time of exposure, the shorter the latency and
the risk period for developing leukemia.”® The incidence of leukemia decreases
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with increasing age at the time of exposure; however, this individual is at
increased risk for a greater period of time (Figure 9-9). Conversely, as the
leukemia risk decreases, the risk of developing a solid tumor increases. For
radiation doses of less than 0.2 Gy, there appears to be a threshold region in
which increasing radiation doses carry slightly increased risks for leukemia
induction.'”” This may simply be due to the sigmoid shape of the curve in the
low-dose region, but the result is a quasi-threshold effect. Apparently no
difference exists in the incidences of leukemia in females and males at any age or
at any dose.”®"!

Over 200,000 U.S. military and civilian personnel have been involved in the
testing of nuclear weapons since 1945.'"" This number includes military personnel
who were permitted to view a nuclear detonation from a safe distance. Later U.S.
weapons testing occurred at the Nevada test site and at the Pacific Proving
Ground in the Marshall Islands. The average doses received by the participants in
those tests were 0.5 rem of gamma radiation and 0.005 rem of neutron ra-
diation.'” These doses were then and are now considered to be safe; Nuclear
Regulatory Commission regulations permit persons in occupations with radiation
exposures to receive 3 rem in any calendar quarter or 5 rem per year.'” At the
request of the Department of Defense, the National Research Council conducted a
study of mortality among participants of nuclear weapons tests. The study in-
cluded 46,000 of the approximately 200,000 test participants and, of these, 5,100
deaths occurred from all causes.'” No increased incidence of leukemia was ob-
served. Significantly fewer circulatory deaths occurred than expected (1,723
versus 2,541) as well as fewer cancer deaths (1,046 versus 1,243). The study
concluded that “there is no consistent or statistically significant evidence for an
increase in leukemia or other malignant disease in nuclear test participants.”

However, a person who was present at the 1957 nuclear test shot (code-named
SMOKY) developed leukemia 19 years later.'”* A follow-up study found a sta-
tistically significant increase of 8-10 cases of leukemia in the SMOKY test par-
ticipants, compared with 3.5 leukemia cases expected in a general population of
that size."”*'* The increase could be due to chance alone because of the small
population size or because of statistical fluctuation resulting from the healthy
worker effect. The healthy worker effect states that is a small employed pop-
ulation, some change in mortality will occur if there is better health care, and this
factor statistically sets that population apart from the general population. If
mortality in one category decreases, then incidences in the other categories also
shift. In-depth investigations by the Center for Disease Control and the National
Research Council show that a healthy worker effect is present in the SMOKY test
participants.'”'*® Few circulatory-related deaths occurred in the SMOKY
participants (103 versus 139 expected in the general population) as well as fewer
respiratory-related deaths (9 versus 17 expected).”” Although the incidence of
leukemia increased, the total incidence of cancers did not.
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Thyroid Cancer

Thyroid cancer is also a concern for low-level exposure and late radiation effects
(Figure 9-10), possibly accounting for 6%-12% of the mortality attributed to
radiation-induced cancers.”"!

Radiation-induced thyroid cancer is 2.0-3.5 times more prevalent in women than
in men (Figure 9-10 and Table 9-3).”%'"'*""** Female atomic-bomb survivors had
3.5 times more thyroid cancer than male survivors,''* and as much as 5 times
more cancer in one clinical study.'*® The difference in thyroid tumor inductions in
males and females is most likely due to hormonal influences on thyroid
function.®'** Depressing TSH levels in irradiated rats by supplementing their diet
with thyroxine reduces the incidence of thyroid cancer.'”” In the Marshall
Islanders, the incidence of hypothyroidism is associated with elevated levels of
TSH and closely matches the incidence of benign thyroid nodules.”®"**

Variations also exist for ethnic groups. One study examined thyroid neoplasms in
Jewish and gentile women who received radiotherapy during infancy for enlarged
thymus glands.'” The thyroid was in the exposure field during treatment and
received a mean dose of 3.99 Gy. The risk of thyroid cancer in women of Jewish
background was 163 per million women exposed to 1 cGy of low-LET radiation;
in the gentile women studied, the risk was 48 per million.'” Their risk was
16.5-fold greater than that for men in the same study. Persons of North African
ancestory may also be at increased risk."’
A study on the atomic-bomb survivors,'*’ two studies of 11,000 Israelis irradiated
for tinea capitis,'””"** and a study of patients treated by X-ray epilation for tinea
capitis''* indicate that the incidence of thyroid nodules is affected by the age at
exposure. The risk is greater during the first two decades of life (Table
9-3).'"'?7133 Within this age range, children in the Israeli study who were younger
than 6 years at the time of radiation treatment had a 1.6-2.3 times greater risk than
their older counterparts.'”® The average dose received during treatment was less
than 0.09 Gy." Fourteen thyroid tumors occurred in 3,762 persons younger than
6 years at the time of exposure, compared with fifteen tumors per 7,080 persons
6-15 years old."*® However, not all studies support an age effect.”

Thyroid neoplasms induced by radiation are the papillary (89%) and follicular (11
%) forms.” These forms are usually benign and slow growing, with an associated
mortality rate of 5% (Figure 9-10).” In a 20-year follow-up of patients who
received X radiation during infancy to shrink an enlarged thymus gland, 68% of
the thyroid neoplasms were benign.'”® Of the surgically removed thyroid nodules
that developed in the Marshall Islanders as a result of their fallout exposure,
thirty-six out of forty-five (80%) were benign adenomas, and nine were malignant
tumors consisting of seven occult papillary carcinomas and two papillary
carcinomas.” Doses for these persons were 1-8 Gy. Malignant thyroid nodules
tended to develop or to be detected earlier than the benign.*'**'"** The latency
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period for benign thyroid nodules is 5-34 years; for thyroid malignancies, 10-34
years.”'"'* In a follow-up investigation, an increase in thyroid neoplasms was
observed in persons receiving X radiation in childhood for treatment of tinea
capitis. The thyroid doses were 0.043-0.113 Gy with a mean of 0.09 Gy."® The
dose response for thyroid cancer fits a linear pattern.'’ External radiation has a
higher incidence of thyroid cancers than internal radiation."’

Irradiation of the thyroid may produce other responses, including hypothyroidism
and thyroiditis. Hypothyroidism may occur in individuals receiving large sub-
lethal radiation doses from external exposures. Threshold estimates for hypo-
thyroidism in humans may vary by a factor of 25, from 2 Gy to 50 Gy, depending
on whether the exposure source is external or internal.'™"*” Higher thresholds exist
for internal irradiation (50 Gy), where the concentration of radioactive iodine by
the thyroid may pose a problem."”” Lower thresholds exist for children: 0.2 Gy for
internal iodine-131 exposure and 1 Gy for external exposure. In the younger
Marshall Island population exposed to 9 Gy, a high incidence of hypothyroidism
occurred, characterized by elevated TSH levels. Above this dose, increasing in-
cidence of hypofunction was associated with decreased carcinoma. Ten percent of
persons with internal exposures of 200-300 Gy to the thyroid from radioactive
iodine in fallout will develop symptoms of thyroiditis. At the upper end of that
range estimate, thyroid ablation is likely."”’

