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= THE DISCOVERY OF
RADIOPROTECTORS

Some substances, although they do not directly af-
fect the radiosensitivity of cells, nevertheless, may
protect whole animals because they cause vasocon-
striction or, in some way, upset normal processes of
metabolism to such an extent that the oxygen con-
centration in critical organs is reduced. Because
cells are less sensitive to x-rays under hypoxia, this
confers a measure of protection. Examples of such
protective substances are sodium cyanide, carbon
monoxide, epinephrine, histamine, and serotonin.
Such compounds are not really radioprotectors
per se and are not discussed further here.

The most remarkable group of true radio-
protectors is the sulthydryl (SH) compounds.
The simplest is cysteine, an SH compound
containing a natural amino acid, the structure of
which is

NI
SH—CH,—CH <
COOH

In 1948, Patt discovered that cysteine could
protect mice from the effects of total body expo-
sure to x-rays if the drug was injected or ingested
in large amounts before the radiation exposure.
At about the same time, Bacq and his colleagues
in Europe independently discovered that cys-
teamine could also protect animals from total
body irradiation. This compound has a structure
represented by

SH—CH,—CH,—NH,
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Animals injected with cysteamine to con-
centrations of about 150 mg/kg require doses of
x-rays 1.8 times larger than control animals to
produce the same mortality rate. This factor of
1.8 is called the dose reduction factor (DRF),
defined as

DRF — Dose of radiation in the presence of the drug

~ Dose of radiation in the absence of the drug

to produce a given level of lethality.

= MECHANISM OF ACTION

Many similar SH compounds have been tested
and found to be effective as radioprotectors. The
most efficient SH compounds tend to have cer-
tain structural features in common: a free SH
group (or potential SH group) at one end of the
molecule and a strong basic function, such as
amine or guanidine, at the other end, separated by
a straight chain of two or three carbon atoms. SH
compounds are efficient radioprotectors against
sparsely ionizing radiations such as x- or y-rays.

The mechanisms most implicated in SH-
mediated cytoprotection include:

1. Free-radical scavenging that protects against
oxygen-based free radical generation by ion-
izing radiations or chemotherapy agents such
as alkylating agents

2. Hydrogen atom donation to facilitate direct
chemical repair at sites of DNA damage

Chapter 1 includes a discussion of the chain
of events between the absorption of a photon and
the eventual biologic damage, which includes the
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Protector “scavenges”
free radicals

FIGURE 9.1 Radioprotectors containing a sulfhy-
dryl group exert their effect by scavenging free radicals
and by reducing free-radical damage to DNA.They are
most effective for radiations characterized by low lin-
ear energy transfer (LET), becoming progressively less
effective with increasing LET because the amount of
local damage is so great.

production of free radicals, which are highly re-
active species. If these free radicals are scavenged
before they can interact with biologic molecules,
the effect of the radiation is reduced. This pro-
cess is illustrated in Figure 9.1.

The protective effect of SH compounds
tends to parallel the oxygen effect, being maxi-
mal for sparsely ionizing radiations (e.g., x- or
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v-rays) and minimal for densely ionizing radia-
tions (e.g., low-energy a-particles). It might be
predicted that with effective scavenging of all
free radicals, the largest possible value of DRF
for sparsely ionizing radiations would equal the
oxygen enhancement ratio, with a value of 2.5
to 3.0.

This simple description of the mechanism
of action of SH radioprotectors is intellectually
satisfying, but it is clearly not the whole story
because radioprotectors of this class have more
effect with densely ionizing radiations (such as
neutrons) than would be expected based on this
explanation alone. Other factors must be in-
volved that are not fully understood.

= DEVELOPMENT OF MORE
EFFECTIVE COMPOUNDS

The discovery in 1948 of a compound that of-
fered protection against radiation excited the in-
terest of the U.S. Army because the memory of
Nagasaki and Hiroshima was vivid in the years
immediately after World War II. However, al-
though cysteine is a radioprotector, it is also toxic
and induces nausea and vomiting at the dose lev-
els required for radioprotection. A development
program was initiated in 1959 by the U.S. Army
in studies conducted at the Walter Reed Institute
of Research to identify and synthesize drugs ca-
pable of conferring protection to individuals in
a radiation environment, but without the debili-
tating toxicity of cysteine or cysteamine. More
than 4,000 compounds were synthesized and
tested. At an early stage, the important discov-
ery was made that the toxicity of the compound
could be greatly reduced if the SH group was
covered by a phosphate group. This is illustrated
for cysteamine, otherwise known as mercapto-
ethylamine (MEA), in Table 9.1. The 50% lethal

Effect of Adding a Phosphate-Covering Function on the Free Sulfhydryl of

B-Mercaptoethylamine (MEA)

Drug Formula
MEA NH,—CH—CH,—SH
MEA-PO; NH,—CH,—CH—SH,PO;

Mean 50% Lethal
Dose (Range)

in Mice

343 (323-364)

777 (700-864)

Dose Reduction
Factor

1.6 at 200 mg/kg
2.1 at 500 mg/kg




Two Radioprotectors in Practical Use

Compound Structure
WR-638 NH,CH,CH,SPO;HNa
WR-2721 NH,(CH,);NHCH,CH,SPOsH,
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Use

Carried in field pack by Russian army
(cystaphos)

Protector in radiotherapy and carried
by US astronauts on lunar trips
(amifostine)

Comparison of Gastrointestinal and Hematopoietic Dose Reduction Factors in Mice for these
Radioprotectors (the Two Compounds Listed Previously)

Dose Reduction Factor

Compound  Drug Dose, mg/kg 7 Days (Gastrointestinal) 30 Days (Hematopoietic)
WR-638 500 1.6 2.1
WR-2721 900 1.8 2.7

dose of the compound in animals can be doubled
and the protective effect in terms of the DRF can
be greatly enhanced if the SH group is covered
by a phosphate. This tends to reduce systemic
toxicity. Once in the cell, the phosphate group is
stripped and the SH group begins scavenging for
free radicals.

The structures of two typical compounds of
more than 4,000 synthesized in the Walter Reed
series are shown in Table 9.2. The first com-
pound, WR-638, called cystaphos, was said to be
carried routinely in the field pack of Soviet in-
fantry in Europe during the Cold War for use in
the event of a nuclear conflict.

The second compound, WR-2721, now
known as amifostine, is perhaps the most effec-
tive of those synthesized in the Walter Reed
series. It gives good protection to the blood-
forming organs, as can be seen by the DRF for
30-day death in mice, which approaches the
theoretic maximum value of 3. It was probably
the compound carried by US astronauts on their
trips to the moon, to be used if a solar event
occurred. On these missions, when the space
vehicle left Earth’s orbit and began coasting to-
ward the moon, the astronauts were committed
to a 14-day mission because they did not have
sufficient fuel to turn around without first orbit-
ing the moon and using its gravitational field.
If there had been a major solar event in that

period, the astronauts would have been exposed
to a shower of high-energy protons, result-
ing in an estimated total body dose of several
grays. The availability of a radioprotector with
a DRF of between 2 and 3 would have been very
important in such a circumstance. As it turned
out, no major solar event occurred during any
manned lunar mission, thus the protectors were
not used. The potential for this problem will be
greatly magnified in future missions to Mars,
which may take as long as 3 years.

= AMIFOSTINE (WR-2721) ASA
RADIOPROTECTOR IN RADIOTHERAPY

The only radioprotective drug approved by the
U.S. Food and Drug Administration (FDA) for
use in radiation therapy is amifostine (WR-2721),
sold under the trade name Ethyol for use in the
prevention of xerostomia in patients treated for
head and neck cancer. The Radiotherapy Oncol-
ogy Group (RTOG) conducted a phase III ran-
domized clinical trial, which demonstrated the
efficacy of amifostine in reducing xerostomia in
patients with head and neck cancer receiving ra-
diotherapy without prejudice to early tumor con-
trol. The drug was administered daily, 30 min-
utes before each dose fraction in a multifraction
regimen. Three months posttreatment, the in-
cidence of xerostomia was significantly reduced
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in those patients treated with amifostine. There
was an improvement in the patients’ assessments
of such symptoms as dry mouth and difficulty
in eating or speaking and in the need for fluids
and oral comfort aids. There was no difference
in locoregional tumor control between patients
who received the radioprotector and those who
did not. Giving the amifostine only 30 minutes
before each treatment was designed to exploit the
slower rate at which the drug penetrates tumors
relative to normal tissues.

Amifostine is a phosphorothioate that is non-
reactive and does not readily permeate cells, pri-
marily because of its terminal phosphorothioic
acid group. It is therefore a “prodrug.” When
dephosphorylated by the enzyme alkaline phos-
phatase, which is present in high concentrations
in normal tissues and capillaries, it is converted
to the active metabolite designated WR-1065.
This metabolite readily enters normal cells by
facilitated diffusion and scavenges free radicals
generated by ionizing radiations or by drugs
used in chemotherapy such as alkylating agents.

It might have been expected that radiopro-
tectors would enjoy a wider use in radiation
therapy, but in practice, clinical use continues to
be plagued by issues relating to possible tumor
protection and loss of therapeutic gain. The
potential use of such protectors is based on the
observation from animal studies that amifostine
quickly floods normal tissues but penetrates
more slowly into tumors. Consequently, if the
radiation dose is given within minutes after the
administration of the radioprotector, there is a
differential sparing of normal tissue compared
with tumor cells. Because one can never be sure
that the tumor is not protected to some extent,
the use of radioprotectors is not “fail safe.” For
this reason, radioprotectors are not widely used
in radiotherapy, indeed, in practice they are used
only for the reduction of xerostomia.

= RADIOPROTECTORS AND
CHEMOTHERAPY

Although SH compounds were developed ini-
tially as radioprotectors against ionizing ra-
diation, they also protect against the cytotoxic
effects of several chemotherapeutic agents.
The experimental clinical use of amifostine
has shown that the compound offers significant
protection against nephrotoxicity, ototoxicity,
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and neuropathy from cisplatin and hematologic
toxicity from cyclophosphamide. The same ex-
perimental studies indicated no obvious antitu-
mor activity of the radioprotector, implying a
differential uptake between normal and malig-
nant tissues.

