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DNA as the Target
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ICRP Terminology of Radiation 
Damage

Radiation can produce two very different types of damage 

Tissue Reaction Stochastic Effect

Damage is due to cells being 
killed and removed from a 
tissue or organ

Effects were due to cells that are 
not killed but are changed or 
mutated in some way

Previously called “Deterministic Effect”



Tissue Reaction (Deterministic Effect)

Cataract is an opacity of the normally clear lens which may develop as a result of 
aging, metabolic disorders, trauma or heredity

Consider radiation-induced cataracts as an example



Tissue Reaction (Deterministic Effect)

§ A minimum dose of 2 Gy is required to produce a cataract, i.e., there is a 
threshold dose

§ Above the threshold dose, the probability of developing cataracts increases 
rapidly with the dose

§ The severity of cataract also increases with dose 

It is well established that ionizing radiation may also cause cataract

A tissue reaction (deterministic effect) has a threshold in dose, probability 
increases with the dose, and the severity of the effect is dose related



Stochastic Effect 
Consider radiation carcinogenesis as an example

§ There is probably no threshold dose
§ If somatic cells are exposed to radiation, the probability of cancer increases 

with dose
§ The severity of the cancer is independent of dose 

A stochastic effect has no threshold in dose, the probability of an 
effect increases with dose, but the severity of the effect is not dose 
related

Hereditary effect are also stochastic

random



Dose Response Relationship
Tissue Reaction 

§ Threshold-sigmoid
§ Probability ↑ with dose
§ Severity ↑ with dose 

Stochastic Effect

§ Linear (linear-quadratic)-
no threshold

§ Probability ↑ with dose
§ Severity not dose related



Threshold Dose

Tissue Reaction
(Deterministic Effect) 

Stochastic Effect

Threshold dose Yes No

Mechanism Most organs or tissues of the 
body are unaffected by the loss 
of a few cells; but if the number 
of cells lost is sufficiently large, 
there is loss of tissue function

A single photon could result 
in a single base change in a 
single cell, which is sufficient 
to cause cancer or hereditary 
defect 
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Early Human Experience

n Examples include
¨Early radiation workers
¨Uranium miners
¨Radium dial painters
¨Patients administered thorotrast

n Largely anecdotal, NOT quantitative enough for risk 
estimates

Occupational exposure



Early Radiation Workers

n The “martyrs of radiology” – early radiologists and 
staff deliberately irradiated their hands to test the 
equipment and operated the x-ray tubes with no 
shielding

n Lost fingers to skin cancer and often lives 



Early Radiation Workers

Early radiologists tested their 
equipment by fluoroscoping their 
own hands

Early radiation workers’ fingers and 
hands often develop cancer

Dentists who held films in patients’ mouths



Early Radiation Workers 

Marie Curie and her daughter Irene

Both were thought to have died of leukemia 
as a consequence of radiation exposure 
they received during their experiments with 
radioactivity



Uranium Miners 

n Pitchblende and uranium miners in 
Czechoslovakia, Sweden, Newfoundland and 
Colorado

n Exposed to radon gas which became deposited on 
particles of dust in the lungs

n The daughter products, often a particle emitters, 
caused lung cancers due to high-LET irradiation of 
the lung epithelium



Pitchblende § Amorphous, black, pitchy form of the 
crystalline uranium oxide mineral uraninite

§ Containing 50–80 percent of Uranium

§ Three chemical elements were first 
discovered in pitchblende: uranium by the 
German chemist Martin Klaproth in 1789, 
and polonium and radium by the French 
scientists Pierre and Marie Curie in 1898. 

§ Deposits, frequently in association with 
uraninite or with secondary uranium 
minerals, are known in Congo (Kinshasa); 
the Czech Republic; England; the Northwest 
Territories and Saskatchewan in Canada; 
and Arizona, Colorado, Montana, New 
Mexico, and Utah in the United States.

http://www.britannica.com/EBchecked/topic/462007/pitchblende



Radium Dial Painters

n Young women were taught to lick their brushes to keep them sharp 
when painting the dials of watches and clocks with luminous paint 
containing radium

n Radium is a bone seeker (like calcium), so it is deposited in the tips of 
growing bones

n About 10% developed bone or sinus cancers 



Radium Dial Painters



Patients Administered Thorotrast

n Thorotrast, containing radioactive thorium, an a-emitter, 
was commonly used as a contrast agent (high Z) up until 
the 1960s

n Thorium deposited in the liver and caused liver cancers 



Shoe Fitting Fluoroscope 

Shoe-fitting fluoroscope
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Recent Human Experience

n Japanese atomic bomb survivors
n Nuclear fallout and accidents
n Ankylosing spondylitis therapy
n Children treated for enlarged thymus
n Children treated for tinea capitis
n Women given multiple fluoroscopies
n Women treated for postpartum mastitis

Dosimetry 
allows risk 
estimates



Atomic Bomb Survivors
n The Japanese survivors of the Hiroshima and Nagasaki atomic 

bombs are the most important group of individuals studied for 
the effects of radiation in whom doses could be estimated

n Over 120,000 survivors have been followed
n About 50,000 received doses in excess of 0.005 Sv
n To date, there has been ~ 22,000 cases of cancer, ~1,000 of 

which were considered to be caused by radiation



Map of Nagasaki and epicenter of bomb

Nagasaki Bomb

Gamma emitter with few neutrons



Nagasaki Bomb



Nagasaki Today



Hiroshima Bomb

Hiroshima chamber of Commerce - before 1945

Mixture of neutrons and gamma rays; not tested before ® dosimetry based on computer simulation 



Hiroshima Bomb

Hiroshima immediately after the bomb The A-bomb Dome today



Fallout Victims

n Nuclear weapon testing in the Pacific in the 1950s
n Due to a wind shift, fallout fell on Marshall Islands
n Due to I-131 in the fallout and subsequent ingestion, 100% 

of young children developed thyroid tumors
n It is estimated that the average dose to thyroids was about 

15 Gy



Fallout Victims 

Project 4.1
March 1, 1954



Fallout Victims 

Project 4.1 was the designation for a medical study conducted by the United 
States of those residents of the Marshall Islands exposed to radioactive fallout 
from the March 1, 1954, Castle Bravo nuclear test 

As a Department of Energy Committee writing on the human radiation experiments 
wrote, “It appears to have been almost immediately apparent to the AEC and the 
Joint Task Force running the Castle series that research on radiation effects could 
be done in conjunction with the medical treatment of the exposed populations.” 
The DOE report also concluded that “The dual purpose of what is now a DOE 
medical program has led to a view by the Marshallese that they were being used 
as ‘guinea pigs’ in a ‘radiation experiment.’”