Breast Cancer

Breast cancer is the major concern for women exposed to low-level radiation
because of its high incidence (Table 9-3) and 40%, mortality rate.”*'""** In the
United States, one in eleven women will get breast cancer.”” The incidence of
mortality from breast cancer is almost nonexistent in men.”*'**'*! Because of their
increased incidences of thyroid and breast cancer, women are also at greater risk
of developing these cancers as a result of radiation.”®

The risk of breast cancer associated with radiation exposure is age dependent
(Table 9-3).07113 115138140192 The absolute risk for women 10-19 years old at the
time of exposure is 7.6 cases per million women per cGy of low-LET radiation;
for persons over 40 years old, the risk is 0.8-1.3 cases per million."" In female
adolescents, cancer does not become manifest until after puberty. Studies indicate
increased incidence of breast cancer in atomic-bomb survivors who were younger
than 10 years at the time of exposure."**'** Previous studies detected no increase
in numbers of females of that age group.'** Increases in breast cancer have been
observed in women who received radiotherapy during infancy for treatment of
enlarged thymus glands.'*

The latency period for breast cancer is 5-40 years.”'""%'*"%¢ Women younger
than 25 years have longer latencies than do older women, and in general, an
increased incidence manifests itself in a woman's thirties and forties.”®'"?%140144
The mean latency period varies from 18 years in the atomic-bomb
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survivors™'*'* to 27 years in one medical study.''* Estrogen may promote breast
cancer because a woman's age at exposure is associated with increased risk, and
because few breast cancers occur until age 30.”"'* This is supported by the fact
that incidence of breast cancer does not increase in men following
irradiation.”"'**'*! Several investigators have proposed that the actual period in
which estrogen is present as a promoter is the important factor in determining
cancer incidence and latency.””"'*” Women irradiated after menopause are less
likely to incur radiation-induced breast cancer.”®'""**'** A decreased incidence of
breast cancer was seen in women who received X-radiotherapy to the ovaries for
metropathia hemorrhagica, although the incidence of radiation-induced leukemia
did increase, as expected."?! The radiotherapy induced an artificial menopause,
with a corresponding decrease in estrogen production.

Breast cancer appears to fit a linear model.”'”"'* If a threshold exists, it is in the
range of 1 cQGy, although a small increase in breast cancer occurred in atomic-
bomb survivors who received exposures of less than 0.5 Gy.””' The estimated
dose of radiation required to double the naturally occurring incidence of breast
cancer is 0.8 Gy."”® A 1950-1977 study of 23,318 Canadian women who received
less than 1 Gy from fluoroscopy during treatment of tuberculosis 20 years earlier
showed no significant increase in risk of breast cancer,”® but in another study,
increases in breast cancer were observed in women who received multiple
fluoroscopic examinations during tuberculosis treatment.'"* In another group of
multiple fluoroscopy patients who received average doses of 0.66 Gy, no increase
in cancer incidence was found.'” These differences might be attributed to lower
radiation doses and older age at exposure in the negative group.

Dose fractionation does not appear to reduce the incidence of breast can-
cer.”*'"*!"* Damage in breast tissue tends to accumulate rather than to be repaired,
so the risk from acute exposure (such as the atomic detonations) is the same as the
risk from chronic exposure (such as small daily doses from fluoroscopy or
treatment for postpartum mastitis) (Figure 9-11)."" The data from medical studies
and atomic-bomb survivors are very similar in their dose responses.'*

Other Systemic Cancers

Cancers of the stomach, colon, liver, pancreas, salivary glands, lungs, and kidneys
are also induced by radiation.”®!" The incidences of these neoplasms fit a linear-
quadratic response model. Like most solid tumors, they have a latency of 10-30
years, and no difference exists in the absolute risks for males and females." With
the exception of liver cancer, the radiation-associated risks depend on the age at
exposure and increase with age.®®'"”! The greatest risks are for induction of lung
or stomach cancer in persons over age 50 at the time of exposure.”'' An asso-
ciation between radiation exposure and induction of brain tumors has been re-
ported in two studies of children who received 1.4 Gy of X radiation as treatment
for tinea capitis.'*®'* In the combined studies totaling 13,100 children, twenty-
four tumors were observed, compared to three of 17,800 in the control population.
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In the 1920s, workers who hand-painted the fluorescent dials on wristwatches
with radium-based paint achieved the necessary fine detail by moistening the tip
of the brush into a point with their tongues; in so doing, they ingested small
amounts of the radium. Because radium is a bone-seeking element with a half-life
of 1,600 years, these workers had a higher incidence of bone sarcomas. Increased
incidences of breast cancer were also observed.”'**'*

Digestive System Cancers. Significant increases in cancers of the digestive tract,
including the esophagus, stomach, and colon, have been observed in the atomic-
bomb survivors'” and in patients following therapeutic irradiation.”®'' These
cancers are ranked in order of descending radiation-induced cancer mortality as
follows: (@) stomach, (b) colon, (c) pancreas, (d) esophagus, and (€) rectum."
This order reflects an averaging of the data; dose responses for rectal and pan-
creatic cancer are not significant in the atomic-bomb survivors.'” Recent esti-
mates by the National Institutes of Health indicate that stomach, colon, and eso-
phageal cancers occur with greatest incidence in persons over 50 years old at the
time of exposure (Table 9-3). The combined estimates in persons between 20 and
34 years old at the time of exposure for these three cancers is 1.068 excess
cancers per million persons per year for each cGy of radiation. They will incur an
increased risk for at least 20 years, beginning about 10 years after exposure, pro-
ducing a total excess of 21 cancers. Although an estimate for 1 cGy was used,
there is no statistical evidence demonstrating that these cancers can be induced by
a dose this low. Environmental contributions from dietary and other sources may
also influence the development of cancers of the digestive tract (Table 9-1).>"

Tumors of the parotid gland have been observed 13-25 years after medical
irradiation with doses as low as 0.9 Gy, and they may be either benign or malig-
nant. In radiotherapy patients, large doses of radiation to the parotid and other
salivary glands may result in atrophy, with subsequent difficulty in chewing food
and swallowing due to loss of lubrication from saliva secretions.

Data on radiosensitivity of the liver are conflicting.”'!" Several updated studies
of the atomic-bomb survivors have failed to demonstrate a radiation dose-related
increase in liver cancer.'>"?*"** Increased incidence of liver cancer is observed in
patients treated with Thorotrast, although doubt exists about the origin of the
disease in these patients.””' There are three possibilities for cancer induction by
Thorotrast: (a) alpha radiation exposure, (b) chemical toxicity from thorium
dioxide, and (C) metal toxicity from several grams of thorium estimated to
accumulate in the liver.”'" It is not likely that liver cancer is induced by alpha
radiation from internal contamination with plutonium from fallout.” Estimates for
liver cancer range from 5.6 to 15 deaths per million persons per cGy of external
low-LET radiation.”"" Radiation hepatitis and cirrhosis of the liver may occur
after large doses; may be acute, intermediate, or chronic; and may appear in some
radiotherapy patients at 1-3 months after irradiation."”>'"® Sclerosis and
blood-vessel narrowing appear to be primary factors in its development. Hepatitis
has been observed following doses as low as 4 Gy, although most clinical cases
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occur after 40-67 Gy.">* Chronic radiation hepatitis is characterized by atrophy of
the liver. Postnecrotic cirrhosis of the liver is two times greater in atomic-bomb
survivors who received doses of less than 0.5 Gy, compared with the control
population.'*

Respiratory System Cancers. The induction of cancers may be affected by

environmental factors, including occupational risks and personal habits, such as
smoking (Figure 9-12).7!1738>134:136

Workers in uranium mines and mills receive concentrated, high-LET alpha
radiation from breathing uranium dust and concentrations of radon gas that seep
into the mines from the surrounding rock.””"**"*' Ore dust becomes trapped in the
bronchi and alveoli and releases large amounts of radiation to the surrounding
tissue, which leads to a higher incidence of lung cancer in this population.'® In
some areas, high radon concentrations in homes and buildings appear to
contribute to lung cancer.'