= AMIFOSTINE AS A PROTECTOR
AGAINST CANCER

Although the emphasis for the development of
amifostine was to protect against cell killing,
this compound also protects against radiation-
induced mutagenesis and oncogenic transforma-
tion in cells in culture and against carcinogenesis
in mouse model systems. Furthermore, although
a dose of about 400 mg/kg is required to dem-
onstrate optimal cytoprotection—a dose that
carries with it significant side effects—its anti-
mutagenic effect persists following prolonged
exposure to a dose as low as 25 mg/km, which is
nontoxic. Of even greater interest is the observa-
tion that the effect occurs even when cells are
exposed to amifostine up to 3 hours following ir-
radiation. This has led to the speculation that the
antioxidant properties of amifostine may not be
the only mechanism by which it protects against
cancer; it has been proposed that the polyamine-
like properties of the phosphorothioates may
result in a stabilization of DNA-damaged sites,
facilitating a slower and more error-free repair
of damage.

= DIETARY SUPPLEMENTS AS
COUNTERMEASURES TO RADIATION

Long-term exposure to nonlethal doses of ion-
izing radiation is known to result in an excess
incidence of cancer and other deleterious bio-
logic effects. To the extent that the mechanism
involved may include oxidative stress, dietary
supplements involving antioxidants have a po-
tential role to play. Several possibilities have
shown promise in cellular and animal systems.
One such example is the soybean-derived serine
protease inhibitor known as the Bowman-Birk
inhibitor (BBI), which has long been proposed
as a cancer chemopreventive agent. Another
possibility is a cocktail of common antioxidants,
including L-selenomethionine, ascorbic acid, N-
acetyl cysteine, alpha-lipoic acid, vitamin E suc-
cinate, and coenzyme Q10.



Following the destruction of the World Trade
Center on September 11, 2001, and the rise of
a nuclear terrorism threat, there has been a re-
vived interest in the development of novel, effec-
tive, and nontoxic radioprotectors for potential
use in homeland defense as well as in medical
applications. In addition, National Aeronautics
and Space Administration (NASA) is interested
in countermeasures to the exposure to protons
and high-energy heavy ions that astronauts expe-

rience during long-term missions in space.

SUMMARY OF PERTINENT
CONCLUSIONS

Radioprotectors are chemicals that reduce
the biologic effects of radiation.

The SH compounds, cysteine and cyste-
amine, were discovered early but are toxic.
If the SH group is covered by a phosphate
group, toxicity is reduced.

The mechanism of action is the scavenging
of free radicals and restitution of free-radical
damage, although this is not the whole story.
The DRF is the ratio of radiation doses
required to produce the same biologic ef-
fect in the absence and presence of the
radioprotector.

The best available radioprotectors can at-
tain DRF values of 2.5 to 3.0 for bone mar-
row death in mice irradiated with x-rays.
DRF values close to the oxygen enhance-
ment ratio are possible for y-rays, but the
effectiveness of radioprotectors decreases
with increasing linear energy transfer.
During the Cold War, it is said that Soviet
infantry in Europe carried radioprotectors
for use in a possible nuclear war. Radiopro-
tectors were carried to the moon by US as-
tronauts to be used in the event of a solar
flare.

More than 4,000 compounds were syn-
thesized by the U.S. Army in studies con-
ducted at the Walter Reed Institute of
Research. Amifostine (WR-2721) appears
to be the best for use in conjunction with
radiotherapy.

Amifostine, sold under the trade name
Ethyol, is the only radioprotective drug
approved by the FDA for use in the pre-
vention of xerostomia in patients treated
for head and neck cancer.
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An RTOG phase III trial demonstrated the
efficacy of amifostine in reducing xerosto-
mia in patients with head and neck cancer
receiving radiation therapy without affect-
ing locoregional control. The radioprotec-
tor was administered 30 minutes before
radiation.

Amifostine is a “prodrug” that is unreactive
and that penetrates poorly into cells until
it is dephosphorylated by the enzyme al-
kaline phosphatase to the active metabolite
WR-1065.

The rationale for the use of phosphoro-
thioate radioprotectors is that they flood
normal tissues rapidly after administration
but penetrate tumors much more slowly.
The strategy is to begin irradiation soon
after administration of the drug to exploit
a differential effect.

The clinical use of radioprotectors in
radiation therapy continues to be plagued
by issues relating to possible tumor
protection and diminution of therapeutic
gain.

Amifostine is useful as a protector for che-
motherapy as well as radiotherapy. It is
reported to offer protection against neph-
rotoxicity, ototoxicity, and neuropathy
from cisplatin and hematologic toxicity
from cyclophosphamide, without reduc-
tion of tumor activity.

A dose of 400 mg/kg is required for op-
timal cytoprotection, which is toxic with
many side effects, but its antimutagenic ef-
fect persists at a low nontoxic dose of 25
mg/kg. Furthermore, its antimutagenic ef-
fect still occurs if the drug is added 3 hours
following irradiation.

Dietary supplements, including various an-
tioxidants, have been suggested as counter-
measures to the long-term biologic effects
of radiation exposure.

Following the destruction of the World
Trade Center on September 11, 2001, and
the rise of a nuclear terrorism threat, there
has been a revived interest in the devel-
opment of novel, effective, and nontoxic
radioprotectors for potential use in home-
land defense. In addition, NASA is inter-
ested in countermeasures to the radiation
exposure that astronauts experience on
long-term space missions.
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= DETERMINISTIC AND
STOCHASTIC EFFECTS

If cellular damage occurs as a result of radiation
and it is not adequately repaired, it may prevent
the cell from surviving or reproducing or it may
result in a viable cell that has been modified, that
is, suffered a change or mutation that it retains
as a legacy of the radiation exposure. The two
outcomes have profoundly different implications
for the person of whom the cell is a part.

Most organs or tissues of the body are unaf-
fected by the loss of a few cells; but if the number
of cells lost is sufficiently large, there is observable
harm, reflecting the loss of tissue function. The
probability of such harm is zero at small radia-
tion doses, but above some level of dose, called the
threshold dose, the probability increases rapidly with
dose to 100%. Above the threshold, the severity of
harm also increases with dose. Effects such as these
are said to be deterministic. A deterministic effect has
a threshold in dose, and the severity of the effect is
dose related. Radiation-induced cataracts and late
tissue fibrosis are examples of deterministic effects.

The outcome is very different if the irradi-
ated cell is viable but modified. Carcinogenesis
and heritable effects fall into this category. If so-
matic cells are exposed to radiation, the probabil-
ity of cancer increases with dose, probably with no
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threshold, but the severity of the cancer is not dose
related. A cancer induced by 1 Gy is no worse than
one induced by 0.1 Gy, but of course, the prob-
ability of its induction is increased. This category
of effect is called stochastic, a word that has been
given a special meaning in radiation protection but
in general, just means “random.” If the radiation
damage occurs in germ cells, mutations may occur
that could cause deleterious effects in future gen-
erations. Again, there is probably no threshold and
the severity of heritable effects is not dose related,
although the probability of it occurring is.

The belief that stochastic effects have no dose
threshold is based on the molecular mechanisms in-
volved. There is reason to believe that even a single
x-ray photon could result in a base change leading
to a mutation that could cause cancer or a heritable
defect. For this reason, it is considered prudent and
conservative to assume that no dose is too small to
be effective, although this can never be proved.

The two types of effects are summarized as
follows:

Deterministic effect: severity increases with dose;
practical threshold; probability of occurrence
increases with dose (e.g., cataract).

Stochastic effect: severity independent of dose;
no threshold; probability of occurrence in-
creases with dose (e.g., cancer).
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= CARCINOGENESIS:
THE HUMAN EXPERIENCE

Cancer induction is the most important so-
matic effect of low-dose ionizing radiation. In
sharp contrast to the case for the heritable ef-
fects of radiation (Chapter 11), risk estimates
for leukemogenesis and carcinogenesis do not
rely on animal data but can be based on expe-
rience in humans. There is a long history of a
link between radiation exposure and an elevated
incidence of cancer. Figure 10.1 is a beautiful
photograph of Marie Curie and her daughter
Irene, who are both thought to have died of leu-
kemia as a result of the radiation exposure they
received while conducting their experiments
with radioactivity. Figure 10.2 is a photograph
of the hand of a dentist in New York who held
x-ray films in patients’ mouths for many years
and who suffered malignant changes as a re-
sult. Quantitative data on cancer induction by

FIGURE 10.1 Marie Curie (seated) at work with
her daughter, Irene. Both are thought to have died of
leukemia as a consequence of the radiation exposure
they received during their experiments with radioactiv-
ity. (Courtesy of the Austrian Radium Institute and the
International Atomic Energy Bulletin.)
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FIGURE 10.2 Hand of a dentist who, for 35 years,
held x-ray films in place in patients’mouths.The thumb
has been partially amputated. Damaged skin on the
fingers has been replaced by grafts. The lesion on the
finger is a skin cancer subsequently removed. (Courtesy
of Dr. Victor Bond, Brookhaven National Laboratory.)

radiation come from populations irradiated for
medical purposes or exposed deliberately or
inadvertently to nuclear weapons. Persons ex-
posed therapeutically received comparatively
high doses, and their susceptibility to the ef-
fects of radiation might have been influenced
by the medical condition for which treatment
was being given. Populations exposed to y-rays
and neutrons from nuclear weapons represent a
wider cross section in terms of age and health
and also include persons exposed to lower
doses. In both cases, dose rates were high and
exposure times brief.

There are a few groups of exposed persons
to whom these generalizations do not apply.
Examples include pitchblende and wuranium
miners who inhaled the radioactive gas radon
and its progeny products over a prolonged pe-
riod, patients injected with radium chloride
or Thorotrast for medical purposes, and per-
sons who ingested radionuclides while painting
luminous dials on clocks and watches with paint
containing radium. Hundreds of thousands of
nuclear workers have been exposed occupation-
ally, and useful cancer risk estimates have be-
come available in recent years. Miners exposed
to radon in the uranium mines are an excellent
source of data on lung cancer.



The early human experience of radiation-
induced cancer may be summarized as follows:

1. Skin cancer and leukemia were common in
early x-ray workers, principally physicists
and engineers who worked around accelera-
tors before radiation safety standards were
introduced.