Chernobyl Accident

n The Chernobyl nuclear reactor accident occurred on 
4/26/1986 was the worst nuclear power plant accident in 
history 

n 400x more fallout was released than had been by the 
atomic bombing of Hiroshima

n Large areas in Ukraine, Belarus, and Russia were badly 
contaminated, resulting in evacuation and resettlement of 
over 336,000 people



Chernobyl Disaster 

Nuclear reactor 

On April 26, 1986, at 01:23:44 a.m. reactor number four 
at the Chernobyl plant exploded. Further explosions and 
the resulting fire sent a plume of highly radioactive 
fallout into the atmosphere and over an extensive 
geographical area. 

Areas Affected



Pathways to Contamination following Chernobyl

Chernobyl Disaster



Results of the Chernobyl Accident 

n 28 people died of Acute Radiation Syndrome; 19 
more died later (1987-2005)

n Evironmental problems: The accident released 1018 
Becquerel of radioactive material

n Psychological trauma



Chernobyl Disaster
n It is still too early to determine the extent of cancer induction in 

people exposed at or near Chernobyl
n Thyroid cancer in children skyrocketed to nearly 7,000 cases in 

Belarus, Russia, and Ukraine by 2005
n The 2005 report prepared by the Chernobyl Forum,  attributed 56 

direct deaths (47 accident workers, and 9 children with thyroid 
cancer), and estimated that there may be 4,000 extra cancer deaths 
among the approximately 600,000 most highly exposed people

n 3 years later, the UN committee on atomic radiation abandoned the 
linear no-threshold model for predicting Chernobyl cancer deaths 
because of “unacceptable uncertainties” 

n Critics such as Greenpeace responded with new predictions of 
93,000 cancer deaths caused by Chernobyl



Ankylosing Spondylitis Therapy Patients
n Between 1935 and 1944, about 14,000 patients suffering this 

arthritic condition of the spine were treated with external beam 
radiotherapy or injections of Ra-224

n A small fraction of these developed leukemia or bone cancer 
attributed to their radiation exposure 

n One of the largest bodies of data on radiation-induced leukemia 
with good dosimetry



Children Treated for Enlarged Thymus

n Children were treated by teletherapy to known 
doses

n Increased incidence of thyroid cancer was 
observed

n In females, an increase in breast cancer has also 
been suggested



Children Treated for Tinea Captis

n Children were epilated by 
irradiation of the scalp using X-
rays

n Major studies made of children 
in Israel and New York City

n In Israel, a significant increase in 
thyroid, brain, salivary gland, 
and skin cancer, as well as 
leukemia has been observed 

Patients treated for tinea captis who 
later developed a cancer in the scalp



Children Treated for Tinea Captis
n A group of comparable children in NY show quite 

different results
n There were only 2 malignant thyroid tumors in addition 

to some benign tumors
n There is, however, an incidence of skin cancer around 

the face and scalp in those areas also subjected to 
sunlight

n The skin tumor arose only in white children, and there 
were no tumors in black children in the New York series  



Question 
For Children who, historically, were treated for tinea capitis using 
ionizing radiation, which of the following organs did NOT 
demonstrate an excess relative risk for a radiation-induced 
malignancy?

A. Brain
B. Thyroid
C. Pharynx
D. Bone Marrow
E. Breast



Women Given Multiple Fluoroscopies

n In sanitoria in Nova Scotia and Massachusetts, women 
were subjected to multiple fluoroscopies during 
pneumothorax treatment for tuberculosis (TB)

n Often, several hundred fluoroscopies were delivered at 
average doses of 0.04 – 0.2 Gy

n These patients were about 80% more likely to develop 
breast cancer in the exposed breast compared to their 
unexposed (control) breast



Pneumothorax for TB Treatment
§ In the 18th century, French physicians noticed that 

patients with tuberculosis who developed spontaneous 
pneumothoraces improved.

§ By the late 19th century, Carlo Forlanini had 
developed a technique to induce pneumothorax, 
forcing nitrogen into the chest through a needle 
pleurocentesis, thus collapsing the lung in an attempt 
to close tuberculous cavities

§ Artificial pneumothorax was independently developed 
as a treatment in the United States but did not gain 
widespread popularity there until several years later.

§ Although the procedure was an important part of 
treatment until the introduction of effective antibiotics, 
tuberculosis remained such an overwhelming public 
health problem that it provided a powerful stimulus for 
continued surgical innovation. 

§ In this way, the treatment of tuberculosis really laid the 
foundations of modern thoracic surgery.

Pleurocentesis is performed while the 
patient is being monitored (circa 1930). 

Creation of a pneumothorax: Ignoring 
physiologic principles, air (luft) is 
introduced into the chest (circa 1930).

http://www.cmaj.ca/content/182/2/179.full



Pneumothorax for TB Treatment

http://www.feltondesignanddata.com/cressontbsanatoriumremembered/id19.html



Women Treated for Postpartum Mastitis

n Patients were treated with 1-6 Gy
n An increased incidence of breast cancer has been 

observed
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Radiation-Induced Cancer in Human 
Populations
n Under appropriate conditions, a malignancy can be 

induced in essentially all tissues of the body
n Most common examples are

¨ Leukemia
¨ Thyroid cancer
¨ Breast cancer
¨ Lung cancer
¨ Bone cancer
¨ Skin cancer 



Leukemia 

n Acute and chronic myeloid leukemia (AML & CML) 
account for the excess incidence  observed in 
irradiated adults 

n Children are most susceptible to radiation-induced 
acute lymphocytic leukemia (ALL)

n Chronic lymphocytic leukemia (CLL) does not 
appear to be affected by radiation



Leukemia

n Leukemia was the first malignancy to be linked with 
radiation exposure in the A-bomb survivors 

n Survivors of A-bomb and patients treated for 
ankylosing spondylitis were used for risk estimates 

n Leukemic risks increased with dose up to ~ 3 Sv
n Linear-quadratic model (upward curvature) is better 

than linear function in relating the dose to leukemia risk
¨Risk per unit of dose at 1 Sv is ~ 3x greater than at 0.1 Sv



Thyroid Cancer
n Thyroid gland is highly sensitive to radiation 

carcinogenesis
n Fortunately, majority of induced cancer are well-

differentiated, and highly curable
n Susceptibility is age-dependent – children are most 

susceptible 
n ~ 7,000 cases of thyroid cancer were observed as a 

result of Chernobyl accident 
¨Chernobyl is an area of low natural iodine levels  



Thyroid Cancer 

n Increased risk in children beginning at 4 years after 
exposure; still has not dropped off in incidence, so risk 
may be higher for life  

n Caused by I-131 in the milk and ³ 90% was due to milk 
ingestion

n Could have been prevented by giving KI or avoid milk
n Increased incidence is also being observed in adults



Thyroid Cancer

Pooled analysis of seven studies
(external radiation)

Note the importance of age at 
exposure
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Breast Cancer

§ Incidence rises with radiation dose 
§ The dose-response are reasonably well fitted by a straight line 

Note the natural low 
incidence of breast 
cancer in Japanese 
women



Lung Cancer 

n Many carcinogens can cause lung cancer
n There is a clear excess of lung cancers among workers in 

uranium, non-uranium, and the fluorspar mines 
n However, it is difficult to separate the contributory effect of 

radon and cigarette smoking 
n There is also evidence of an excess lung cancer from 

domestic radon exposure
n It is estimated that 10% of the lung cancer deaths in the US 

are due to domestic radon exposure 



Bone Cancer 

Bone Sarcoma incidence as a function of Ra 
ingested in female dial painters 

Note that no tumors occurred at 
doses below 5 Gy ® sarcomas 
are induced only after doses large 
enough to cause tissue damage 
and therefore to stimulate cell 
proliferation?