In miners and atomic-bomb survivors, smoking has been shown to be an
important contributing factor in lung cancer (Figure 9-12).”"**'¥" Risk estimates
for radiation-induced lung cancer are four times higher for persons who smoke
1-10 cigarettes per day and twenty-four times higher for persons who smoke 40
cigarettes.'' Increased cancer in smokers may result from the inhalation of volatile
polonium-210, which is concentrated in the lungs and circulatory system.'>>'"’
Contributing factors are complicated, because the incidence of lung cancers
induced by polonium-210 exposure can be enhanced in laboratory animals by the
co-administration of saline."”® Hamsters receiving 40 nCi of polonium-210 by
intratracheal administration followed by saline had a 5% incidence of lung
tumors, compared with 0% for hamsters receiving polonium-210 alone. In addi-
tion, cigarette smoke contains other carcinogens that may be important contri-
butors to cancer development.**'*

Radiation pneumonitis will occur 1-7 months after irradiation in persons who
survive large whole-body or upper-body exposures.'® Studies of patients receiv-
ing single exposures for radiotherapy indicate that the threshold for this response
is 7.5 Gy to the lung.'” Since this dose is in the lethal range for the hematopoietic
subsyndrome from whole-body exposure, the occurrence of pneumonitis will be
limited, but it may be important as a late effect in patients receiving a
bone-marrow transplant because of the larger radiation doses. A 5% incidence of
radiation-induced pneumonitis is expected after a dose of 8.2 Gy, and a 50%
incidence is expected at 9.3 Gy.'® Characteristic symptoms include dyspnea,
tachypnea, and coughing. Severe cases may result in death. Radiation pneumon-
itis is usually followed within 6-12 months by persistent pulmonary fibrosis."'

Reproductive System Cancers. A significant increase in malignant and benign
tumors of the ovaries occurred in the atomic-bomb survivors between 1965 and
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1980.'* The latency period was 15 years, and a greater frequency was observed in
women who were younger than 20 years at the time of exposure.

Cancers of Negligible Risk

Several types of cancer have a low or negligible risk of induction from radiation
exposure. No increase in chronic lymphocytic leukemia has been observed to date
in irradiated populations,’” and increases in hairy cell leukemia are low or non-
existent.'" Cancers of the uterus, cervix, testis, mesentery, prostate, and meso-
thelium also have a low or nonexistent risk.”"** Some cancers are thought to be
relatively insensitive to induction by radiation yet still have a small probability of
occurrence, such as cancers of the larynx, nasal sinuses, parathyroid, nervous
tissue, and connective tissue.”'?’

In the most recent mortality study of the atomic-bomb survivors, the frequency of
cancer of the rectum, gallbladder, pancreas, uterus, lymph glands, and nervous
system was not statistically increased.'” Cancers with a low probability of induc-
tion are not observed following low-level radiation because of the apparent long
latencies.”'®

GENETIC EFFECTS

In 1927, radiation was conclusively shown to damage cells.'” Drosophila
melanogaster (fruit fly) sperm were irradiated, and radiation-induced increases
were seen in (&) mutations leading to mortality and (b) mutations of characteristic
morphological and phenotypic traits, such as wing shape and eye color. Since
then, radiation-induced genetic damage has been consistently demonstrated in
plant and animal species, leading to the conclusions that (a) radiation is a potent
mutagenic agent, (b) most radiation-induced mutations are considered to be
detrimental, and (C) radiation-induced genetic damage is thought to have no
threshold, so even very small doses of radiation carry potential risk.”*'**'" The
natural incidence of genetic disorders is one in ten for live births and five in ten
for spontaneous abortions. Background radiation (200 mrem per person per year)
may account for up to 5% of the spontaneous genetic damage in the general
population. Radiation causes genetic damage by either gene mutations or
chromosomal damage.”*'**'%

Gene Mutations

Gene mutations are alterations in a single gene locus, which is the smallest
amount of genetic information that can code for a single protein. The gene is
composed of DNA (Figure 9-13), which is made up of four bases: adenine,
guanine, cytosine, and thymine. A group of three bases on a single strand of DNA
represents a codon, coding for the insertion of one of twenty different amino acids
into the protein to be synthesized. A change in one of the three bases within a
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codon changes the blueprint for the amino acid to be incorporated into the protein
at that position.

Radiation may cause point mutations, deletions, insertions, and inversions.”*'®>'?’
The mutation may occur in either the DNA sequence coding for the protein itself
or in one of the regions regulating gene transcription. Mutations in the regulatory
region of the gene may modify or shut off a transcription. Some oncogenes, such
as the myc-c oncogene, may induce a precancerous state and increased cell
proliferation by (a) mutation in the promotor region, or (b) a translocation that
places the gene in a constant state of activation and transcription.’**®® A point
mutation occurs through a change in a single base within the gene (Figure 9-14).
By changing one base, the codon is altered to represent a different amino acid and
may affect the function of the protein. Sickle cell anemia, for example, is a
disease resulting from a single point mutation. One form of the ras oncogene has
been found to differ from the normal by a point mutation, and this change in one
base now codes for a protein that transforms cells in culture to a neoplastic state.”
A major concern for radiation genetics is the induction of a dominant gene
carrying a trait that results in increased mortality or severe impairment”®'*!0%165.169
Examples of autosomal dominant genes are shown in Table 9-6, although many
more exist.® As a random mutagenic agent, radiation may induce mutation in any
gene. There are no radiation-specific mutations; radiation simply increases the
incidence of those that occur naturally.”® The examples in this section should not
be regarded as those of radiation-specific mutations occurring after radiation
exposure, but rather as particular classes of mutations (dominant or recessive). Of
particular concern is the induction of genes that do not become expressed until
after the individual has reached reproductive age.”®'*>'*!'® An example of such a
genetic disease occurring in the natural population is Huntington's chorea, a
neurological degenerative disease that does not become symptomatic until
individuals reach their twenties or thirties.

Recessive radiogenic gene mutations are of less concern since they require
homozygosity in order to be expressed. Recessive genes are of more concern
when they are located on the X chromosome. Since only one copy of the genes on
the X chromosome exists in males, those genes are dominant in their expression.
Hemophilia, for example, is a recessive trait on the X chromosome in the natural
gene pool that may be expressed as a dominant condition in males (Table 9-6).