2. Lung cancer was a frequent problem in
pitchblende miners in Saxony, who dug out
the ore from which radium was extracted.
In the years following World War II, lung
cancer also was noted in uranium miners in
the central Colorado plateau. In both cases,
the mines were poorly ventilated and there
was a buildup of radon gas in the atmosphere
of the mine; radon and its progeny were in-
haled by the miners, depositing atoms of
radioactive material in their lungs. The in-
tense local a-radiation was responsible for
inducing lung tumors. Bone tumors were
observed in the radium dial painters. The
painters were mostly young women who
worked in factories in which the luminous
dials on clocks and watches were painted
with a special paint preparation containing
radium. The workers dipped their brushes
into the radium paint and used their tongues
to shape the brushes into sharp points to
paint the small dials on watches. As a result,
some radium was ingested, which, because
it is in the same group in the periodic table
as calcium, was deposited in the tips of the
growing bones. The intense a-radiation pro-
duced bone tumors. There is also history of
bone tumors in people who, in the 1920s and
1930s, received injections of radium salts for
the treatment of tuberculosis or ankylosing
spondylitis.

3. An excess incidence of liver tumors was re-
ported in patients in whom the contrast
material Thorotrast was used. Thorotrast
contains radioactive thorium, which, when
deposited in the liver, produced a small inci-
dence of liver tumors by a-radiation.

These early examples are interesting but
largely anecdotal, although they did alert scien-
tists to the danger of excessive radiation expo-
sure. None of these examples involved situations
that now constitute a public health hazard;
these problems will never happen again, and the
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dosimetry in each instance is so uncertain that it
is rarely possible to deduce any quantitative rela-
tionship between the dose of radiation involved
and the tumor incidence.

More recent examples of the human experi-
ence with radiation-induced cancer and leuke-
mia include the following:

1. The Japanese survivors of the atomic bomb
attacks on Hiroshima and Nagasaki are the
most important single group studied because
of their large number, the care with which
they have been followed, and the fact that
people of all ages and both sexes received a
wide range of doses. About 120,000 people
have been followed carefully, of whom
about 50,000 received doses in excess of
0.005 Sv. By 1998, there had been more
than 17,000 cases of cancer, of which about
853 were considered to be caused by radia-
tion. The weapons used on the two cities
were very different. The one used on Na-
gasaki was of a type that would be expected
to emit gamma rays with few neutrons and
had been previously tested, so dosimetry is
based partly on measurements. The weapon
used at Hiroshima was of a type never tested
before or since, so that dose estimates are
based largely on computer simulations. The
radiation from this weapon was a mixture of
neutrons and y-rays. The dosimetry relating
to the atomic bombs has been revised sev-
eral times over the years, leading to changes
in the cancer risk estimates. The most re-
cent estimates were published in the Biologic
Effects of lonizing Radiation (BEIR) VII re-
port in 2006 and will be discussed later in
this chapter.

2. In Britain, from 1935 through 1944, some
14,000 patients suffering from ankylosing
spondylitis were given radiotherapy to vari-
ous regions of their spine to relieve pain. A
small risk of leukemia mortality has been
reported in these patients. Although the
spondylitic series provides one of the largest
bodies of data on leukemia in humans after
exposure to x- or y-radiation, and the dosim-
etry is quite good, it is far from ideal because
it lacks a proper control, consisting of pa-
tients with the same disease who did not re-
ceive x-ray therapy but whose treatment was
otherwise the same. A possible contribution
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of carcinogenic drugs to the tumor incidence
also has been suggested.

3. There is also documentation of an elevated
incidence of leukemia in radiologists who
joined learned societies before about 1922,
before the introduction of radiation safety
standards. This will be discussed later in the
chapter.

4. Thyroid cancer has been observed in chil-
dren who received radiotherapy for what was
thought to be an enlarged thymus. The thy-
roid was included in the treatment field, and
both malignant and benign thyroid tumors
have been observed. Breast cancer is also el-
evated in these patients.

5. Untl the 1950s, it was common practice to
use x-rays to epilate children suffering from
tinea capitis (ringworm of the scalp). An in-
creased incidence of thyroid cancer from this
practice was first reported by Modan and his
colleagues in Israel, who treated more than
20,000 immigrant children from North Af-
rica in whom ringworm of the scalp reached
epidemic proportions. There was also a
significantly increased risk of brain tumors
(mostly meningiomas), salivary gland tumors,
skin cancer, and leukemia mortality. A com-
parable group of children in New York for
whom x-rays were used for epilation before
treatment for tinea capitis show quite differ-
ent results. There were only two malignant
thyroid tumors in addition to some benign
tumors. There is, however, an incidence of
skin cancer around the face and scalp in those
areas also subject to sunlight. The skin tu-
mors arose only in white children and there
were no tumors in black children in the New
York series.

6. Patients with tuberculosis, who were fluo-
roscoped many times during artificial pneu-
mothorax, have shown an elevated incidence
of breast cancer. This was first reported in
Nova Scotia, but the report was confirmed
by a similar study in New England. The
doses these patients received are uncertain
but must have been about 0.8 to 0.9 Gy,
because some of the women developed skin
changes in the chest wall on the side fre-
quently fluoroscoped. Patients who received
radiotherapy for postpartum mastitis were
also shown to have an excess incidence of
breast cancer.
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= THE LATENT PERIOD

The time interval between irradiation and the
appearance of a malignancy is known as the la-
tent period.

Leukemia has the shortest latent period. Ex-
cess cases began to appear in the survivors of
Hiroshima and Nagasaki a few years after irra-
diation and reached a peak in 5 to 7 years; most
cases occurred in the first 15 years. Solid tumors
show a longer latency than the leukemias, on the
order of anything from 10 to 60 years or more.
For example, an excess incidence of solid tumors
is still evident in Japanese survivors exposed to
radiation from the atomic bombs in 1945. In-
deed, for solid cancers, the excess risk is appar-
ently more like a lifelong elevation of the natural
age-specific cancer risk.

As the Japanese data have matured, the con-
cept of a fixed time interval between irradiation
and the appearance of the malignancy has been
replaced by or combination of “age at exposure”
and “time since exposure.” Regardless of the age
at the time of exposure, radiation-induced solid
tumors tend to be expressed later in life, at the
same time as spontaneous tumors of the same
type. Breast cancer in women is the most striking
example. This suggests that although radiation
may initiate the carcinogenic process at a young
age, additional steps are required later in life,
some of which may well be hormone dependent.

= ASSESSING THE RISK

"To use the available human data to estimate risks
as a function of dose, it is necessary to fit the
data to a model. Several reasons for this are as
follows:

1. Data obtained at relatively high doses must
be extrapolated to the low doses of public
health concern.

2. No large human population exposed to radi-
ation has yet been studied for its full life span,
and so estimates must be projected into the
tuture. For example, in the year 2000, about
half of the Japanese survivors irradiated in
1945 were still alive.

3. The best data pertain to the Japanese irradiated
by the atomic bombs and risk estimates based
on this must be transferred to other popula-
tions that have quite different characteristics,
including their natural cancer incidence.



There are two types of models that are
conceptually quite different: the absolute risk
model and the relative risk model. The abso-
lute risk model assumes that radiation induces
a “crop” of cancers over and above the natu-
ral incidence unrelated to it. The relative risk
model assumes that the effect of radiation is to
increase the natural incidence at a/l ages subse-
quent to exposure by a given factor. Because the
natural or spontaneous cancer incidence rises
significantly in old age, the relative risk model
predicts a large number of radiation-induced
cancers in old age.

The model favored by recent BEIR commit-
tees, for the assessment of the cancer risks from
the Japanese atomic bomb survivors is the time-
dependent relative risk model. The excess in-
cidence of cancer was assumed to be a function
of dose, the square of the dose, age at exposure,
and time since exposure. For some tumors, gen-
der must be added as a variable—for example, in
the case of breast cancer.

= COMMITTEES CONCERNED
WITH RISK ESTIMATES AND
RADIATION PROTECTION

There are two series of reports that analyze avail-
able data and come up with risk estimates for
radiation-induced cancer. The first is the United
Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) reports. This
committee reports to the General Assembly
at regular intervals; the most recent report ap-
peared in 2000. The second is the committee of
the U.S. National Academy of Sciences known as
the Biologic Effects of Ionizing Radiation (BEIR).
Reports appear periodically, the most recent com-
prehensive report (BEIR VII) appearing in 2006.
To a large extent, these are “scholarly” commit-
tees, inasmuch as they are under no compulsion to
draw conclusions if data are not available.

On the other hand, there are committees
involved with radiation protection that cannot
afford to be scholarly because they must make
recommendations whether or not adequate
data are available. First, there is the Interna-
tional Commission on Radiological Protection
(ICRP). This commission was originally set
up and funded by the first International Con-
gress of Radiology. Over the years, the funding
base of this commission has broadened, and it
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has assumed the role of an independent, self-
propagating committee. At a national level in
the United States, there is the National Council
on Radiological Protection and Measurements
(NCRP). This is an independent body chartered
by Congress and is funded from industry, gov-
ernment grants, and professional societies. The
NCRP formulates policies for radiation protec-
tion in the United States often, but not always,
following the lead of the ICRP. The recommen-
dations of the NCRP carry no weight in law but
are usually adopted eventually and enforced by
the regulatory agencies in the United States, al-
though there can often be a long lag period. (See
Chapter 17 on radiation protection for more re-
garding these committees.)

= RADIATION-INDUCED CANCERIN
HUMAN POPULATIONS

Under appropriate conditions, a malignancy can
be induced in essentially all tissues of the body.
Some of the most common are discussed below.

Leukemia

The incidence of chronic lymphocytic leuke-
mia does not appear to be affected by radiation.
Acute and chronic myeloid leukemia are the
types chiefly responsible for the excess incidence
observed in irradiated adults. Susceptibility to
acute lymphatic or stem cell leukemia seems to
be highest in childhood and to decrease sharply
during maturation.

"Two principal population groups provide data
to determine risk estimates:

1. Survivors of the atomic bomb attacks on Hi-
roshima and Nagasaki
2. Patients treated for ankylosing spondylitis

Leukemia was the first malignancy to be
linked with radiation exposure in the A-bomb
survivors and has the highest relative risk of
any malignancy. Leukemia risks increased with
dose up to about 3 Sv, with evidence of upward
curvature; that is, a linear-quadratic function of
dose fits the data significantly better than a linear
function. Because of this curvature, the risk per
unit of dose at 1 Sv is about three times greater
than at 0.1 Swv.