Age at the time of exposure is an 
important factor in the 
development of bone cancer

a particles have short range and 
deposit energy in the endosteal 
cells, but may become distributed 
throughout the bone due to long 
half-life

Dose-squared exponential fit



Skin Cancer

n Squamous cell and basal cell carcinomas are most 
frequently observed

n Used to be an occupational disease for radiation 
workers

n Radiation-induced skin cancers are diagnosed 
readily and treated at an early stage 



Comparative Susceptibility*
High Moderate Low Very Low or Absent

§ Bone marrow 
(leukemia other than 
CLL)

§ Breast 
§ Salivary glands
§ Thyroid (more 

common in female)

§ Bladder
§ Colon
§ Stomach
§ Liver
§ Lung
§ Ovary
§ Skin 

§ Bone
§ Brain
§ Connective tissue
§ Kidney
§ Larynx
§ Nasal sinuses

§ Cervix
§ CLL
§ Oral cavity
§ Esophagus
§ Melanoma
§ Prostate
§ Uterus
§ Pancreas
§ Rectum
§ Gallbladder
§ Hodgkin’s lymphoma
§ Lymphatic system & myeloma
§ Testes
§ Muscle

*Based on % increases in background incidence/unit dose
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The Latent Period

n Latent period is the time interval between irradiation and the 
appearance of a malignancy

n Leukemia typically has a shorter latent period compare to solid tumors 

3960 cGy in 22 fractions
Completed 8/10/2018

10/15/2018



The Latent Period – Leukemia 

n For the A-bomb survivors, the incidence of 
leukemia began to appear after 2 years, and 
reached a peak by 5-7 years

n Most cases occurred in the first 15 years
n An excess relative risk (ERR) still existed even 40 

years after exposure



The Latent Period – Solid Cancers

n For solid cancers, the latent period for A-bomb 
survivors has ranged from 10 to over 60 years

n Recent data from Chernobyl seems to indicate an 
even shorter minimum latent period for thyroid 
cancer in children exposed to 131I in fallout, may be 
as short as 5 years 



Age at Expression 
n One should not view the latency as a fixed time interval
n “Age at expression” – 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 

n This suggests that although radiation may initiate the 
carcinogenic process at a young age, additional steps are 
required later in life

n Fixed time interval has been replaced by a combination of 
“age at exposure” and “time since exposure”
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Committees Concerned with Risk 
Estimates  
n UNSCEAR – United Nations Scientific Committee 

on the Effects of Atomic Radiation
n BEIR – Committee on the Biologic Effects of 

Ionizing Radiation 
n Both are “scholarly” committees – under no 

obligation to draw conclusion if data are not 
available 



Committees Concerned with Radiation 
Protection
n ICRP – International Commission on Radiological 

Protection
n NCRP – National Council on Radiological 

Protection and Measurements 
n Must make recommendations whether or not 

adequate data are available 



Risk Estimates

n To use available human data to estimate risks as a 
function of dose, it is necessary to fit the data into a model

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

n Estimates must be projected into the future 
n Data pertaining to the Japanese must be transferred to 

other populations 



Risk Models 

Absolute Risk Model

Assumes that the excess risk from radiation adds to the underlying risk by an 
increment dependent on the dose but independent of the underlying natural risk 

Relative Risk Model

Assumes that the effect of radiation is to increase the natural incidence at all ages 
subsequent to exposure by a given factor; if the excess equals the baseline risk, 
the relative risk (RR) is 2  



Model Favored by the BEIR
n The BEIR III committee preferred the absolute risk model, whereas 

the BEIR V committee used the relative risk model exclusively 
n BIER VII (2006) favored Time-dependent relative risk model – the 

excess incidence of cancer was assumed to be a function of
¨ Dose
¨ Square of the dose
¨ Age at exposure
¨ Time since exposure
¨ Gender – e.g. for breast cancer  



Quantitative Risk Estimates 
n Despite a diverse collection of data for cancer in humans 

from medical sources, both BEIR and UNSCEAR elected to 
base their risk estimates almost entirely of the A-bomb 
attacks on Hiroshima and Nagasaki 

Hiroshima Nagasaki



RERF A-Bomb Cohorts

Cohort Size Objective
Life Span Study 120,000 Allows an estimates of cancer 

incidence and mortality

In-Utero Cohort 3,600 Allows estimates of 
malformation, growth 
retardation, microcephaly, 
mental retardation

Children of Exposed 
Individuals (F1)

77,000 Allows estimate of heritable 
effects

Radiation Effects Research Foundation



Radiation-Associated Deaths in the 
Life-Span Study

Leukemia

§ Has the highest relative risk 
(RR) of any malignancy

§ Leukemia deaths peaked at 5 
to 7 yrs after exposure, then 
falls rapidly

§ Risk may differ based on age 
at exposure
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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 

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 
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FIGURE 10.7  Illustrating the pattern 
of radiation-associated deaths in the life 
span study in the A-bomb survivors. Leu-
kemia appeared fi rst, 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.)

TABLE 10.1 Solid Cancer 1958 through 1998

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 incidence in atomic bomb survivors: 1958–1998. Radiat Res. 
2007;168:1–164.
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Radiation-Associated Deaths in the 
Life-Span Study

Solid Tumor

§ Excess solid tumor did not 
appear for several years, but 
have continued to increase 
up to the present time

§ Incidence is about 6:1 
compared to leukemia death
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Radiation-Associated Deaths in the 
Life-Span Study

Non-cancer Deaths 

§ By 1990, there was evidence 
for the induction of non-cancer 
effects

§ Effects include heart disease, 
stroke, digestive disorder, and 
respiratory disease

§ Unclear if there is a threshold – 
may require dose > 1 Sv

§ Mechanism unclear
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FIGURE 10.7  Illustrating the pattern 
of radiation-associated deaths in the life 
span study in the A-bomb survivors. Leu-
kemia appeared fi rst, 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.)