Chromosomal Damage

Radiation may also induce genetic damage by chromosomal changes.”® The
expression of a number of genes may be altered by damaging a portion of or a
whole chromosome. Chromosomal changes may arise either as chromosomal
aberrations or by nondisjunction, resulting in an unequal number of
chromosomes.”® Chromosomal aberrations are changes in the size, morphology,
or number of chromosomes, and include dicentrics, acentrics, fragments,
translocations, inversions, insertions, and deletions (Figure 9-15)."%!6>19%1¢ The
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most common chromosomal damage induced by radiation is reciprocal
translocation.® In this process, two different chromosomes experience double-
stranded DNA breaks, and the two fragments rejoin to different chromosomes
rather than those to which they were originally attached. By rejoining to a
chromosome containing a centromere, the translocated piece may be transferred
into the new gamete during division rather than be lost as an isolated fragment.

Chromosomal aberrations can be produced in both somatic and germ cells, and
their frequency is proportional to the dose of radiation received.'”'"" Acentric and
dicentric fragments are the most lethal because they may not properly separate at
meiosis or mitosis and thus may halt those cellular processes. As a somatic
mutation, the percentage of chromosomal aberrations in the lymphocytes of
irradiated humans has been used to estimate the dose received. Such damage
persisted in the lymphocytes of the atomic-bomb survivors 23 years after their
exposure.'”

The gain or loss of an entire chromosome through nondisjunction occurs less
frequently and is more likely to result in mortality.”® Mammalian studies have
been unable to demonstrate increased incidence of trisomies in the offspring of
irradiated animals.

Factors Affecting Mutation

A number of factors affect the ability of radiation to induce mutations, including
rate of Dbiological repair, dose rate, shielding, and number of
exposures.”*!0>19%19%17 Several enzyme systems constantly monitor and repair the
DNA, recognizing specific kinds of base damage and initiating repair.'”* During
excision repair, for example, enzymes recognize the damaged part and split the
DNA strand to remove it. The other strand then serves as a template to
reincorporate the proper bases in the excised site, followed by action of a DNA
ligase that reseals the strand. Breaks in the DNA strands may also be reconnected,
although proper rejoining (if it occurs at all) becomes more difficult if a break has
occurred in both DNA strands.'”*'”* Other enzymes repair specific base damage,
such as alkylations. Fractionation of the radiation dose can reduce the damage by
allowing repair to occur between exposures. If the rate of damage exceeds the rate
of repair, then the mutation rate will increase. Experiments in mice show that
mutation rates do not further decrease at dose rates below 8 mGy/minute.'*® Dose
rates in this range are about one-third as effective as high dose rates of gamma
radiation in producing specific locus mutations in mice. High-LET radiations,
such as neutrons, impart more energy per unit distance traveled through a
biological material than do low-LET radiations. More energy deposited in the area
of the DNA is more likely to produce more damage, increasing the likelihood of
breaking both strands of the DNA.

Some DNA bases undergo spontaneous deamination. Deamination of cytosine
produces uridine, which occurs in ribonucleic acid (RNA) but not in DNA. Unless

217



Medical Consequences of Nuclear Warfare

the deamination product is enzymatically corrected before replication, it can be
mispaired, producing a base substitution in the newly replicated strand.
Spontaneous deamination can be accelerated by increases in temperature.

Six genetic syndromes are known to be more sensitive to ultraviolet light or
X-radiation damage to cells in culture, and they are associated with increased
incidence of cancer.”*®” These include xeroderma pigmentosum, Down's
syndrome, ataxia telangiectasia, Fanconi's anemia, Bloom's syndrome, and
Cockayne's syndrome.® Most have associated defects in DNA-repair capability
and increases in chromosomal aberrations. Age and gender are important
secondary determinants for mutagenesis; for instance, studies show that the
mother's age at the time of conception is an important factor in the incidence of
Down's syndrome. The natural rate of chromosomal abnormalities is eight times
higher in children whose mothers were 40 years old at the time of conception than
in children whose mothers were 20 years old.'’® Paternal age at time of conception
is also of concern, because the risk for a dominant gene mutation in the germ cells
of men 30 years old and older is at least eleven times greater than in men who are
younger than 30 years at the time of conception.'”’

Internalized radionuclides of hydrogen, carbon, and phosphorus may present
special genetic damage, because these elements are the basic elements found in
DNA."® The radionuclides may damage the DNA when they release their energy
through beta decay and as they undergo transmutation, resulting in structural
damage at the molecular site of incorporation.”'”®!'” Carbon-14 located in a sugar
or base of the DNA decays to nitrogen-14. Tritium (hydrogen-3) decays to
helium-3, and phosphorus-32 decays to sulfur-32. Transmutation of the
phosphorous-32 in the sugar phosphate DNA chain can produce a strand break.
Plutonium-239, an alpha emitter, has induced genetic damage in mice following
internalization.”® Other alpha and beta emitters from internalized fallout will
present similar problems. The RBE in mice following injection of plutonium-239
citrate ranges from four for specific locus mutations to fifty for translations.’

Radiation-Induced Damage in Humans

Evidence is lacking for radiation-induced genetic mutation in humans, although
mutations of human cells in culture have been shown.”® Based on current risk
estimates, the expected increase of genetic damage in the atomic-bomb survivors
is so low that it would not be detectable within the larger normal spontaneous
incidence.”*'"" In screening twenty-eight different protein loci (498,000 loci
tested) in the blood of 27,000 children of atomic-bomb survivors, only two
children presented mutations that might be related to the radiation exposure of the
parents.'*

Early studies on the survivors’ children examined whether radiation exposure

caused an increase in sex-linked lethal genes that would result in increased
prenatal death of males or alteration of the gender birth ratio.'"™ Data did not
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support that hypothesis. Twelve studies have examined a possible increase in the
incidence of Down's syndrome as a result of maternal irradiation,*'** but only four
of the studies showed statistical significance,'®' '™ and the hypothesis has not
received widespread acceptance. Irradiation of the human testes has been shown
to produce an increase in the incidence of translocations,'® although no additional
chromosomal aberrations have been detected in children of the atomic-bomb
survivors.*'%

Estimating Genetic Risks

The genetically significant dose (GSD) is the dose of ionizing radiation to the
gonads that may result in increased incidence of genetic mutations in germ cells.”®
Estimation of the GSD takes into account the number of persons of reproductive
age in a particular group in determining a collective dose. In the United States, the
GSD from background and generated radiation sources is 122 mrem per person
(Table 9-7).” The GSD from occupational exposure in the military service is less
than 0.04 mrem per person, which is less than that received in a national research
laboratory (< 0.2 mrem/year) or a nuclear power plant (< 0.15 mrem/year). Most
occupational exposures are less than those received from consumer products over
the same period.

Another method of estimating radiation-induced genetic damage is the calculation
of the doubling dose, or radiation dose required to double the spontancous
mutation rate.”* The spontaneous mutation rate in humans is 5 x 10 per locus,
and 6.7-15.1 x 10 per gamete for chromosomal anomalies.” The doubling dose is
0.5-2.5 Gy of low-LET gamma or X radiation, and 1 Gy is commonly used for
calculation purposes.® The doubling dose for specific locus mutations in mice
with low dose rates (< 8 mGy/minute) of low-LET gamma radiation is about 1.1
Gy.185

The effects of radiation exposure on the human population have been examined
by several national and international scientific committees, including the National
Academy of Sciences Committee on Biological Effects of Ionizing Radiation;’ the
United Nations Scientific Committee on Effects of Atomic Radiation;*’! and the
International Commission on Radiological Protection (ICRP)." These groups
arrived at similar estimates for the effects of low-level exposure to ionizing
radiation (Table 9-8, Table 9-9).