For those exposed younger than age about
30, nearly all of the excess deaths occurred be-
fore 1975, but for those exposed at older ages,
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the excess risk appeared to persist throughout
the follow-up period. Because of these complica-
tions, simple models cannot adequately summa-
rize leukemia risks.

Thyroid Cancer

The thyroid gland is an organ of high sensitiv-
ity for radiation carcinogenesis, at least in chil-
dren; in adults, radiation is much less efficient in
inducing thyroid cancer. The malignant tumors
that have been produced, however, consistently
have been of a histologically well-differentiated
type, which develops slowly and often can be
removed completely by surgery or treated suc-
cessfully with radioactive iodine if metastasized;
consequently, these tumors show a low mortality
rate. It is estimated that about 5% of those with
radiation-induced thyroid cancer die as a result.

The following are the principal population
groups available for deriving risk estimates for
thyroid cancer:

1. Survivors of the atomic bomb attacks on Hi-
roshima and Nagasaki.

2. Residents of the Marshall Islands exposed to
external radiation and ingested iodine-131
from fallout after the 1954 testing of a thermo-
nuclear device, in whom there was a high inci-
dence of nodule formation and some thyroid
cancer (benign as well as malignant tumors).

3. Individuals who ingested radioactive iodine
as a result of the Chernobyl accident (this
experience shows how very sensitive children
are and that adults are relatively resistant).

4. Children treated with x-rays for an enlarged
thymus.

5. Children treated for diseases of the tonsils
and nasopharynx.

6. Children epilated with x-rays for the treat-
ment of tinea capitis.

7. Children treated for cancer.

Figure 10.3 shows the relative risk for thy-
roid cancer after exposure to external radiation,
taken from a pooled analysis of seven different
studies, which dramatically illustrates the impor-
tance of age at exposure.

Breast Cancer

Breast cancer may be induced with relatively
high frequency by radiation. The cancer is of the
type arising initially from duct cells but is com-
monly found to infiltrate breast tissue.

| Section | * For Students of Diagnostic Radiology, Nuclear Medicine, and Radiation Oncology |

Pooled Thyroid Cancer
Dose response by age at exposure
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FIGURE 10.3 Relative risk of thyroid cancer after
exposure to external radiation, taken from a pooled
analysis of seven studies. The data clearly show the
importance of age at exposure. (Figure prepared by
Dr. Elaine Ron, based on the data from Ron E, Lubin JH,
Shore RE, et al. Thyroid cancer after exposure to exter-
nal radiation: a pooled analysis of seven studies. Radiat
Res. 1995;141:259-277.)

There are three principal exposed popula-
tions from which the risk of breast cancer inci-
dence may be derived:

1. Japanese female survivors of the atomic
bomb attacks on Hiroshima and Nagasaki.

2. Female patients in a Nova Scotia sanato-
rium subjected to multiple fluoroscopies
during artificial pneumothorax for pulmo-
nary tuberculosis. There is doubt about
the dosimetry, but the dose to breast tis-
sue per fluoroscopy is estimated to have
been 0.04 to 0.2 Gy. The number of ex-
aminations commonly exceeded 100, and in
some instances, women received more than
500 fluoroscopies; three patients, in fact,
developed radiation dermatitis. This group
of exposed women probably constitutes the
most convincing evidence of the produc-
tion of cancer by fractionated x-rays used
for diagnosis. This Canadian study also
showed the importance of age at the time of
exposure. The study was later confirmed by
the follow-up of patients discharged from
two tuberculosis sanatoria in Massachu-
setts. These patients were examined fluo-
roscopically at an average of 102 times over
a period of years and, subsequently, were



found to be 80% more likely to develop
breast cancer than a comparable unexposed
population.

. Females treated for postpartum mastitis and
other benign conditions. Patients typically
received 1 to 6 Gy and showed an excess
incidence of breast cancer compared with
the general female population of New York
State. A legitimate objection to the use of
these data for risk estimates is the uncertainty
of whether postpartum mastitis predisposes
to breast cancer.

. The data for excess incidence of breast
cancer in these populations are shown
in Figure 10.4. Several interesting points
are immediately apparent. First, the data
from the New York series of postpartum
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mastitis patients are so poor that they do
not give any clue about the shape of the
dose-response relationship. Second, there
is a marked difference in the natural inci-
dence of breast cancer in Japanese women
in whom it is low, compared with American
and Canadian women in whom it is high;
nevertheless, in all cases, incidence rises
with radiation dose. Third, the data for
breast cancer are reasonably well fitted by a
straight line.

Lung Cancer

Radiation is but one of a long list of carcino-
gens for lung cancer: Cigarette smoking, asbes-
tos, chromium salts, mustard gas, hematite, and
asphalt derivatives have also been implicated.
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Incidence of breast cancer as a function of dose for four human populations that allow

risk estimates to be made.The data are expressed in terms of the number of cases per 100,000 women-years
(WY). Note that the natural incidence of breast cancer is low in Japanese women and high in American and
Canadian women. (Adapted from Boice JD Jr,Land CE, Shore RE, et al.Risk of breast cancer following low-dose
exposure. Radiology. 1979;131:589-597, with permission.)
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Radiation risk estimates come from two princi-
pal sources:

1. Individuals exposed to external sources of ra-
diation, including the Japanese survivors and
those with ankylosing spondylitis. An excess
was found even when smoking was taken into
account.

2. Underground miners exposed to radon in
the mine atmosphere. The naturally oc-
curring deposits of radioactive materials in
the rocks of the earth decay through a long
series of steps until they reach a stable iso-
tope of lead. One of these steps involves
radon, which, unlike the other elements in
the decay series, is a gas. In the closed en-
vironment of a mine, workers inhale radon
gas and some radon atoms decay to the
next solid member of the radioactive se-
ries, which consequently is deposited on the
bronchial epithelium. Subsequent steps in
the radioactive decay series take place in the
lungs, causing intense a-irradiation of local-
ized surrounding tissue.

There is a clear excess of lung cancer among
workers in the uranium mines of the Colorado
plateau in the United States, the uranium mines
in Czechoslovakia, the nonuranium mines in
Sweden, and the fluorspar mines in Newfound-
land. It remains difficult to separate adequately
the contributory effects of radon and cigarette
smoking in causing the cancers, because there
are too few nonsmoking miners to form an
adequate control group. In addition, the aver-
age duration of exposure usually spans from
15 to 20 years, during which standards of safety
and ventilation have changed substantially. In
any case, it is no easy matter to estimate the
dose to the critical cells in the basal layer of
the epithelium of the lung from knowledge
of the radon concentration in the air that is
breathed. There is also some evidence, sum-
marized in the BEIR VI report, of an excess
of lung cancer from domestic radon exposure.
It is estimated that 10% of the 150,000 lung
cancer deaths annually in the United States are
caused by radon.

Bone Cancer

There is some evidence of bone cancer in-
duced by external x-irradiation in children
epilated for the treatment of tinea capitis and
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in patients treated for ankylosing spondylitis.
The numbers are small and the risk estimates
poor. The largest body of data comes from two
populations, each of which ingested isotopes
of radium that emit high linear energy transfer
(LET) a-particles and that follow the meta-
bolic pathways of calcium in the body to be-
come deposited in the bone. The populations
include the following:

1. Young persons, mostly women, employed as
dial painters, who ingested radium as a result
of licking their brushes into a sharp point
for application of luminous paint to watches
and clocks. In this group, there have been
bone sarcomas and carcinomas of epithelial
cells lining the paranasal sinuses and naso-
pharynx. None of these tumors occurred at
doses below 5 Gy; above this level, the inci-
dence rose sharply, particularly the sarcomas.
The radium in these paints consisted of the
isotopes radium-226 and radium-228, with
half-lives of about 1,600 years and 6 years,
respectively.

2. Patients given injections of radium-224 for
the treatment of tuberculosis or ankylosing
spondylitis.

There are three points that need to be
emphasized. First, the dose is made up of a-
particles, which have a short range and deposit
their energy close to the site at which the isotope
is deposited; a-particles are also more effective
than x-rays by a factor of about 20. Second, os-
teosarcomas arise predominantly from endos-
teal cells, and the relevant dose for estimating
the risk of sarcoma is the dose to these cells,
which lie at a distance of up to 10 um from
the bone surface, rather than the mean dose
throughout the bone. Radium-224 has a short
half-life (3.6 days), and its radiation therefore
is largely delivered while it is still present on
the bone surface. This contrasts sharply with
radium-226 and radium-228, which have long
half-lives and, consequently, become distrib-
uted throughout the bone during their periods
of radioactive decay. The dose to endosteal cells
from radium-224 is about nine times larger than
the dose averaged throughout bone, whereas
it is about two-thirds of the mean bone value
from radium-226. Consequently, it is difficult
to compare data from the two groups of peo-
ple who were exposed to these very different
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FIGURE 10.5 A semilogarithmic plot of bone sarcoma incidence rate as a
function of systemic intake for female dial painters employed before 1950, show-
ing a dose-squared exponential fit. The shaded band indicates the range covered
by the fitted function if the coefficients are allowed to vary by =1 standard devia-
tion. (Adapted from Rowland R, Stehner AF, Lucas HF. Dose-response relationships
for radium-induced bone sarcomas. Health Phys. 1983;44:15-31, with permission.)
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isotopes of radium. Third, age at the time of
exposure is an important factor in the develop-
ment of bone cancer. For young persons, and
possibly for those exposed in utero, the rapid
deposition of bone-seeking radioisotopes dur-
ing active bone growth might confer a higher
risk of cancer than in adults. There is, in gen-
eral, poor agreement among the risk estimates
derived from the various groups of persons
showing an excess of bone cancer, so that risk
estimates must be very crude. Figure 10.5
shows the incidence of bone sarcoma in female
dial painters as a function of activity of radium
ingested. These data imply that a linear extrap-
olation from high to low doses would overesti-
mate risks at low doses. It appears that sarcomas
are induced only after large doses that are suf-
ficient to cause tissue damage and, therefore, to
stimulate cell proliferation.

Skin Cancer

The first neoplasm attributed to x-rays was an
epidermoid carcinoma on the hand of a radiolo-
gist, which was reported in 1902. In the years
that followed, several hundred of such cases
arose among physicians, dentists, physicists, and

x-ray technicians, in an era in which safety stan-
dards were virtually nonexistent. In most cases,
the onset of neoplasms followed chronic radio-
dermatitis and a long latent period. Squamous
cell and basal cell carcinomas have been most
frequently observed, and occasionally, a sarcoma
of the subcutaneous tissues has been seen. Since
the evolution of modern safety standards, epi-
dermoid carcinoma has ceased to be an occupa-
tional disease of radiation workers.