TABLE 10.1 Solid Cancer 1958 through 1998

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 incidence in atomic bomb survivors: 1958–1998. Radiat Res. 
2007;168:1–164.
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Solid Cancer Incidence Raw Data 
Dose, Sv # Subjects Solid Cancers Estimated Excess

Beyond > 3,000 m 25,427 3,994 0
< 0.005 Sv within < 3,000m 35,545 5,603 3
0.005 – 0.1 27,789 4,406 81
0.1 – 0.2 5,527 968 75
0.2 – 0.5 5,935 1,144 179
0.5 – 1 3,173 688 206
1 – 2 1,647 460 196
2-4 564 185 111
Total 105,427 17,448 853

§ Note that there is a relatively paucity of data
§ Note that excess cases caused by radiation are few compared with naturally occurring 

malignancies 

(1958-1998)
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5.4% per Sv. It is also clear that the female cancer 
risks are signifi cantly 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 

exposure. The dose and dose-rate effective-
ness factor (DDREF) is defi ned 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 refl ects 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 

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 fi tted (i.e., relative risk is pro-
portional to dose) with no threshold. The main fi gure 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.)
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Cancer Rates (1958-94) in A-bomb Survivors
Relative to those for an Unexposed Person
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2.5

2.0

1.5
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0.0 0.5 1.0 1.5 2.0

Population Average Cancer 
Risk Percent per Sievert

 Incidence Mortality

Male 8.6 4.6
Female 12.8 6.2
Combined 10.8 5.4
Source: Calculated from the Biologic Effects of Ionizing 
Radiation (BEIR) VII report.

TABLE 10.2
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Estimated Relative Risk 
The RR is a linear function of dose 
up to ~ 2 Sv

Over the low-dose range (0-0.5 
Sv), there is a suggestion that the 
risks are slightly higher than the 
linear extrapolation from higher 
doses 



Dose and Dose-Rate Effectiveness Factor 
(DDREF) 
n The Japanese data relate only to high doses and high 

dose rates 

n Both the UNSCEAR and BEIR committees considered that 
there is a dose-rate effect for low LET radiations

n Fewer malignancies are induced if a given dose is spread 
out over a period of time at low dose rate than if it is 
delivered in an acute exposure 



Dose and Dose-rate Effective Factor 
The DDREF is defined as the factor by which radiation cancer risks 
observed after large acute doses should be reduced when the radiation 
at low dose rate or in as a series of small dose fractions 

n Animal data indicated a dose rate effect for radiation induced 
cancers up to a factor of 10, but there is far too little human data for 
such estimate

n For purpose of radiation protection, the ICRP recommends that high 
dose rate be reduced by a factor of 2 for risk estimates at doses 
below 0.2 Gy or dose rate below 0.1 Gy/h

Note that BEIR VII Committee uses a value of 1.5 for its own risk estimations



ICRP Summary Risk Estimates
~ 8% of people exposed to 1 Sv 
would die from a radiation-induced 
cancer. 

DDREF = 2

The value for the whole population are a little higher because of the sensitivity of the young



BEIR VII Estimate

Cancer Incidence Cancer Mortality
Male 8.6%/Sv 4.6%/Sv
Female 12.8%/Sv 6.2%/Sv
Combined 10.8%/Sv 5.4%/Sv

National Research Council (2006) Health Risks from Exposure to Low Levels of Ionizing Radiation: BEIR VII Phase 
2. The National Academies Press, Washington, DC. 

Population Average Cancer Risk Percent per Sievert

Note that these 
are absolute risk

All solid cancers 
in all age groups



True or False

Based on the BEIR VII estimates, human exposure to 
ionizing radiation accounts for lifetime excess cancer risk 
(both fatal and non-fatal) of ~ 5% per 100 mSv. 

False
Cancer Incidence Cancer Mortality

Male 8.6%/Sv 4.6%/Sv
Female 12.8%/Sv 6.2%/Sv
Combined 10.8%/Sv 5.4%/Sv

~ 1% per 100 mSv



Organ-Specific Cancer Risk

More sensitive

Less sensitive

These data may be used to 
calculate cancer risks from 
diagnostic or therapeutic 
procedures where only a specific 
area of the body is irradiated
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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 

all age groups. The data from the A-bomb sur-
vivors also make it possible to calculate organ-
specifi c 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 specifi c 
area of the body is irradiated.

As the data from Japan have matured and 
more detailed information has become available, 
it is 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, 
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FIGURE 10.9  The study of the A-bomb sur-
vivors also makes it possible to calculate cancer 
risk estimates for some specifi c organs. In this 
fi gure, they are expressed in terms of the ERR/Sv. 
These fi gures are useful for estimating the pos-
sible risks from medical radiation where often 
only part of the body is exposed.
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FIGURE 10.10  Illustrating how can-
cer incidence from radiation exposure falls 
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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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 

all age groups. The data from the A-bomb sur-
vivors also make it possible to calculate organ-
specifi c 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 specifi c 
area of the body is irradiated.

As the data from Japan have matured and 
more detailed information has become available, 
it is 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, 
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FIGURE 10.9  The study of the A-bomb sur-
vivors also makes it possible to calculate cancer 
risk estimates for some specifi c organs. In this 
fi gure, they are expressed in terms of the ERR/Sv. 
These fi gures are useful for estimating the pos-
sible risks from medical radiation where often 
only part of the body is exposed.
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FIGURE 10.10  Illustrating how can-
cer incidence from radiation exposure falls 
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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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 

all age groups. The data from the A-bomb sur-
vivors also make it possible to calculate organ-
specifi c 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 specifi c 
area of the body is irradiated.

As the data from Japan have matured and 
more detailed information has become available, 
it is 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, 
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FIGURE 10.9  The study of the A-bomb sur-
vivors also makes it possible to calculate cancer 
risk estimates for some specifi c organs. In this 
fi gure, they are expressed in terms of the ERR/Sv. 
These fi gures are useful for estimating the pos-
sible risks from medical radiation where often 
only part of the body is exposed.
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FIGURE 10.10  Illustrating how can-
cer incidence from radiation exposure falls 
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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Age Effect
§ Children and young adults are much more susceptible to radiation-induced cancer  
§ Females are more susceptible (breast)

Exceptions to the age effect
§ Leukemia – constant
§ Lung cancer – ­ in 

middle age
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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 

all age groups. The data from the A-bomb sur-
vivors also make it possible to calculate organ-
specifi c 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 specifi c 
area of the body is irradiated.