The National Academy of Sciences estimates that for an exposure of 1 cGy to the
present generation, there will be 5-65 additional genetic disorders per million
births in the succeeding generation resulting from increases in autosomal
dominant mutations and sex-linked dominant mutations. If a population is
continually exposed to an increased radiation dose of 1 ¢Gy for each generation,
an equilibrium will be reached between the induction of new genetic disorders
and the loss of the earlier induced disorders. In this equilibrium, an additional
60-1,100 genetic disorders would be expected in the population, with the majority
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contributed by autosomal dominant and sex-linked recessive mutations and a
large contribution from irregularly inherited genes. Irregularly inherited genes
make up family tendencies for diseases and situations of incomplete dominance
(where phenotypic expression is neither the recessive trait nor the dominant trait,
but a blend of the two). Chromosomal damage and recessive mutations are
thought to make minor contributions to the equilibrium rate. Chromosomal
damage and loss are generally either lethal or selected out, while recessives are
expressed only in the homozygous condition. The National Academy of Sciences
does not provide a confidence interval or a geometric mean for its 60-1,100 range
of additional genetic disorders in the next generation per million births.”"

The ICRP estimates that for every million individuals receiving 1 ¢Gy of radiation
in the present generation, 125 additional cases of serious genetic disorders will
occur over the next two generations.'"”” Approximately half will come from
dominant, sex-linked, and irregularly inherited mutations. Of the 125 cases, 89
will occur in the first generation. If a doubling dose method is used, then
(assuming a doubling dose of 1 Gy) 1,500 autosomal dominant and gender-linked
diseases per million live births would be observed in the first generation, and
10,000 (approximately the normal incidence) would be observed in succeeding
generations exposed to 1 Gy at equilibrium. The total incidence of genetic
disorders, one in ten live births, would not be reached in equilibrium with a 1-Gy
doubling dose, since the doubling dose cannot approximate the irregularly
inherited component.®'° Table 9-8 does not contain an estimated contribution for
the irregularly inherited disorders in the first generation. The large variation
within the equilibrium category is responsible for the large range (60-1,100) of
total disorders expected in the equilibrium generation.

Using the doubling-dose method, the U.N. committee predicts that after exposure
to 1 Gy, a total of 2,190 additional genetic disorders and an equilibrium of 14,900
will occur per million live births in the first generation after exposure (Table 9-9).
Assuming a linear response, the U.N. committee estimates a mean of 22 disorders
per million live births compared to the 5-65 disorders per million live births
predicted by the National Academy of Sciences for a population exposed to 1
cGy. The U.N. committee extended its estimates to the detrimental effects of
radiation exposure on the general population. The average dominant mutation in
children of parents receiving a 1-Gy radiation dose would result in 25 years of
impaired life, with death occurring 13 years prematurely. Overall, a 1-Gy
exposure to parents would result in a total of 53,800 years of impaired life per
million births from all causes of radiation-induced genetic damage, and a loss of
47,200 years of life in the succeeding generation. Through natural selection, the
gene pool has the capacity to absorb large amounts of damage without destroying
the population. A dose of 1 Gy to each generation would produce an equilibrium
of 14,900 genetic disorders per million live births, compared to a normal
incidence of one in ten. This is an increase of only 1.5%.
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The immature human oocyte is thought to be only 44% as radiosensitive for
mutation induction as the male spermatocyte.”® The U.N. committee has
estimated that most of the genetic damage induced by low-LET radiation will be
unbalanced translocations, and that a 1-Gy low-LET exposure would induce
440-17,500 unbalanced translocations per million spermatogonia but only 0-5,250
in human oocytes (Table 9-10). These estimates were based on data for
spermatocytes from rhesus monkeys, marmosets, and humans. Using the direct
method, 1,000-2,000 dominant mutations per million births will be expected in
the first generation following paternal irradiation of 1 Gy, but only 0-900
following maternal irradiation with the same dose.

RADIATION EFFECTS IN UTERO

The developing embryo is extremely sensitive to ionizing radiation, and the public
has shown increased awareness and concern for exposure of the fetus to low-level
radiation. Human and laboratory animal data indicate that doses as low as 0.05 or
0.1 Gy may induce effects.””' Thresholds are thought to exist for the induction of
in utero responses because most occur after damage to more than one cell.’

Stages of Development

The gestation period can be divided into three stages of embryo development:
preimplantation, major organogenesis, and fetal. In humans, the preimplantation
stage begins with the union of sperm and egg, and continues through day 9 when
the zygote becomes embedded in the intrauterine wall. During this time, the two
pronuclei fuse, cleave, and form the morula and blastula.

Major organogenesis begins on day 9-11 in humans'*'® and continues through
day 45."*"'® The organ systems undergo differentiation and development. Neural
cells are the first to differentiate, starting on day 17-20."*'” Neural development
continues throughout the major organogenesis period and into the fetal period.
The fetal stage covers weeks 7-38, or term."”’

Four general responses may occur after radiation exposure in utero, depending on
the stage of gestation at the time of exposure. These responses range from no
detectable effect to prenatal death, neonatal death, or induction of congenital
anomalies."*

Preimplantation

The embryo is extremely radiosensitive during the preimplantation stage, and
radiation can cause increased prenatal death and reabsorption of the embryonic
tissue."*®"* In humans, reabsorption does not occur, but there is an increase in
prenatal death. In animals, the incidence of prenatal death decreases as
development proceeds into the major organogenesis stage, and it varies with the
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dose and time of exposure.””""**'** During this period, the incidence of congenital
anomalies is low but not absent. Surviving embryos show an all-or-none response
that is essentially normal with no visible anomalies, even though radiation may
have killed many cells."®™'* During organogenesis, similar radiation doses might
produce 100% incidence of a particular anomaly and probable growth
retardation.’"'*1%*

Several factors, including repair capability,' undifferentiation, and a possible
hypoxic state,” are thought to account for the decreased ability of radiation to
induce anomalies during the preimplantation period. During the first few
divisions, the cells are undifferentiated and lack predetermination for particular
organ systems. If cell death were to occur following radiation exposure at this
stage, the remaining cells could continue the embryonic development without
gross malformation because they are still indeterminant. However, chromosomal
damage at this point may be passed on to appear in later stages. When cells are no
longer indeterminant, loss may lead to anomalies, growth retardation, or death. In
mice, low incidences of exencephaly'” and skeletal anomalies'”® have been
observed following high-dose irradiation during preimplantation. At a critical
period, 0.5 Gy may cause polydactyly.'”’