Radiation-induced skin cancers are diag-
nosed readily and treated at an early stage of
development, and there is a large difference be-
tween rates of incidence and mortality. There
is a small excess incidence of skin cancer in the
children epilated with x-rays for the treatment of
tinea capitis.

= QUANTITATIVE RISK ESTIMATES FOR
RADIATION-INDUCED CANCER

Despite a diverse collection of data for cancer in
humans from medical sources, both the BEIR and
UNSCEAR reports elect to base their risk esti-
mates almost entirely on the data from the sur-
vivors of the atomic bomb attacks on Hiroshima
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RERF A-Bomb Cohorts

Cohort Size

Life Span Study 120,000
Allows an estimate
of cancer incidence
and mortality

In-Utero Cohort 3,600
Allows estimates of
mental retardation,
microcephaly, etc.

Children of 77,000

exposed

individuals Allows estimate of

heritable effects

FIGURE 10.6 There are three cohorts of A-bomb survivors available at the RERF in Japan. The life span
cohort includes 120,000 people that allow an estimate to be made of the cancer incidence and mortality that
resulted from radiation exposure.The in utero cohort, consisting of 3,300 people who were irradiated in utero,
allows an estimate to be made of mental retardation and microcephaly caused by radiation.The F1 generation
(i.e., the children of exposed persons) allows a study of the heritable effects of radiation. (Reproduced with

permission of RERF.)

and Nagasaki. Figure 10.6 summarizes the study
groups available from the Radiation Effects Re-
search Foundation (RERF).

1. The Life Span Study (LSS), comprising about
120,000 people, allows estimates to be made
of the radiation-induced cancer incidence and
cancer mortality.

2. The in utero cohort, comprising about 3,300
people who were exposed to radiation from
the bombs while in utero, allows estimates to
be made of the incidence of malformations,
growth retardation, microcephaly, and men-
tal retardation.

3. The children of the exposed persons, the so-
called F1 generation, allows estimates to be
made of heritable effects.

Figure 10.7 charts the incidence of radiation
associated deaths following the A-bomb attacks
in 1945. Leukemia was the first malignancy to be
linked with radiation exposure in bomb survivors

and has the highest relative risk of any malignancy.
Leukemia deaths reached a peak of 5 to 7 years
after irradiation, subsequently falling rapidly.
For those exposed younger than the age of about
30 years, nearly all of the excess deaths occurred
within 30 years, but for those exposed at older
ages, the excess risk appears to persist throughout
the follow-up period. An excess of solid tumors did
not appear at first, but once they did, excess deaths
have continued up to the present time. There are
about six solid cancers for each leukemia. Since
about 1990, there is evidence for the induction
of noncancer effects, particularly heart disease,
stroke, digestive disorders, and respiratory disease,
particularly at higher doses of around 1 Sv. For
these noncancer end points, it is not possible to
say with any certainty whether there is a threshold,
nor is it clear what cellular or tissue mechanisms
might underlie such a diverse set of disorders.
"Table 10.1 shows a summary of the data for
cancer incidence in the atomic bomb survivors
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FIGURE 10.7 lllustrating the pattern

of radiation-associated deaths in the life
span study in the A-bomb survivors. Leu-
kemia appeared first, reaching a peak by
5 to 7 years after irradiation, before falling
off later. Solid cancers did not appear in
excess for several years, but have contin-
ued to increase ever since. By about 1990,
it was evident that there is also an excess
of noncancer deaths, especially stroke and
heart disease. (Courtesy of Dr.Mabuchi.)
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up to 1998. The raw data are shown principally
to emphasize the relative poverty of the data;
only a few hundred excess cancer cases caused
by radiation are involved, compared with many
thousands of naturally occurring malignancies—
and these must be allocated to different dose
groups and different sites.

Figure 10.8 shows the data for cancer inci-
dence in the A-bomb survivors for the years 1958—
1994. The relative risk is a linear function of dose
up to about 2 Sv. Over the lower dose range from
0 to 0.5 Sv, there is a suggestion that the risks
are slightly higher than the linear extrapolation
from higher doses. There is some uncertainty in
the control group (i.e., the zero-dose group) used
for comparison. There are in fact two zero-dose
groups; N beyond 3,000 m and survivors within

Solid Cancer 1958 through 1998

3,000 m who, for one reason or another, were not
exposed (e.g., they might have been out of the city
at the time). The two groups have slightly differ-
ent cancer rates, which is not surprising, because
one is a rural and the other, an urban population.

= DOSE AND DOSE-RATE
EFFECTIVENESS FACTOR

The Japanese data relate only to high dose rates
(HDR) because they are based on the atomic
bomb survivors. Both the UNSCEAR and
BEIR committees considered that there is a
dose-rate effect for low LET radiations; that is,
fewer malignancies are induced if a given dose
is spread out over a period of time at low dose
rate (LDR) than if it is delivered in an acute

Dose, Gy Subjects Mean Dist, m Cases Excess
No in city 25,427 — 3,994 0
<0.005 35,545 3,969 5,603 3
0.005- 27,789 2,114 4,406 81
0.1- 5,527 1,608 968 75
0.2—- 5,935 1,430 1,144 179
0.5- 3,173 1,260 688 206
1- 1,647 1,118 460 196
2-4 564 934 185 111
Total 105,427 — 17,448 853

Abbreviations: dist, distance; m, meter.

Source: Preston DL, Ron E, Tokuoka S, et al. Solid cancer inc
2007;168:1-164.

idence in atomic bomb survivors: 1958-1998. Radiat Res.
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Cancer Rates (1958-94) in A-bomb Survivors
Relative to those for an Unexposed Person

Relative risk

0.0 0.1 0.2

0.3 0.4 0.5
Gamma-dose equivalent (Sv)

FIGURE 10.8 Estimated relative risks for cancer rates in the A-bomb survivors over
the 1958-1994 follow-up period relative to unexposed persons. The dashed curve rep-
resents =1 standard error for the smoothed curve.The inset shows data over the whole
dose range 0 to 2 Sv (0 to 200 rem), to which a straight line is fitted (i.e., relative risk is pro-
portional to dose) with no threshold. The main figure is an expanded version of the low-
dose region up to 0.5 Sv (500 rem). The straight line is taken from the inset data for the
whole dose range.There is a suggestion that low-dose risks are above the line. (Adapted
from Pierce DA, Preston DL. Radiation-related cancer risks at low doses among atomic
bomb survivors. Radiation Research. 2000;154:178-186.)

exposure. The dose and dose-rate effective-
ness factor (DDREF) is defined as the factor by
which radiation cancer risks observed after large
acute doses should be reduced when the radia-
tion is delivered at LDR or in a series of small
dose fractions. Animal data are equivocal on the
subject with experiments suggesting a DDREF
in the range of 2 to 10. For purposes of radiation
protection, the ICRP recommends a DDREF of
2, which reflects their policy of being conserva-
tive. BEIR VII came up with an even lower value
of 1.5 based of the possible slight curvature of
the dose-response relationship for solid cancers.

= SUMMARY OF RISK ESTIMATES

The population averaged cancer risk estimates
from the BEIR VII committee are summarized
in Table 10.2. As would be expected, the radia-
tion-induced cancer incidence at 10.8% per Sv
is approximately double the cancer mortality at

5.4% per Sv. Itis also clear that the female cancer
risks are significantly higher than the male cancer
risks, not only because of breast cancer, but also
because of lung and bladder cancers, which are
affected by smoking. In Japan in 1945, smoking
was common in males, but not in females.

These estimates from the BEIR committee
are for all solid cancers lumped together and for

Population Average Cancer
Risk Percent per Sievert

Incidence Mortality
Male 8.6 4.6
Female 12.8 6.2
Combined 10.8 54

Source: Calculated from the Biologic Effects of Ionizing
Radiation (BEIR) VII report.
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FIGURE 10.9 The study of the A-bomb sur-

ERR per Gy

vivors also makes it possible to calculate cancer
risk estimates for some specific organs. In this
figure, they are expressed in terms of the ERR/Sv.
These figures are useful for estimating the pos-
sible risks from medical radiation where often
only part of the body is exposed.

For persons age 70 exposed at age 30

all age groups. The data from the A-bomb sur-
vivors also make it possible to calculate organ-
specific risk estimates. These are summarized in
Figure 10.9. It appears that the bladder, breast,
lung, thyroid, and colon are more radiosensitive
than the average, whereas the stomach and liver
are less sensitive. These data are of enormous
importance because they can be used, for ex-
ample, to calculate cancer risks from diagnostic
or therapeutic procedures where only a specific
area of the body is irradiated.

As the data from Japan have matured and
more detailed information has become available,
itis evident that the risk of radiation-induced can-
cer also varies considerably with age at the time of
exposure. In most cases, those exposed at an early
age are much more susceptible than those exposed
at later times. The difference is most dramatic for
thyroid cancer; children are very radiosensitive,

whereas adults are quite resistant. It is also dra-
matic for breast cancer in females; females ex-
posed before 15 years of age are most susceptible;
women 50 years of age or older show little or no
excess. Figure 10.10 shows the variation of can-
cer incidence as a function of age for males and
females as calculated by the BEIR VII commit-
tee from the A-bomb data. There are exceptions
to this general rule. Susceptibility to radiation-
induced leukemia is relatively constant through-
out life, and susceptibility to respiratory cancers
increases in middle age. The overall risk, however,
drops dramatically with age; children and young
adults are much more susceptible to radiation-
induced cancer than the middle- and old-aged.
An important question is the lowest dose at
which there is epidemiologic evidence of a radi-
ation-induced excess cancer incidence. There is a
population of about 30,000 A-bomb survivors who

FIGURE 10.10 |llustrating how can-
cer incidence from radiation exposure falls
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dramatically with age. Children are 10 times
more sensitive than older adults. It is also
clear that females are more radiosensitive
than males. Based on data from the BEIR VII
report.
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lived in the outskirts of the two cities and were ex-
posed to doses in the range of 5 to 100 mSv. This
low-dose sub population has been studied for
more than 50 years, and shows a small, but statis-
tically significant increased cancer risk.