As the data from Japan have matured and 
more detailed information has become available, 
it is 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, 
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FIGURE 10.9  The study of the A-bomb sur-
vivors also makes it possible to calculate cancer 
risk estimates for some specifi c organs. In this 
fi gure, they are expressed in terms of the ERR/Sv. 
These fi gures are useful for estimating the pos-
sible risks from medical radiation where often 
only part of the body is exposed.
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FIGURE 10.10  Illustrating how can-
cer incidence from radiation exposure falls 
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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Lowest Dose to Induce Cancer 
Survivors were grouped according to the 
maximum dose received (up to 0.5 Sv) 

30,000 A-Bomb survivors were exposed 
to 5-100 mSv

In this population, there is a small but 
statistically significant increased cancer 
risk (updated)

Note the large error bars Carcinogenesis is a stochastic effect



Outline
n Deterministic and Stochastic Effects
n Early Human Experience 
n Recent Human Experience
n Common Radiation-Induced Cancer
n The Latent Period
n Risk Estimates
n Second Malignancies in Radiotherapy Patients
n Cancer Risks in Nuclear-Industry Workers and Radiologists
n Childhood Cancer After Radiation Exposure in Utero



Second Malignancies in Radiotherapy 
Patients 
n Several large studies have shown that there is a small, but 

significant, risk of 2nd malignancies in cancer patients treated with 
radiation

n The confounding variable here is, of course, the “natural” risk of 2nd 
malignancies in cancer patients

n The major studies of special significance are 
¨ Prostate cancer patients treated by either surgery or radiation
¨ Women treated for carcinoma of the cervix
¨ Hodgkin’s lymphoma survivor
¨ Brain tumor induced by cranio-spinal irradiation in children



Prostate Cancer Patients 
n Over 50,000 men treated with radiotherapy were compared with over 

70,000 treated by surgery (SEER Database)
n There was no difference observed in the risk of leukemia but, after 

10 years, the irradiated patients showed a relative increase of over 
30% in solid cancers, and over 200% increase in sarcomas 
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equally well treated by radiation or surgery. The 
results can be summarized as follows:

 1. Very high doses, on the order of several hun-
dred gray, were found to increase the risk of 

sides of the Atlantic. Such collaboration allowed 
the accumulation of data from 150,000 patients 
to be studied. This study is strengthened enor-
mously by the fact that an ideal control group 
is available for comparison. This malignancy is 
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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. (Illustra-
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.)

All years

5+ years

10+ years

50 100 150 200 2500

FIGURE 10.12  Percentage increase in relative risk for sarcomas in 
or near the treatment fi eld 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.)
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§ RR ↑ with time post-
treatment, and reached 
34% after 10+ years 

§ The absolute risk was 
about 1 in 70 by 10 
years posttreatment

All solid tumors
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results can be summarized as follows:

 1. Very high doses, on the order of several hun-
dred gray, were found to increase the risk of 

sides of the Atlantic. Such collaboration allowed 
the accumulation of data from 150,000 patients 
to be studied. This study is strengthened enor-
mously by the fact that an ideal control group 
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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.)
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Prostate Cancer Patients 
Distribution of Second Cancer after Prostate RT

Dose only in 
the range of 
0.5 Gy

RR of Sarcoma

105% ↑ RR

77% ↑ RR
Carcinomas (originating in actively dividing cells) 
can be efficiently induced by relatively low doses 
of radiation
For sarcoma (mostly dormant), large radiation 
doses are needed to produce sufficient tissue 
damage to stimulate cellular renewal
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Cervical Cancer Patients 
n About 150,000 patients were studied, comparing 2nd malignancy 

rates in patients treated with radiation vs. surgery 
n An increase in cancers was observed for bladder (RR = 4.0), rectum, 

vagina and, possibly, bone (RR = 1.3), uterus, and cecum, as well as 
non-Hodgkin’s lymphoma

n A steep dose-response curve was observed, with a 5-fold increase in 
2nd cancer in tissues irradiated to doses > 150 Gy

n Risks were highest among long-term survivors and concentrated 
among women irradiated at relatively young ages 



Hodgkin’s Lymphoma Patients 

n 2nd cancer is the leading cause of death in long-term 
survivors of HD

n The most prominent cancers are those of the breast in 
young women for whom the risk of breast cancer was as 
high as 60%

n For women over 30, the increased risk of breast cancer 
was only slight
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Second Cancer Risk Up to 40 Years after Treatment

Second Cancer or Cancer Site
ICD 

Code
No. of 

Patients

Standardized 
Incidence Ratio 

(95% CI)
Absolute 

Excess Risk

30-Yr Cumulative 
Incidence 
(95% CI)

no./10,000 person-yr 
(95% CI)

Any cancer, excluding MDS† — 884 4.6 (4.3 to 4.9) 121.8 (111.8 to 132.4) 32.5 (30.4 to 34.6)

Any solid cancer C00–C80 757 4.2 (3.9 to 4.5) 100.5 (91.3 to 110.2) 28.5 (26.4 to 30.5)

Lip, oral cavity, or pharynx C00–C14 20 3.2 (2.0 to 4.9) 2.3 (1.0 to 4.1) 0.5 (0.3 to 0.9)

Gastrointestinal tract C15–C26 184 4.6 (3.9 to 5.3) 24.0 (19.7 to 28.7) 7.0 (5.9 to 8.3)

Esophagus C15 38 9.5 (6.7 to 13.1) 5.6 (3.8 to 8.0) 1.5 (1.0 to 2.1)

Stomach C16 39 7.4 (5.3 to 10.1) 5.6 (3.7 to 8.0) 1.6 (1.1 to 2.3)

Colon C18 42 2.9 (2.1 to 3.9) 4.6 (2.6 to 7.0) 1.5 (1.0 to 2.1)

Rectum or rectosigmoid junction C19–C20 25 2.6 (1.7 to 3.9) 2.6 (1.1 to 4.5) 1.0 (0.6 to 1.5)

Pancreas C25 23 5.7 (3.6 to 8.5) 3.1 (1.7 to 5.0) 1.0 (0.6 to 1.6)

Lower respiratory system C33, C34, 
and C45

193 6.7 (5.8 to 7.8) 27.3 (22.9 to 32.1) 7.1 (6.0 to 8.3)

Lung or bronchus C34 176 6.4 (5.5 to 7.4) 24.6 (20.5 to 29.3) 6.4 (5.4 to 7.6)

Mesothelioma C45 17 15.1 (8.8 to 24.2) 2.6 (1.5 to 4.3) 0.6 (0.3 to 1.1)

Skin

Melanoma C43 34 2.8 (1.9 to 3.9) 3.6 (1.9 to 5.9) 1.1 (0.7 to 1.5)

Nonmelanoma C44 26 3.4 (2.2 to 5.0) 3.1 (1.6 to 5.1) 0.7 (0.4 to 1.2)

Soft-tissue sarcoma C47–C49 22 12.0 (7.5 to 18.2) 3.3 (2.0 to 5.2) 0.7 (0.4 to 1.1)

Female breast‡ C50 183 4.7 (4.0 to 5.4) 54.3 (44.7 to 65.0) 16.6 (14.1 to 19.2)

Female genital organ

Any C51–C58 34 2.8 (1.9 to 3.9) 3.6 (1.9 to 5.9) 2.9 (2.0 to 4.2)

Corpus uteri C54 16 3.6 (2.1 to 5.8) 1.9 (0.8 to 3.6) 1.6 (0.9 to 2.6)