In laboratory animals, the incidence of prenatal death can vary with the dose of
radiation and the time of exposure.'®'**'** The most sensitive times of exposure in
humans are at 12 hours after conception, when the two pronuclei fuse to the
one-cell stage, and again at 30 and 60 hours, when the first two divisions
occur.”””"® At periods just preceding the cleavages, there would be insufficient
time for repair of damage. In animals, 30% of the prenatal death at this time is
because of radiation damage to the mother and a subsequent termination of
pregnancy, rather than because of direct radiation damage to the embryo."*

Chromosomal aberrations from radiation exposure at the one-cell stage could
result in the loss of a chromosome in subsequent divisions that would be uniform
throughout the embryo.””"'” Most chromosomal losses lead to prenatal death,
although the loss of a sex chromosome in females may instead produce Turner's
syndrome.”'” Such individuals are phenotypically female. Al-though this might
indicate that a slightly higher proportion of phenotypic females will result from
radiation exposure during this period, an altered gender ratio was not found in the
children of the atomic-bomb survivors' or in laboratory mice irradiated during
precleavage.'®® In mice, a dose of 1 Gy on day 0 (preimplantation) resulted in
50% prenatal death and produced loss of a sex chromosome in 4% of survivors. A
prenatal mortality of 25% and a sex-chromosome loss in 0.5% of survivors
occurred when the same dose was given 7 hours later.'”’

Major Organogenesis

Embryo malformation occurs most frequently with radiation exposure during the
organogenesis stage, and the resulting incidences of abnormalities and prenatal
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death will peak during this time.”**"""* However, the incidence of prenatal death
decreases rapidly with increasing embryo development, and becomes equal to that
of the control group when three-fourths of this stage has been completed.

The produced effects depend on the stage of development in which irradiation
occurs, the dose, and the dose rate.”*”"'** Most anomalies have a critical period
during which the radiation exposure will result in the highest incidence of that
anomaly (Figure 9-16)."""°%""* Critical period is sometimes misinterpreted to
mean that the particular organ tissue is in its most sensitive or major
developmental period. This, however, may not necessarily be the case. Increased
incidence during this time may be the result of indirect effects arising from
damage to the adjacent tissue or from an inducer material of that organ.’"'**

Each organ system is not at identical risk during the entire major organogenesis
period because each organ is not developing at the same rate. Some organs may
require the development of another organ or inducement before undergoing
development themselves. Some anomalies may have more than one critical
period. As a congenital anomaly in mice, cataract formation has three critical
periods: 0-4 days, 8-9 days, and 14-17 days. These periods are due to the critical
periods of several different systems that may in turn influence cataract formation.
A slight but significant increased incidence may be observed with lower doses of
radiation during the critical period.””'™ A dose as low as 0.05 Gy may cause
polydactyly,'”’ skeletal malformation, decreased litter weight, and reduced tail
length in mice.*” Similar low doses have produced anomalies in the human,*”
monkey;””* rabbit,”” and rat.** In utero exposure to doses of less than 0.05 Gy
from the Hiroshima atomic bomb resulted in an 11% increase in microcephaly.”**
Small continuous radiation exposures to rats from either X rays (1 ¢Gy/day) or
tritiated water (0.3-3.0 cGy/day) throughout their pregnancies produced decreases
in brain weight.””*? Low doses of X radiation have also produced growth
retardation””’ and behavioral defects.”’?*® Protracted low doses commonly affect
the nervous system and the germ cells (ovaries and testes). The long, continuous
development of the nervous system makes it sensitive to damage by even these
low doses.'*>'"**%2!! The range of a particular critical period may be extended by
increasing the dose of radiation. Radiation does not increase the length of
pregnancy in laboratory animals."” Fractionation of the radiation dose may
produce either an increase or a decrease in the incidence of anomalies, depending
on the time between exposures. If the critical period has a narrow time window,
then fractionation over short periods of time may increase the damage by placing
more radiation in the critical period and producing more mitotic death. Exposures
at an early stage will increase the sensitivity to radiation exposure in a later
critical period.

Variations in natural background radiation have not produced significant
differences in the incidence of anomalies, although environmental factors may
play a role in their induction.””"*'**"> The incidence of congenital malformations
in mammals may be affected by seasonal differences, with greater sensitivity in
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winter.”'**"* In the human, 70% of trisomy 18 (Edward's syndrome) and trisomy
13-15 (Patau's syndrome) live births are conceived in the winter.”'® In laboratory
animals, anomalies such as those for the rear appendages and eyes have a greater
incidence on the right side of the body than on the left."”’*'®

Anomalies may arise in several ways. Radiation may damage the primordial
tissue of a particular organ or limb by direct or indirect damage to the
chromosome or gene."”* This in turn may result either in the failure to produce a
functional gene product or in the production of an altered functional product.
Radiation may cause nondisjunction during mitosis, resulting in a trisomic cell
and a monosomic cell. Development would be affected to the extent that either
cell predominates in an organ system.

Aberrations or other damage culminating in cell death could result in a reduction
in the number of stem cells available for differentiation, which affects future
organ systems. Growth reduction may result in the death of differentiated cells,
leaving the embryo with a cell population too small to form the proper-sized
organ.”’’ A reduction in the size of one organ may cause changes in the
surrounding tissues, such as microcephaly and mental retardation in humans
irradiated in utero. The development of organs requires cell cooperation, mediated
by chemical messengers such as hormones, organizers, and inducers. Destruction
or damage to cells that contain organizers or chemical inducers may result in
prenatal death or anomalies.”” For example, the gray crescent material is an
inducer that guides formation of the dorsal lip of the blastula, and eventually
(through an area called the chorda-mesoderm) guides the development of the
nervous system itself. Loss of the gray crescent or other inducer would modify or
terminate subsequent development. Alterations in tissue contacts or areas of
growth also may cause abnormal organ development.

The response of each organ to the induction of malformations is unique, based on
dose, gestational age, type of radiation, RBE, oxygen tension, cell types
undergoing differentiation, relationships to surrounding organs, and other
factors.””! Neutrons and beta particles are more effective at inducing congenital
anomalies than is low-LET radiation. As an internal emitter, a beta particle
released from tritiated water (or an alpha particle released from plutonium-239)
would cause more damage because of its high LET and because there would be no
maternal reduction of the dose. The high energy levels are released within the
local area of the biological target. Neutrons have an RBE of 4.5 for inducing
prenatal mortality in mice.”’® Animal studies in which either the mother or the
embryo was shielded indicate that the induction of malformations is due mainly to
direct damage to the embryo.”"***' It is difficult to assign an overall risk estimate
to the 119 different anomalies described in the literature because, like cancers,
certain malformations are more inducible than others, and accounting for the
variables becomes difficult.””!
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The Fetal Stage

The fetal stage is the final stage of development, lasting from the end of major
organogenesis until birth. In mice, this covers days 14-20 of gestation;'®'** in
humans, days 45-266."' Radiation- induced prenatal death and anomalies are, for
the most part, negligible during this stage. Anomalies of the nervous system and
sense organs are the primary types that are inducible during the fetal stage
because these systems are still developing. A radiation dose of 0.2-0.4 Gy given
to rats on days 16, 18, or 22 of gestation caused delayed development, irregular
arrangement, and loss of neurons in the brain cortex.””” Irradiation on day 18
resulted in a 25% loss of neurons in the outer cortex, but no decrease in brain
volume because there was an associated increase in glial cells. Much of the
damage present during the fetal stage may not be manifested as behavior
alteration or mental retardation until later in life. The incidence of
neonatal-induced death also decreases with increased development during the
fetal stage. The LDsg30 for neonatal death given on day 10 of gestation to mouse
embryos is about 1.15 Gy. By day 18 of gestation, the LDs3 is 6 Gy and rapidly
approaches that of the adult animal.”"”