= SECOND MALIGNANCIES IN
RADIOTHERAPY PATIENTS

The risk of second malignancies after radiother-
apy is a subject not without controversy. One of
the reasons for the uncertainty is that patients un-
dergoing radiotherapy are often at high risk of a
second cancer because of their lifestyles, and this
factor is more dominant than the radiation risk.

There are many single institution studies
in the literature involving radiotherapy from
various sites that conclude that there is no in-
crease in second malignancies, although a more
accurate assessment would have been that the
studies had limited statistical power to detect a
relatively small increased incidence of second
malignancies induced by the treatment.

Whenever large studies have been performed,
radiotherapy has been shown to be associated with
a statistically significant, although small, enhance-
mentin the risk of second malignancies, particularly
in long-term survivors. The three requirements for
a study to be credible are as follows:

1. A sufficiently large number of patients.

2. A suitable comparison group; that is, patients
with the same cancer treated by some means
other than radiation.

3. A sufficiently long follow-up for radiation-
induced solid tumors to manifest.

Only a few studies satisfy these criteria; these
will be further discussed in details.

Second Cancers after Radiotherapy for
Prostate Cancer

Brenner and colleagues described a study using
data from the National Cancer Institute’s Surveil-
lance, Epidemiology, and End Results (SEER)
program. The SEER program is a set of geo-
graphically defined, population-based tumor reg-
istries, covering approximately 10% of the US
population. The database contained information
on 51,584 men with prostate cancer treated by ra-
diotherapy and 70,539 men who underwent sur-
gery. There was no evidence of a difference in the
risk of leukemia for radiotherapy versus surgery
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patients, but the risk of a second solid tumor at
any time postdiagnosis was significantly greater
after radiotherapy than after surgery. The rela-
tive risk increased with time posttreatment and
reached 34% after 10 years or more. The most
dramatic increases in relative risk were for the
bladder (77%) and the rectum (105 %) for 10 years
or more following diagnosis. The relative risks are
shown in Figure 10.11, together with the distri-
bution of second cancers; note that even sites re-
mote from the treatment area (e.g., lung) show an
increased incidence. The absolute risk was about
1 in 70 by 10 years posttreatment. Figure 10.12
shows the relative risk of sarcomas in the heavily
irradiated tissues in or near the treatment field. It
can be seen that the relative risk increases to more
than 200% at 10 years or more, compared with
the surgical patients.

It is interesting to note that the increase in
relative risk for carcinoma of the lung, which was
exposed to a relatively low dose (about 0.5 Gy),
is of the same order as that for carcinomas of the
bladder, rectum, and colon, all of which were
subject to much higher doses (typically more
than 5 Gy). This pattern may reflect the fact
that carcinomas, originating in actively divid-
ing cells or cells under hormonal control, can
be efficiently induced by relatively low doses of
radiation as evidenced by the atomic bomb sur-
vivors, but the cancer risk at high doses decreases
because of the effects of cell killing. In contrast
to this pattern for radiation-induced carcinomas,
radiation-induced sarcomas appear only in heav-
ily irradiated sites, close to the treatment vol-
ume, because large radiation doses are needed
to produce sufficient tissue damage to stimulate
cellular renewal in mostly dormant cells. The
sarcoma data in this study appear to follow this
pattern, with significant radiation-related risks
being exhibited for sites in and close to the treat-
ment volume, but no significant increases being
shown for sites that are more distant.

Radiation Therapy for Carcinoma
of the Cervix

In the largest study of its kind, Boice and col-
leagues studied the risk of second malignan-
cies in a wide range of organs and tissues as a
consequence of the treatment by radiation of
carcinoma of the uterine cervix. This huge inter-
national study was a tour de force. The paper had
42 authors from 38 institutions representing both
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FIGURE 10.11 Top panel: Percentage increase in relative risk for all solid tumors
(except prostate cancer) for patients who received radiotherapy for prostate cancer rela-
tive to the risk for patients who underwent surgery for prostate cancer. Bottom panel:
Distribution of radiation-induced second cancer at 5+ years postradiotherapy. (lllustra-
tion prepared by Dr. David Brenner based on the data from Brenner DJ, Curtis RE, Hall EJ,
et al. Second cancers after radiotherapy for prostate cancer. Cancer. 2000,88:398-406.)

sides of the Atlantic. Such collaboration allowed  equally well treated by radiation or surgery. The
the accumulation of data from 150,000 patients  results can be summarized as follows:

to be studied. This study is strengthened enor-

mously by the fact that an ideal control group 1. Very high doses, on the order of several hun-
is available for comparison. This malignancy is dred gray, were found to increase the risk of
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FIGURE 10.12 Percentageincrease in relative risk for sarcomasin
or near the treatment field for patients who received radiotherapy for
prostate cancer relative to patients who underwent surgery. Although
the number of tumors involved is much smaller than for all solid tumors
(shown in Figure 10.9), the relative risks are extremely high. (Adapted
from Brenner DJ, Curtis RE, Hall EJ, et al. Second cancers after radio-
therapy for prostate cancer. Cancer.2000;88:398-406, with permission.)



150

cancer of the bladder, rectum, vagina, and
possibly bone, uterine corpus, and cecum as
well as non—-Hodgkin lymphoma. The risk ra-
tios vary from a high of 4.0 for the bladder to
a low of 1.3 for the bone. For all female geni-
tal cancers combined, a steep dose-response
curve was observed, with a 5-fold excess at
doses of more than 150 Gy.

2. Doses of several grays increased the risk of
stomach cancer and leukemia.

3. Perhaps surprisingly, radiation was found not
to increase the overall risk of cancers of the
small intestine, colon, ovary, vulva, connective
tissue, or breast or of Hodgkin disease, multiple
myeloma, or chronic lymphocytic leukemia.

The overall conclusion of this study was that
excess cancers certainly were associated with ra-
diotherapy, as opposed to surgery, and that the
risks were highest among long-term survivors
and concentrated among women irradiated at
relatively young ages.

Second Cancers among Long-Term
Survivors from Hodgkin Disease

Second cancer represents the leading cause of
death in long-term survivors of Hodgkin dis-
ease, with exceptionally high risks of breast
cancer among women treated at a young age.
Several studies have been reported. Bhatia and
colleagues reported that 17 out of 483 girls in
whom Hodgkin disease was diagnosed before the
age of 16 years subsequently developed breast
cancer, with radiotherapy implicated in most
cases. The ratio of observed to expected cases is
75.3. Another study (by Sankila and colleagues)
involved 1,641 patients treated for Hodgkin
disease as children in five Nordic countries and
reported a relative risk that was 17 times higher
than the general population based on 16 cases
of breast cancer. Travis and colleagues evaluated
3,869 women in population-based registries par-
ticipating in the SEER program. All these women
received radiotherapy as an initial treatment for
Hodgkin disease. Breast cancer developed in
55 patients, who represents a ratio of observed to
expected cases of 2.24. The risk of breast cancer,
however, was 60.57% in women treated before
the age of 16 years, with most tumors appearing
10 or more years later. This agrees with previ-
ous studies that have shown the female breast to
be very radiosensitive to carcinogenesis at young
ages. The risk of breast cancer decreased with in-
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creasing age at the time of therapy and was only
slightly elevated in women who were 30 years
old or older when treated. In a later study, Travis
and colleagues followed 3,817 female survivors
of Hodgkin disease, diagnosed at age 30 years or
younger, over a long period of time. A radiation
dose of 4 Gy or more delivered to the breast was
associated with a 3.2-fold increase in risk. Risk
increased 8-fold with a dose of more than 40 Gy
hormonal stimulation appears to be important
for the development of radiation-induced breast
cancer, as evidenced by the reduced risk in pa-
tients who received alkylating agents, as well as
radiation, which caused ovarian damage.

These studies clearly show that if an ad-
equate cohort can be studied, there is a clear ex-
cess of second cancers induced by radiotherapy.
The data confirm previous studies that show that
in the young, the breast is especially sensitive to
the carcinogenic effects of radiation. In addition,
excess cancers develop with a latency of 10 years
or more and persist for decades after exposure.

= DOSE-RESPONSE RELATIONSHIP
FOR RADIATION CARCINOGENESIS
AT HIGH DOSES

In the 1960s, Gray proposed that the dose-
response relationship for radiation-induced ma-
lignancies would be bell-shaped, as illustrated in
Figure 10.13; that is, the incidence would rise at
low doses but fall at high doses. He explained this
shape by the concurrent presence of two phenom-
ena: (1) a “dose-related” increase in the proportion
of normal cells that are transformed to a malignant
state and (2) a dose-related decrease in the probabil-
ity that transformed cells may survive the radiation
exposure. Gray argued that whatever sequence of
changes has taken place in the course of cell trans-
formation, the changes must have been such as to
leave the cell capable of indefinite proliferation;
that is, with full reproductive integrity. The bal-
ance between transformation and cell killing leads
to the overall shape, with cell killing becoming
dominant at increasingly high doses. With Figure
10.13, Gray was specifically attempting to explain
the shape of the dose—response relationship for the
induction of leukemia in mice exposed to total body
irradiation, which is why the dose goes up only to 5
Gy, but it has been tacitly assumed ever since that
this bell-shaped curve applies to radiation-induced
carcinogenesis in general. However, several recent
studies challenge the validity of this assumption by
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examining whether the linear dose response for
radiation-induced cancer, evident in the A-bomb
survivors at doses up to 2 Sv, extends to the higher
dose ranges used for radiotherapy. Two studies
involved the incidence of breast cancer in women
treated for Hodgkin disease with a mantle field,
which results in a large dose gradient across the
breast 3 to 42 Gy). There was an increasing risk
of breast cancer over this entire dose range. Some
of the data from the Hodgkins patients, together
with data from the A-bomb survivors, are shown
in Figure 10.14, taken from a paper by Brenner
and Sachs. It clearly shows that for the Excess
Relative Risk (ERR) for high-fractionated doses
is larger than at the low doses received by the A-
bomb survivors. It certainly does not fall as would
be predicted by the Gray model in Figure 10.13.
Brenner and Sachs explained this difference by
suggesting that cells initiated and transformed by
radiation proliferate rapidly between daily dose
fractions commonly used in radiotherapy.
Another study from St. Jude Children’s Re-
search Hospital evaluated 1,612 patients with acute
lymphoblastic leukemia, whose primary treatment
was chemotherapy, but who also received prophy-
lactic cranial irradiation because many chemother-
apy agents do not effectively cross the blood-brain
barrier (BBB). An excess of high-grade gliomas
and meningiomas were evident during the first
decade of follow-up, whereas an increased risk
of low-grade brain tumors was observed at later
follow-up intervals. The risk of brain tumors in-
creased significantly with increasing radiation

dose, as shown in Figure 10.15, but there is no
sign of the cancer incidence falling at high doses.
There is some indication of a plateau, but no fall
as would be predicted as cell killing takes over. Asa
consequence of these studies, prophylactic cranial
radiotherapy (PCR) in children with leukemia has
been largely replaced by intrathecal methotrexate.