Male genital organ

Any C60–C63 22 1.1 (0.7 to 1.7) 0.3 (−1.0 to 2.2) 1.8 (1.1 to 2.8)

Prostate C61 18 1.0 (0.6 to 1.7) 0.1 (−1.1 to 1.9) 1.4 (0.8 to 2.4)

Urinary tract C64–C68 39 3.5 (2.5 to 4.7) 4.6 (2.7 to 7.0) 1.3 (0.9 to 2.0)

Kidney C64 12 2.3 (1.2 to 4.1) 1.1 (0.2 to 2.6) 0.4 (0.2 to 0.8)

Urinary bladder C67 22 4.1 (2.6 to 6.2) 2.8 (1.4 to 4.6) 0.6 (0.3 to 1.1)

Thyroid gland C73 23 14.0 (8.9 to 21.0) 3.5 (2.1 to 5.5) 0.8 (0.5 to 1.2)

Primary site unknown or ill defined C76–C80 29 4.9 (3.3 to 7.0) 3.8 (2.2 to 5.9) 1.3 (0.8 to 1.9)

Blood, bone marrow, or lymphatic 
system

C82–C96 147 10.4 (8.8 to 12.2) 22.2 (18.4 to 26.5) 5.0 (4.1 to 6.0)

Non-Hodgkin’s lymphoma C82–88 104 13.4 (10.9 to 16.2) 16.0 (12.9 to 19.7) 3.7 (3.0 to 4.6)

Leukemia C91–96 41 9.5 (6.8 to 12.9) 6.1 (4.2 to 8.5) 1.3 (0.9 to 1.7)

*  The standardized incidence ratios and absolute excess risks are for the comparison of the incidence of second cancer observed in the study 
cohort with the expected incidence of that cancer in the general population. The listed cancers are those of which at least 10 cases were ob-
served in the cohort. ICD denotes International Classification of Diseases, 10th Revision, and MDS the myelodysplastic syndrome.

†  Data include the first subsequent malignant neoplasm after Hodgkin’s lymphoma. Besides the specific sites noted in the table, we observed 
the following cancers: three cancers of the tongue (C02), six oral cavity cancers (C03–C06), seven salivary gland cancers (C07–C08), two oro-
pharynx cancers (C01, C09–C10), two nasopharyngeal cancers (C11), two hypopharyngeal cancers (C12–C13), four small intestine cancers (C17), 
six anal cancers (C21), eight liver cancers (C22), one gallbladder cancer (C23), four extrahepatic biliary tract cancers (C24), two other or ill-
defined gastrointestinal cancers (C26), three larynx cancers (C32), one intrathoracic (mediastinal) cancer (C38), five bone cancers (C40–C41), 
four male breast cancers (C50), two vulva cancers (C51), eight cervical cancers (C53), eight ovarian cancers (C56), one placenta cancer (C58), 
three penis cancers (C60), one testis cancer (C62), one renal pelvis cancer (C65), one ureter cancer (C66), three unspecified urinary system cancers 
(C68), four meningiomas (C70), six brain tumors (C71), seven other central nervous system tumors (C72), and three multiple myelomas (C90).

‡  Only women were included in the denominator. For breast cancer, women accumulated 26,517.1 person-years, in which 39.0 breast cancers 
were expected (rounded data). An additional 30 women received a diagnosis of an in situ breast carcinoma.

Table 2. Standardized Incidence Ratios, Absolute Excess Risks, and 30-Year Cumulative Incidences of Selected Subsequent Malignant Neoplasms.*
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Second Cancer or Cancer Site
ICD 

Code
No. of 

Patients

Standardized 
Incidence Ratio 

(95% CI)
Absolute 

Excess Risk

30-Yr Cumulative 
Incidence 
(95% CI)

no./10,000 person-yr 
(95% CI)

Any cancer, excluding MDS† — 884 4.6 (4.3 to 4.9) 121.8 (111.8 to 132.4) 32.5 (30.4 to 34.6)

Any solid cancer C00–C80 757 4.2 (3.9 to 4.5) 100.5 (91.3 to 110.2) 28.5 (26.4 to 30.5)
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Corpus uteri C54 16 3.6 (2.1 to 5.8) 1.9 (0.8 to 3.6) 1.6 (0.9 to 2.6)
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Any C60–C63 22 1.1 (0.7 to 1.7) 0.3 (−1.0 to 2.2) 1.8 (1.1 to 2.8)

Prostate C61 18 1.0 (0.6 to 1.7) 0.1 (−1.1 to 1.9) 1.4 (0.8 to 2.4)
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Blood, bone marrow, or lymphatic 
system

C82–C96 147 10.4 (8.8 to 12.2) 22.2 (18.4 to 26.5) 5.0 (4.1 to 6.0)

Non-Hodgkin’s lymphoma C82–88 104 13.4 (10.9 to 16.2) 16.0 (12.9 to 19.7) 3.7 (3.0 to 4.6)

Leukemia C91–96 41 9.5 (6.8 to 12.9) 6.1 (4.2 to 8.5) 1.3 (0.9 to 1.7)

*  The standardized incidence ratios and absolute excess risks are for the comparison of the incidence of second cancer observed in the study 
cohort with the expected incidence of that cancer in the general population. The listed cancers are those of which at least 10 cases were ob-
served in the cohort. ICD denotes International Classification of Diseases, 10th Revision, and MDS the myelodysplastic syndrome.

†  Data include the first subsequent malignant neoplasm after Hodgkin’s lymphoma. Besides the specific sites noted in the table, we observed 
the following cancers: three cancers of the tongue (C02), six oral cavity cancers (C03–C06), seven salivary gland cancers (C07–C08), two oro-
pharynx cancers (C01, C09–C10), two nasopharyngeal cancers (C11), two hypopharyngeal cancers (C12–C13), four small intestine cancers (C17), 
six anal cancers (C21), eight liver cancers (C22), one gallbladder cancer (C23), four extrahepatic biliary tract cancers (C24), two other or ill-
defined gastrointestinal cancers (C26), three larynx cancers (C32), one intrathoracic (mediastinal) cancer (C38), five bone cancers (C40–C41), 
four male breast cancers (C50), two vulva cancers (C51), eight cervical cancers (C53), eight ovarian cancers (C56), one placenta cancer (C58), 
three penis cancers (C60), one testis cancer (C62), one renal pelvis cancer (C65), one ureter cancer (C66), three unspecified urinary system cancers 
(C68), four meningiomas (C70), six brain tumors (C71), seven other central nervous system tumors (C72), and three multiple myelomas (C90).

‡  Only women were included in the denominator. For breast cancer, women accumulated 26,517.1 person-years, in which 39.0 breast cancers 
were expected (rounded data). An additional 30 women received a diagnosis of an in situ breast carcinoma.