Stunting (retardation of growth) that is induced during this stage is a threshold
phenomenon resulting from the killing of many cells. Since differentiated tissues
(such as muscles and nerves) do not divide, cell death will lead to stunting that
will still be evident in the adult. This has been demonstrated in children born soon
after the atomic-bomb detonation who had received radiation exposures in
utero.”” Stunting has not been observed in laboratory animals that received less
than 0.05 Gy or in humans exposed to doses of less than 0.3 Gy,*** except in some
of the Hiroshima atomic bomb survivors.”*! The sensitivity of some survivors
who received lower radiation exposures may result from the contributions of
neutron exposure and environmental factors.

Humans Irradiated In Utero

Two groups of humans who have been irradiated in utero are children of the
atomic-bomb survivors and children whose mothers received medical irradiation
(therapeutic or diagnostic) during pregnancy. The predominant effects observed in
humans are microcephaly, mental retardation, and growth reduction (Figure
9-17).7°1193201.223229 Bye anomalies™’****° and genital and skeletal abnormalities™"’
are less frequently observed.

Microcephaly observed in children exposed in utero to the atomic-bomb radiation
was proportional to the dose of radiation received by the mothers (Figure 9-18);
even small doses carried increased incidence. Mothers with radiation sickness had
higher fetal, neonatal, and infant mortalities.”' Fetal mortality was highest in the
first two trimesters, and neonatal and infant mortalities were highest in mothers
who developed radiation sickness as a result of radiation exposure during the last
two trimesters. In Nagasaki, four of sixteen surviving infants who in utero were
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close to the epicenter of the explosion had speech impairments. In another study
of 153 of these children, 33 had a head circumference two standard deviations
below average. Mental and growth retardations were also associated with the
increased incidence of microcephaly,””>** and they remained evident in these
survivors as adults.”*”* The highest incidence of microcephaly in Hiroshima
occurred with radiation exposure in weeks 6-11 of gestation.””! No incidence of
microcephaly was observed during the first week of gestation (the preimplantation
period) and was negligible for exposure after the 17th week. In the Nagasaki data,
microcephaly did not occur with doses below 2 Gy.

Similar observations on radiation effects in utero have been reported after medical
irradiation.””*** Twenty of twenty-eight children irradiated in utero as a result of
pelvic radium or X-ray therapy to the mother were mentally retarded, and sixteen
were also microcephalic.”*® Other deformities, including abnormal appendages,
hydrocephaly, spina bifida, or blindness were found in eight of the children, and
some also had language deficiencies. One child received a fractionated dose
totaling 6.8 Gy in weeks 19, 22, and 27 of gestation and did not develop any
obvious congenital anomalies or mental retardation.”’

Increased incidence of eye anomalies has been observed following irradiation in
utero.””*" In a review of twenty-six case histories, three primary eye anomalies
were identified.””” Three of twelve persons irradiated in weeks 3-8 developed
cataracts; of fifteen irradiated in weeks 3-11, six had pigmentary degeneration of
the retina and thirteen had microphthalmia. In the same patients, twenty-one were
microcephalic; all had received radiation exposure some time in weeks 3-20, and
most had been irradiated in weeks 3-11. Another study of 1,000 children exposed
in utero showed no increase in nervous or eye anomalies but did show increased
incidence of hemangioma (fifty-six versus thirty-seven in controls).**

Although each occurrence should be evaluated individually, the prevailing
scientific opinion is that there are thresholds for the induction of congenital
anomalies. Doses in the range of 0.10-0.15 Gy are thought to carry negligible
risk.”???**?% " Denmark's medical profession automatically recommends
therapeutic abortion for any fetus exposed to 10 rem or more of radiation.'® At
one time, radiation was widely used to induce therapeutic abortion in cases in
which surgery was deemed inadvisable. The standard treatment involved 3.6-5.1
Gy given over 2 days,”"** which was effective in 93% of cases.”’ Abortion
usually occurred about 1 month after radiation treatment, in some cases inducing
live birth.*’

Increased Incidence of Cancer with In Utero Exposure
Increased incidence of leukemia and solid cancers may occur in children who
received in utero exposure from diagnostic X-irradiation.”*"**>* This

observation was first reported in 1956 in a retrospective study of childhood cancer
in Great Britain.”** It has been confirmed by a similar study of 1.4 million children
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born in the northeastern United States,”® but was not observed in the
atomic-bomb survivors.””! The lack of increased frequency in the bomb survivors
has been attributed to the smaller sample size, where only one or two extra cases
of childhood leukemia might be expected on the basis of the other studies.” Most
of the animal studies do not demonstrate elevated rates of neoplasms following in
utero exposure.”’ Criticisms of these studies are based on objections that
as-yet-undetermined factors may have affected the results. One postulate is that
the mothers of children who developed cancer may have had complicated
pregnancies requiring X-ray examination, and that the cause for the examination
(and not the examination itself) was associated with the increased frequency. One
study pointed out that a primary reason for prenatal X-ray examinations was to
confirm a diagnosis of twins.” The incidence of childhood cancers in twins
irradiated in utero was higher than in twins not irradiated in utero.

The human data have been evaluated by several scientific bodies, including the
National Academy of Sciences’ and the United Nations.”' These organizations
have subsequently derived risk estimates for carcinogenesis that results from in
utero irradiation. Neoplasms were three times more frequent for in utero
exposures occurring during the first trimester than in the second or third
trimesters.””** The peak incidence of childhood leukemia occurred between ages 2
and 4 and was higher in males.”*® The higher risk for developing one of the
leukemias continues through the 10th year of life. Children may be at increased
risk for developing solid tumors for at least 14 years,”” many of which will be
neoplasms of the nervous system.”' All estimates of childhood cancer induced by
radiation exposure in utero are based on the earlier mortality data and do not
reflect the advances in modern treatment. In studies performed in the late 1940s
and early 1950s, leukemia was a rapid, always-fatal disease with a 3-year survival
rate of 2%.” By the early 1970s, 3-year survival rates were 20%, and today's cure
rates are 40%-60%.” By today's standards, the estimates are likely to over-
estimate the present mortality risks, because mortality is a different end point
from incidence. Current estimates predict two to three leukemia deaths for each
10,000 children receiving 1 Gy of low-LET radiation in utero. Solid tumors will
account for an additional 2.0-2.8 deaths in the same 10,000 children. The
combined increased mortality from childhood cancer as a result of in utero
exposure is 4.0-5.8 per 10,000 children per Gy. The natural total risk of mortality
from malignancy through age 10 is one in 1,200. If an average chest X ray
delivers 250 mGy to the fetus, the probability of that fetus developing a fatal
cancer during childhood is one in a million. The NCRP recommends that fetal
exposure be limited to 0.5 mSv (0.05 rem) per total gestation period or 0.05
Sv/month.”** The increased risk for mortality in children receiving the limit of
0.05 Sv/month in a single exposure would be two to three per 100,000 children.
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RELATIVE BIOLOGICAL EFFECTIVENESS OF NEUTRONS

Some doubt exists regarding the RBE of neutrons and other high-LET radiation
for producing biological effects at low dose rates and doses. In general, high-LET
radiation is more effective in producing biological damage. The biological effects
observed in the atomic-bomb survivors are, for the most part, in agreement with
human data from medical exposures. The RBE of neutrons for leukemia and
breast cancer appears to be 1 in persons receiving acute or very rapid exposures.'*
As previously mentioned, the RBE of high-LET radiation increases with
decreasing dose rate, because the effectiveness of low-LET gamma or X radiation
decreases with decreasing dose rate. At low dose rates, the RBE for neutrons may
range from 3 to 200 for tumor induction, from 10 to 45 for genetic end points, and
from 25 to 200 for lens opacification.”** These ranges are based on laboratory
animal studies because no human populations have been exposed to pure neutron
radiation.