Radiation-induced breast cancer:
excess relative risk at high doses
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FIGURE 10.14 Excess relative risks for radiation-
induced breast cancer. The low-dose data come from
the A-bomb survivors, whereas the high-dose data are
taken from patients treated for Hodgkin disease.The ERR
does not fall at high doses as would be predicted by the
Gray model, illustrated in Figure 10.11, but of course, the
high doses were delivered in many small fractions over
a period of time, not in a single exposure as in the Gray
model. (Adapted from Sachs RK, Brenner DJ. Solid tumor
risks after high doses of ionizing radiation. Proc. Natl
Acad. Sci. USA 2005;102:13040-13045, with permission).



152 | Section | * For Students of Diagnostic Radiology, Nuclear Medicine, and Radiation Oncology |

FIGURE 10.15 lllustrating theincidence
of brain tumors, meningiomas, and glioma as

Brain Tumors Following Cranial Irradiation
of Children with Leukemia

a function of dose in children receiving total

brain irradiation during the treatment of 140 -
leukemia with chemotherapy. Note how the  _ 120 -
incidence tends to plateau. (Adapted from -2 100 |
Neglia JP et al.New Primary Neoplasms ofthe € gg |-
Central Nervous System in Survivors of Child- & 60 -
hood Cancer: a Report from the Childhood & 40
Cancer Survivor Study. JNCI J Natl Cancer Inst 20
2006;98[21]:1528-1537, with permission.) 0

These examples are further evidences that
the incidence of radiation-induced solid cancers
does not fall at the high-fractionated doses typi-
cally used therapeutically and accords with the
clinical observation that second cancers often
occur in or near the treatment field in high-dose
areas, as well as in more remote locations.

= CANCER RISKS IN NUCLEAR
INDUSTRY WORKERS

The International Agency for Research on Can-
cer (IARC), a branch of the World Health Or-
ganization (WHO), conducted an impressive
epidemiologic study of cancer mortality among
400,000 nuclear workers from 15 countries. The
importance of this study stems from the fact that
nuclear workers receive protracted exposures
to multiple low doses of radiation over many
years, in contrast to the acute instantaneous dose

Meningioma (N = 66)

Glioma (N = 46)

10 20 30 40 50 60
Radiation dose (Gy)

received by the Japanese A-bomb survivors. The
surprising result was a statistically significant
excess of solid cancers for a mean dose of only
19.4 mSv. The data are shown in Figure 10.16.
Furthermore, the excess relative risk per sievert
(ERR/Sv) was 0.97, more than three times larger
than the corresponding quantity for the A-bomb
survivors (see Table 10.3).

However, these results need to be viewed
with caution for two reasons.

1. While data from 15 nations were pooled,
the overall solid cancer risk is driven by the
Canadian data, which is evident from Figure
10.16. Indeed, if the data from Canada are
excluded, the excess of solid cancer deaths no
longer has significance.

2. Lung cancer is prominent in the excess solid
cancers, suggesting a confounding effect of
smoking, a possibility recognized by the au-
thors of the study.

FIGURE 10.16 Excess relative risk
illustrating the data on cancer mortal-
ity from the 15-country study of nuclear
workers by the IARC. With all countries
combined, the ERR is statistically signifi-
cant. However, the result is driven by the
Canadian data, which makes a dispro-
portionate contribution and casts some
doubt on the validity of the study.In ad-
dition, there are a disproportionate num-
ber of cancers of the lung, which raise
the possibility that the confounding ef-
fect of smoking has not been adequately
accounted for. (Adapted from Cardis E,
Vrijheid M, Blettner M, et al.Risk of cancer
after low doses of ionising radiation: ret-
rospective cohort study in 15 countries
BMJ.2005;331:77, with permission.)
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Excess Relative Ri.sk Per Sievert
for Cancer Mortality

Leukemia
Excluding Solid
CLL Cancers
A-bomb 1.4 0.26
Survivors
15-nation study 1.93* 0.97
UK-NRRW 1.7* 0.275
analysis

*Not Statistically Significant

Abbreviations: CLL, chronic lymphocytic leukemia;
NRRW, National Registry of Radiation Workers.

Source: Cardis E, Vrijheid M, Blettner M, et al. Risk of
cancer after low doses of ionising radiation: retrospective
cohort study in 15 countries. BM7. 2005; doi:10.1136/
bmj.38499.599861.EO. UK-NRRW analysis. Muirhead
CR, O’Hagan JA, Haylock RGE, et al. Mortality and
cancer incidence following occupational radiation
exposure: third analysis of the National Registry for
Radiation Workers. Br 7 Cancer: 2009;100:206-212.

The other important epidemiologic study of
nuclear workers published recently was the third
analysis of the data from the UK National Reg-
istry of Radiation Workers (NRRW). This study
involved about 175,000 workers in the UK and
showed the familiar “healthy worker effect,” in
that, the rates of mortality from all causes (includ-
ing cancer) was significantly lower than expected
from national mortality rates, undoubtedly due
to the higher socioeconomic status, better health
care, and lower level of background risk factors
among nuclear workers compared with the gen-
eral population. Of greatest interest is that the
cancer risk increases with cumulative dose and
that the slope of this trend with dose (the ERR/
Sv) is very similar to the corresponding figure
for the A-bomb survivors (see Table 10.3). The
positive trend of cancer mortality with dose is
statistically significant and, unlike the 15-nation
study, does not depend materially on lung can-
cer. The study clearly shows that there are harm-
ful effects of low doses accumulated over a long
period of time at LDR, although the increased
risk is small. There is no evidence of a threshold,
or of a hormetic (i.e., beneficial) effect of low
doses. Furthermore, the similarity of the ERR/
Sv values between the nuclear worker study and
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the data from the A-bomb survivors, one involv-
ing a protracted exposure and the other one an
acute instantaneous exposure, supports the low
DDREF values suggested by both the ICRP and
BEIR VII committees (i.e., a given dose appears
to result in a similar cancer mortality whether
delivered in an instantaneous acute exposure, or
spread out over a protracted period of years).

= MORTALITY PATTERNS IN
RADIOLOGISTS

An extensive and interesting report was pub-
lished by Sir Richard Doll and colleagues in
2003 that assessed 100 years of observations in
terms of mortality from cancer and other causes
in British radiologists entering the field from
1897 to 1997. Table 10.4 shows the trend in the
Standard Mortality Ratio (SMR) over the years.
There was a clear excess of cancer in the early ra-
diologists in the years before the introduction of
radiation safety standards. This is not surprising,
in that, estimated annual doses to early radiolo-
gists were typically in the range of 1 Gy per year.
What is surprising is that the SMR for the post-
war period, 1955 to 1979 is much smaller than
unity, due largely to a statistically significant
lower rate of noncancer deaths. This attracted
much interest, leading to speculation by some
that low doses of radiation may be beneficial and
may actually lead to a longer life!

A weakness of the British study is that the
data for the control group, labeled “all-male
medical practitioners” were in fact estimated in-
directly from census data, with adjustments made

Standard Mortality Ratios for
All Causes of Death in British

Radiologists, 1897-1997

Years Standard Mortality Ratio
1897-1920 1.75
1921-1935 1.24
1936-1954 1.12
1955-1979 0.71
All post-920 1.04

Source: Doll R, Wakeford R. Risk of childhood cancer
from fetal irradiation. Br 7 Radiol. 1997;70:130-139.
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Second Analysis of Post-World War Il British Radiologists

Berrington et al.

Carpenter et al.

Employment years 1955-1979 1962-1979
Controls Based on census data Other physicians
SMR for cancer mortality 0.71 n.s. 0.99 n.s.

SMR for overall mortality 0.68 s.s. 1.03 ns.

Abbreviations: SMR, standard mortality ratio; n.s., not statistically significant; s.s., statistically significant.

Source: Berrington A, Darby SC, Weiss HA, et al. 100 years of observation on British radiologists: mortality from cancer
and other causes 1897-1997. Br 7 Radiol. 2001;74:507-519 and Carpenter LM, Swerdlow AJ, Fear N'T. Mortality of doctors
in different specialties: findings from a cohort of 20,000 NHS hospital consultants. Occup Environ Med. 1997;54:388-395.

to account for socioeconomic status. This weak-
ness was remedied in a later paper by Carpenter
et al. in which a subset of British radiologists,
entering the field in the postwar years were com-
pared directly with other physicians. When this
was done, the SMR for either cancer mortality or
overall mortality is indistinguishable from unity
(see Table 10.5).

In summary, in the early days before the es-
tablishment of radiation safety standards, ra-
diation risks to radiologists were large and easily
demonstrable. In more recent years, where annual
occupational doses are more than a hundredfold
lower, there is no sign of an excess mortality in
radiologists, compared with other medical spe-
cialties, although the numbers involved are small.
At the same time, there is no good evidence that
low doses of radiation may be beneficial or can
prolong life.

= CHILDHOOD CANCER AFTER
RADIATION EXPOSURE IN UTERO

In several widely publicized British studies
in the 1950s and 1960s, Stewart and her col-
leagues reported an excess of leukemia and
childhood cancer in children irradiated in
utero as a consequence of diagnostic x-ray ex-
aminations involving the pelvis of the mother.
An association between leukemia and x-rays in
utero was confirmed in the United States by
MacMahon.

"This has been a highly controversial topic. It
is discussed in more detail in Chapter 12. In a
1997 paper, Doll and Wakeford summarized all
of the available data and came to the conclusion

that radiation was the causative agent. They con-

cluded that:

® Low-dose irradiation of the fetus in utero,
particularly in the last trimester, causes an in-
creased risk of childhood malignancies.