Table 2. Standardized Incidence Ratios, Absolute Excess Risks, and 30-Year Cumulative Incidences of Selected Subsequent Malignant Neoplasms.*
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The standardized incidence ratio (SIR) is a comparison of the incidence of second 
cancer observed in the study cohort with the expected incidence in the general population. 
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BACKGROUND
Survivors of Hodgkin’s lymphoma are at increased risk for treatment-related sub-
sequent malignant neoplasms. The effect of less toxic treatments, introduced in 
the late 1980s, on the long-term risk of a second cancer remains unknown.
METHODS
We enrolled 3905 persons in the Netherlands who had survived for at least 5 years 
after the initiation of treatment for Hodgkin’s lymphoma. Patients had received 
treatment between 1965 and 2000, when they were 15 to 50 years of age. We com-
pared the risk of a second cancer among these patients with the risk that was 
expected on the basis of cancer incidence in the general population. Treatment-
specific risks were compared within the cohort.
RESULTS
With a median follow-up of 19.1 years, 1055 second cancers were diagnosed in 908 
patients, resulting in a standardized incidence ratio (SIR) of 4.6 (95% confidence 
interval [CI], 4.3 to 4.9) in the study cohort as compared with the general popula-
tion. The risk was still elevated 35 years or more after treatment (SIR, 3.9; 95% CI, 
2.8 to 5.4), and the cumulative incidence of a second cancer in the study cohort at 
40 years was 48.5% (95% CI, 45.4 to 51.5). The cumulative incidence of second 
solid cancers did not differ according to study period (1965–1976, 1977–1988, or 
1989–2000) (P = 0.71 for heterogeneity). Although the risk of breast cancer was 
lower among patients who were treated with supradiaphragmatic-field radiothera-
py not including the axilla than among those who were exposed to mantle-field 
irradiation (hazard ratio, 0.37; 95% CI, 0.19 to 0.72), the risk of breast cancer was 
not lower among patients treated in the 1989–2000 study period than among those 
treated in the two earlier periods. A cumulative procarbazine dose of 4.3 g or more 
per square meter of body-surface area (which has been associated with premature 
menopause) was associated with a significantly lower risk of breast cancer (hazard 
ratio for the comparison with no chemotherapy, 0.57; 95% CI, 0.39 to 0.84) but a 
higher risk of gastrointestinal cancer (hazard ratio, 2.70; 95% CI, 1.69 to 4.30).
CONCLUSIONS
The risk of second solid cancers did not appear to be lower among patients treated 
in the most recent calendar period studied (1989–2000) than among those treated in 
earlier periods. The awareness of an increased risk of second cancer remains crucial 
for survivors of Hodgkin’s lymphoma. (Funded by the Dutch Cancer Society.)
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§ 3,905 persons in Netherlands 
§ Treated for HL 1965-2000 (15-50 yo)
§ 5 yrs of survival
§ Median FU 19.1 yrs

§ The risk was still 
elevated 35 years or 
more after treatment

§ Cumulative incidence 
of a 2nd cancer at 40 
years was 48.5% 

Medical resident only
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had a higher risk of second solid cancers above 
the diaphragm (SIR, 2.1; 95% CI, 1.4 to 2.9; 
P<0.001 for heterogeneity) (Table S5 in the Sup-
plementary Appendix).

All but five of the patients in whom breast 
cancer developed had received supradiaphrag-
matic radiation therapy (SIR, 5.4, vs. 1.0 among 
patients treated without supradiaphragmatic ra-
diation therapy; P<0.001 for heterogeneity). The 
risk of breast cancer decreased with increasing 
procarbazine dose among patients treated with 
supradiaphragmatic irradiation; the SIRs were 
3.8 among patients who received procarbazine-
containing chemotherapy and 6.8 among those 

who did not receive such chemotherapy (P = 0.001 
for heterogeneity).

The SIR for lung cancer was 7.7 (95% CI, 6.5 to 
9.0) among patients treated with supradiaphrag-
matic irradiation. However, it was also elevated 
among patients treated with procarbazine-con-
taining chemotherapy without supradiaphrag-
matic irradiation (SIR, 3.2; 95% CI, 1.8 to 5.3).

Of the 230 patients in whom a second solid 
cancer developed below the diaphragm, 146 
(63.5%) had received infradiaphragmatic radia-
tion therapy (SIR, 4.6; 95% CI, 3.9 to 5.4). The 
SIR was 1.7 (95% CI, 1.3 to 2.1) among patients 
who had been treated without infradiaphrag-

Figure 2. Cumulative Incidence of Subsequent Malignant Neoplasms, According to Treatment Period, with Death as a Competing Risk.

Solid lines represent the observed incidence, and dashed lines the expected incidence in the general population. The insets show the 
same data on enlarged y axes.
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Solid lines represent the observed incidence, and 
dashed lines the expected incidence in the 
general population. The insets show the same 
data on enlarged y axes. 

By Treatment Period
§ The risk of breast cancer was lower 

among patients treated with 
supradiaphragmatic-field RT not 
including the axilla than among those 
exposed to mantle-field irradiation (HR 
0.37) 

§ The risk was NOT lower among 
patients treated in the 1989–2000 study 
period than two earlier periods

§ A cumulative procarbazine dose ≥4.3 
g/m2  (induces premature menopause) 
⇔ a significantly ↓ risk of breast cancer 
(HR 0.57), but a ↑ risk of 
gastrointestinal cancer (HR 2.7)
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had a higher risk of second solid cancers above 
the diaphragm (SIR, 2.1; 95% CI, 1.4 to 2.9; 
P<0.001 for heterogeneity) (Table S5 in the Sup-
plementary Appendix).

All but five of the patients in whom breast 
cancer developed had received supradiaphrag-
matic radiation therapy (SIR, 5.4, vs. 1.0 among 
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diation therapy; P<0.001 for heterogeneity). The 
risk of breast cancer decreased with increasing 
procarbazine dose among patients treated with 
supradiaphragmatic irradiation; the SIRs were 
3.8 among patients who received procarbazine-
containing chemotherapy and 6.8 among those 
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The SIR for lung cancer was 7.7 (95% CI, 6.5 to 
9.0) among patients treated with supradiaphrag-
matic irradiation. However, it was also elevated 
among patients treated with procarbazine-con-
taining chemotherapy without supradiaphrag-
matic irradiation (SIR, 3.2; 95% CI, 1.8 to 5.3).

Of the 230 patients in whom a second solid 
cancer developed below the diaphragm, 146 
(63.5%) had received infradiaphragmatic radia-
tion therapy (SIR, 4.6; 95% CI, 3.9 to 5.4). The 
SIR was 1.7 (95% CI, 1.3 to 2.1) among patients 
who had been treated without infradiaphrag-
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Solid lines represent the observed incidence, and dashed lines the expected incidence in the general population. The insets show the 
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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. As a 
consequence of these studies, prophylactic cranial 
radiotherapy (PCR) in children with leukemia has 
been largely replaced by intrathecal methotrexate.