REGULATORY GUIDES FOR EXPOSURE

Based on the scientific evidence, the United States government (through the
Environmental Protection Agency and the Nuclear Regulatory Commission) has
set regulatory guides for the occupational exposure of workers and for the general
public.'” The permissible concentrations for the occupational exposure to
radiation workers (Table 9-11) are ten times higher than exposure levels for the
general public. It is thought that the presumed detrimental effects on health from
exposures at these limits are negligible. Scientific bodies continually reevaluate
these risk estimates as additional information becomes available on radiation
effects in human populations.

Modification of normal protection standards may be required in civil defense and
military operations. Two limits for radiation exposure are recommended by
NCRP for occupational radiation workers and for rescue personnel during
radiation emer-gencies.”*>** The first limit is a one-time whole-body exposure of
250 mSv, equivalent to a dose of 0.25 Gy of low-LET radiation.**® This limit was
later reduced to 100 mSv (0.1 Gy).*** Doses of 100-250 mSv are generally
asymptomatic, do not require medical treatment, and would result in three
additional radiation-induced cancer mortalities over the lifetime of a battalion-
sized group of 1,000 men.” The normal cancer incidence for this group is 250
cancers, with 200 cancer-related mortalities. It is unlikely that other somatic
effects would be observed in this group. The earlier acute-exposure dose limit of
250 mSv (25 rem) is also the lower dose range estimate for inducing long-term
fatigue in 10% of the individuals. Long-term fatigue occurs with doses of 250-650
mSv, with 50% incidence after a 150-mSv radiation dose received in 1 day.'’ For
acute exposure in a single day, doses higher than 250 mSv may result in increased
incidence of fatigue that may impair performance and alertness.
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The second health limit for an acute exposure is a one-time exposure of 1 Gy of
low-LET radiation in situations requiring lifesaving actions.>*® It also states that
persons receiving doses greater than 1 Gy should understand the risks for somatic
injury.”** A dose of 1 Gy approaches the lower threshold limits for initiating the
prodromal symptoms of nausea and vomiting and for hematological depression.
At this dose level, approximately twelve extra cancer deaths would occur in a
battalion-sized group of 1,000 men over their lifetimes. Minor visual opacities
may occur in some of them. Both limits, 0.25 Gy (250 mSv) and 1 Gy (1 Sv),
would result in temporary aspermia.’*® Lower doses of 0.01-0.02 Gy would result
in 0.12-0.24 additional cancer deaths in the same battalion, assuming that no
threshold for cancer exists.

The NCRP established a penalty table (Table 9-12) for making health-risk
judgments in situations involving the exchange of nuclear weapons.’ Based on
the information for protracted exposures, no medical care should be required for
low-LET radiation doses up to 1.5 Gy received over 1 week, or 2.0 Gy received
over 1 month, or 3 Gy received over 4 months. For daily exposure of personnel
over these same periods, the acceptable dose rates would be 0.21, 0.066, and
0.025 Gy/day, respectively. Animal studies have shown that the threshold dose is
0.05 Gy/day on a continuous basis, above which the stem cells are unable to
compete with cell loss through maturation and depletion.”’ The immediate health
concern is not cancer induction, although increased incidence will occur. Some
persons exceeding these doses will require medical care, and some (5 % or
greater) may die from the hematopoietic subsyndrome.

It is sometimes difficult for the public to place radiation risks in the proper
perspective, perhaps because of their association with nuclear weapons, the
documented effects from exposure, and the perception that radiation cannot be
seen or controlled. Four-tenths of a minute of life are lost for each mile driven in a
car due to the risk of a fatal accident, and the average smoker loses 10 minutes of
life for each cigarette smoked. In comparison, an estimated average of 1.5
minutes of life are lost for each 0.0015-mSv (1.5-mrem) exposure to ionizing
radiation.** It is expected that doubling the natural background radiation would
result in an average loss of 8 days of life from the increased risk of cancer. The
average coffee drinker may lose 6 days because of the increased risk of bladder
cancer, and the average unmarried male may lose 9.6 years from his lifespan. For
military personnel, the average loss of lifespan from a tour of duty in Vietnam
was 1.1 years.**

The NCRP has defined a dose of 0.01 mSv per year, equivalent to 10 Gy or 1
mrad of low-LET radiation, as the negligible individual risk level.”* This implies
that almost every dose of radiation carries potential risk. In some cases, the risk is
extremely small and difficult to identify, as illustrated by the comparison to
smoking one cigarette. The goal is to keep exposures as low as is reasonably
achievable in daily life and in emergency situations.
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SUMMARY

The late effects of ionizing radiation can be divided into three major groups:
somatic, genetic, and teratogenic effects. Somatic damage ranges from fibrosis
and necrosis of individual organs to cataracts, epilation, and cancer.

Most somatic effects require high-threshold doses of radiation; cancer is the main
health concern after exposure to low-level radiation. The three most common
radiation-induced malignancies are leukemia, breast cancer, and thyroid cancer.
The latency periods for the detection of cancer after radiation exposure range
from 2 years for leukemia to 30-40 years for some solid tumors.

Mathematical models predicting cancer risks based on observations from high
radiation exposures imply that 120-180 additional cancer deaths will occur for
every million persons receiving 1 cGy of radiation. This estimate range includes
the incidence of all cancers and presumes that no thresholds for induction exist.
Some evidence indicates that thresholds for radiation-induced cancer do exist,
ranging from 0.01 Gy for breast cancer to 0.2 Gy for leukemia.

Genetic effects are the second category of low-level or late effects of radiation. It
is estimated that 5-65 additional genetic disorders will occur in the next
generation for every million persons receiving 0.01 Gy of gamma or low-LET
radiation. These disorders will be mainly autosomal dominant and gender-linked
disorders. If each succeeding generation were to receive an additional 0.01 Gy of
radiation, equilibrium would be reached in the gene pool, and an average increase
of 60-1,100 genetic disorders per million persons would be observed in the
population. This would result in a 1.5% increase in the overall incidence of
genetic disorders. The normal incidence of genetic disorders in the population is
one in ten.

The third category of late radiation damage is the teratogenic effects. The primary
somatic effects seen in humans exposed in utero are microcephaly, mental
retardation, and growth retardation. These effects have been observed with an
increased incidence in the atomic-bomb survivors exposed in utero to doses of
less than 0.10 Gy, although a neutron component may have enhanced the
radiation effectiveness. In general, thresholds exist for the induction of birth
defects by radiation, and effects below 0.10 Gy are negligible. The normal
incidence of birth defects is one in ten live births. One concern for low-level
exposure to ionizing radiation in utero is the increased incidence of cancer in
childhood. An estimated twenty-five additional cancer deaths are predicted for
every million children receiving 1 ¢Gy of radiation in utero.
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