B An obstetric x-ray examination, even though
the dose is only about 10 mGy, increases the
risk of childhood cancer by 40%.

B The excess absolute risk is about 6% per gray.

The relative risk of 40% is very high because,
of course, cancer is relatively rare in children.
The absolute risk works out to be about 6% per
gray, which is not very different from the can-
cer risk calculated for the atomic bomb survivors
following adult exposure.

= NONNEOPLASTIC DISEASE
AND RADIATION

A link between exposure to high doses of ioniz-
ing radiation and damage to the heart and coro-
nary arteries has been well established for many
years, based on the treatment of breast cancer
during the era of cobalt-60 units, character-
ized by a large penumbra to the treatment field,
which inevitably resulted in an appreciable dose
to the heart. An association between lower doses
of radiation and late occurring cardiovascular
and other diseases emerged in the 1990s from
a study of the A-bomb survivors (see Fig. 10.7).
Statistically, significant associations were seen
for the categories of heart disease, stroke, and
diseases of the digestive, respiratory, and he-
matopoietic systems. However, the data are in-
adequate to distinguish between a linear dose



response, a quadratic dose response, or, indeed,
a dose response with a threshold of about 0.5 Sv.
What s clear is that dose of around 1 Sv or more
result in an excess of late occurring diseases
other than cancer. The biologic mechanism
for these effects is not clear. One possibility is
the damage to endothelial cells and the subse-
quent induction of an inflammatory response,
although it is unlikely that this would extend to
low doses and LDR.

SUMMARY OF PERTINENT
CONCLUSIONS

B A deterministic effect has a threshold in
dose, and the severity of the effect is dose
related. A radiation-induced cataract is an
example of a deterministic effect.

B Radiation carcinogenesis is a stochastic ef-
fect; that is, the probability of an effect in-
creases with dose, with no dose threshold,
but the severity of the effect is not dose re-
lated. Heritable effects are also stochastic.

B The human experience of radiation-induced
carcinogenesis includes the survivors of the
atomic bomb attacks on Hiroshima and
Nagasaki, patients exposed to medical irradi-
ation, and early workers exposed occupation-
ally. Some examples include the following:

1. Leukemia and solid tumors in Japanese
survivors of the atomic bomb.

2. Leukemia in patients irradiated for an-
kylosing spondylitis.

3. Thyroid cancer in children irradiated
for benign conditions of the head and
neck, such as enlarged thymus or ton-
sils, and children epilated for tinea capi-
tis. Benign and malignant tumors were
seen in children exposed to radioactive
iodine at Chernobyl.

4. Breast cancer in patients treated with
x-rays for postpartum mastitis and pa-
tients fluoroscoped repeatedly during
the management of tuberculosis.

5. Lung cancer in uranium miners.

6. Bone cancer in dial painters who in-
gested radium and patients who had
injections of radium for tuberculosis or
ankylosing spondylitis.

® Latency refers to the time interval between
irradiation and the appearance of the
malignancy.
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B The shortest latency is for leukemia, with a

peak of 5 to 7 years. For solid tumors, the
latency may extend for 60 years or more.

B Regardless of the age at exposure, radia-

tion-induced malignancies tend to appear
at the same age as spontaneous malignan-
cies of the same type. Indeed, for solid
cancers, the excess risk is apparently more
like a lifelong elevation of the natural age-
specific cancer risk.

B To determine risk estimates for radiation-

induced cancer from observed data (the

Japanese atomic bomb survivors), a model

must be assumed because of the following:

1. Data must be extrapolated from rela-
tively high doses to the low doses of
public health concern.

2. Data must be projected out to a full
life span, because large exposed popu-
lations, such as the A-bomb survivors,
have not yet lived out their life span.

3. Risks must be “transferred” from the
Japanese population to, for example, a
Western population with different natu-
ral cancer rates.

There are two principal risk models: The
absolute risk model assumes that radia-
tion produces a discrete “crop” of cancers,
over and above the spontaneous level and
unrelated to the spontaneous level. The
relative risk model assumes that radiation
increases the spontaneous incidence by
a factor. Because the natural cancer inci-
dence increases with age, this model pre-
dicts excess cancers appearing late in life
after irradiation.
The assessment of radiation-induced can-
cer risks by both the BEIR and UNSCEAR
committees is based on a time-related rela-
tive risk model. Excess cancer deaths were
assumed to depend on dose, square of the
dose, age at exposure, time since exposure,
and, for some cancers, gender.

For solid tumors, the A-bomb data show

that both the excess cancer incidence and

mortality are a linear function of dose up
to about 2 Sv.

Leukemia data were best fitted by a lin-

ear-quadratic function of dose (i.e., an

upward curvature), so that the risk per
unit of dose at 1 Sv is about three times
thatat 0.1 Swv.
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B The Japanese atomic bomb data refer to
acute exposure at an HDR. A DDREF
is needed to convert risk estimates to the
low dose and LDR encountered in ra-
diation protection. From animal stud-
ies, this is anywhere from 2 to 10. The
ICRP conservatively assumes a value of 2,
whereas the BEIR VII committee assumes
a value of 1.5.

B The BEIR VII committee suggests a risk
estimate of excess cancer incidence of
10.8% per sievert and excess cancer mor-
tality of 5.4% per sievert, including a
DDREF of 1.5. These figures represent a
population average, with risks for females
slightly higher than for males.

B There is a marked reduction with age of
the risk of both cancer incidence and can-
cer mortality. Children are so much more
radiosensitive than adults.

B The ICRP estimates that, on average, 13 to
15 years of life are lost for each radiation-
induced cancer and that death occurs at
age 68 to 70 years.

B There is a clear excess of second cancers
induced by radiation therapy, both in heav-
ily irradiated tissue and in more remote
organs. This is evident if a sufficiently
large number of patients and an adequate
control group are available for study and
if there is a sufficiently long follow-up for
solid tumors to manifest.

B Large studies show a clear excess of second
cancers after radiotherapy for prostate can-
cer, carcinoma of the cervix, and Hodgkin
lymphoma. An excess has also been shown
following radiation therapy for breast can-
cer, carcinoma of the testes, and various
childhood malignancies.

B The IARC studied 400,000 nuclear work-
ers from 15 countries and found a statisti-
cally significant excess of solid cancers at
a mean dose of 19.4 mSv. However, this
result must be viewed with caution because
the result is dominated by the Canadian
data, and in addition, the large incidence of
lung cancer suggests that smoking may be a
confounding factor. The UK NRRW stud-
ied about 175,000 nuclear workers in the
UK over a very long period of time. The
study showed the usual “healthy worker
effect,” in that, rates of mortality from all

causes were significantly lower than those
expected from national mortality data, but
the cancer risk increased with cumulative
dose and the slope of this trend (ERR/Sv)
is very similar to the corresponding figure
for the A-bomb survivors.

® Early radiologists who practiced prior to
the 1920s showed an excess of malignan-
cies. No excess is evident in radiologists in
recent years. The report that British ra-
diologists live longer is not confirmed in
later studies.

B Irradiation in utero by diagnostic x-rays
appears to increase the spontaneous inci-
dence of leukemia and childhood cancers
by a factor of about 1.4. This is a high rela-
tive risk because malignancies in children
are rare, but the absolute risk is about 6%
per gray—not very different from the risk
estimate calculated for the A-bomb survi-
vors following adult exposure.

B From a study of both radiotherapy patients
and the A-bomb survivors, it is evident that
doses of more than about 0.5 Sv can also
result in an excess of nonneoplastic dis-
eases, including cardiovascular diseases.
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= GERM CELL PRODUCTION AND
RADIATION EFFECTS ON FERTILITY

In the male mammal, spermatozoa arise from the
germinal epithelium in the seminiferous tubules
of the testes, and their production is continu-
ous from puberty to death. The spermatogonial
(stem) cells consist of several different populations
that vary in their sensitivity to radiation. The
postspermatogonial cells pass through several
stages of development: primary spermatocytes,
secondary spermatocytes, spermatids, and finally
spermatozoa. The division of a spermatogonium
to the development of mature sperm involves a
period of 6 weeks in the mouse and 10 weeks in
the human. The effect of radiation on fertility is
not apparent immediately because the postsper-
matogonial cells are relatively resistant compared
with the sensitive stem cells. After exposure to a
moderate dose of radiation, the person remains
fertile as long as mature sperm cells are available,
but decreased fertility or even temporary sterility
follows if these are used up. The period of sterility
lasts until the spermatogonia are able to repopu-
late by division.

Radiation doses as low as 0.15 Gy result in
oligospermia (diminished sperm count) after a la-
tent period of about 6 weeks. Doses greater than
0.5 Gy result in azoospermia (absence of living
spermatozoa) and therefore temporary sterility.
The duration of azoospermia is dose dependent;
recovery can begin within 1 year after doses of
less than 1 Gy but requires 2 to 3.5 years after a
dose of 2 Gy. The original single-dose data came
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from the irradiation of prisoners, which showed
that a dose in excess of 6 Gy is needed to result
in permanent sterility. In contrast to most organ
systems where fractionation of dose results in
sparing, fractionated courses cause more gonadal
damage than a single dose. Studies of patients
receiving radiation therapy indicate that per-
manent sterility can result from 2.5 to 3 Gy in
a fractionated regime over 2 to 4 weeks. The in-
duction of sterility by radiation in human males
does not produce significant changes in hormone
balance, libido, or physical capability.

Gonadal kinetics in women are opposite to
those in men, as the germ cells are nonprolifera-
tive. All cells in the oogonial stages progress to
the oocyte stage in the embryo. By 3 days after
birth, in the mouse or human, all of the oocytes
are in a resting phase and there is no cell divi-
sion. Consequently, in the adult, there are no
stem (oogonial) cells, but there are three types of
follicles: immature, nearly mature, and mature.
At birth, a woman has about 1 million oocytes,
which are reduced to about 300,000 at puberty.

In women, radiation is highly effective at in-
ducing permanent ovarian failure, but there is a
marked age dependence in sensitivity. The dose
required to induce permanent sterility varies from
12 Gy prepubertal to 2 Gy premenopausal. Pro-
nounced hormonal changes, comparable to those
associated with the natural menopause, accom-
pany radiation-induced sterilization in females.

Opverall, radiation sterility is very different
between men and women, and these differences
are compared and contrasted in Table 11.1.
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