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 fi eld, 
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 fi rst 
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 signifi cantly with increasing radiation 
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FIGURE 10.13  Illustrating the con-
cept, introduced by Gray, that the inci-
dence of radiation-induced leukemia 
in mice follows a “bell” shape because 
of the balance between the induction 
of transformed cells and cell killing. 
(Adapted from Gray LH: Radiation bi-
ology and cancer. In: Cellular Radiation 
Biology: A Symposium Considering Ra-
diation Effects in the Cell and Possible 
Implications for Cancer Therapy; A Col-
lection of Papers. Published for the Uni-
versity of Texas, MD Anderson Hospital 
and Tumor Institute. Baltimore, MD: Lip-
pincott Williams & Wilkins; 1965:8–25.)

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).
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Dose-Response Relationship at High 
Doses

Induction of leukemia in mice exposed to TBI

Gray attempted to explain the “bell-shaped” 
dose-response relationship for the induction of 
leukemia by the concurrent presence of 2 
phenomenon

A dose-related ­ in the proportion of 
transformed cells

A dose-related ¯ in the probability of 
transformed cells retaining reproductive 
integrity

It should be NOT assumed that this 
bell-shaped curve applies to 
radiation-induced carcinogenesis in 
general



Clinical Data – Radiation-Induced Breast 
Cancer

Breast cancer in Women treated for HD with Mantle field

Note that there was an 
increasing risk over the entire 
dose range

The authors speculated that cells 
initiated and transformed by radiation 
proliferate rapidly between daily dose 
fractions commonly used in 
radiotherapy

Fractionated Radiotherapy
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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. As a 
consequence of these studies, prophylactic cranial 
radiotherapy (PCR) in children with leukemia has 
been largely replaced by intrathecal methotrexate.

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 fi eld, 
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 fi rst 
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 signifi cantly with increasing radiation 
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cept, introduced by Gray, that the inci-
dence of radiation-induced leukemia 
in mice follows a “bell” shape because 
of the balance between the induction 
of transformed cells and cell killing. 
(Adapted from Gray LH: Radiation bi-
ology and cancer. In: Cellular Radiation 
Biology: A Symposium Considering Ra-
diation Effects in the Cell and Possible 
Implications for Cancer Therapy; A Col-
lection of Papers. Published for the Uni-
versity of Texas, MD Anderson Hospital 
and Tumor Institute. Baltimore, MD: Lip-
pincott Williams & Wilkins; 1965:8–25.)

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).
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Clinical Data – Brain Tumor Induced 
by Cranial Irradiation

Childhood Cancer Survivor Study

Note again that the 
incidence of radiation-
induced brain tumor does 
not fall at the high dose of 
fractionated therapy
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 received by the Japanese A-bomb survivors. The 
surprising result was a statistically signifi cant 
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 signifi cance.

 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.

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 fi eld 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 

FIGURE 10.15  Illustrating the incidence 
of brain tumors, meningiomas, and glioma as 
a function of dose in children receiving total 
brain irradiation during the treatment of 
leukemia with chemotherapy. Note how the 
incidence tends to plateau. (Adapted from 
Neglia JP, et al. New Primary Neoplasms of the 
Central Nervous System in Survivors of Child-
hood Cancer: a Report from the Childhood 
Cancer Survivor Study. JNCI J Natl Cancer Inst 
2006;98[21]:1528-1537, with permission.)

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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How Do You Counsel Patients?

§ The absolute risk of radiotherapy-
induced 2nd malignancy is below or at 
1% after radiotherapy of most adult 
cancers at 10 or 20 years later

§ The risk of dying from uncontrolled 
disease is much higher   

The answer is more guarded in pediatric population
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Cancer Risks in Nuclear-Industry Workers 
– IARC Study

Sv, 0.26 to 4.01). Other smoking related cancers showed
little evidence of an increased risk (0.21 per Sv, < 0 to
2.01). Risk estimates for mortality from non-malignant
respiratory diseases and from chronic obstructive bron-
chitis and emphysema were raised but not significantly
different from zero (excess relative risk per Sv 1.16,
− 0.53 to 3.84, and 2.12, − 0.57 to 7.46, respectively).

Discussion
Results from our study suggest that in workers in the
nuclear industry an excess risk of cancer exists, albeit
small, even at low doses and dose rates. The 15 country
study allowed the compilation of the largest body of
direct evidence to date concerning the effects of low
dose chronic exposure to ionising radiation.

All cancer excluding leukaemia
We found a significantly increased risk for all cancers
(excluding leukaemia). The central risk estimate was
higher than the linear extrapolation from the A bomb
survivors. It is unlikely that this could be due to ascer-
tainment bias, as the excess relative risk for all
non-cancer mortality was weakly positive (0.20, − 0.26
to 0.72).

Information was not available to adjust directly for
possible confounding by variables such as smoking,
diet, and occupational exposures. Some of these
factors—particularly smoking and diet—are strongly
related to socioeconomic status and adjustment for this
will have partially controlled for their effects. Some
studies have found an association between radiation
dose and smoking,8 9 while others have not.10–12

The central risk estimate for cancers unrelated to
smoking was higher than that for smoking related
cancers other than lung cancer, indicating that
confounding by smoking is unlikely to explain all of the
relation found between all cancer risk and radiation
dose. On the other hand, the non-significantly increased
risks for mortality from non-malignant smoking related
diseases indicate a possible effect of smoking. The risk
estimates for mortality from cancers related and un-
related to smoking, however, are consistently two to
three times higher than, but statistically compatible with
the risk estimate for solid cancers from the A bomb
analyses. Taken together, these findings indicate that a
confounding effect by smoking may be partly, but not

entirely, responsible for the estimated increased risk for
mortality from all cancers other than leukaemia.

Formal tests for heterogeneity provided no
evidence for differences in risk between countries,
cohorts, or groups of facilities (P > 0.20). Figure 2
shows the excess relative risk per Sv in the larger
cohorts ( > 100 cancer deaths). Analyses excluding one
cohort or country at a time produced excess relative
risks per Sv ranging from 0.58 (excluding Canada) to
1.25 (excluding the UK), all consistently higher than
but compatible with the estimate from A bomb analy-
ses. Only when we excluded Canada was the excess
relative risk no longer significantly different from zero
(0.58, − 0.22 to 1.55).

Sensitivity analyses of different lag periods showed
that both the risk estimates and their uncertainties
increased with increasing lag. The excess relative risk
per Sv ranges from 0.76 (0.07 to 1.59) with a lag of five
years to 1.68 (0.22 to 3.48) with a lag of 20 years. The
estimates are all statistically compatible with the linear
extrapolation from the A bomb survivors.

Leukaemia excluding chronic lymphocytic
leukaemia
Although our estimate of risk of leukaemia is not
significantly different from zero, it is similar to
estimates from previous large scale studies of nuclear
workers.13 14 Furthermore, it is intermediate between
estimates obtained by fitting a linear and a linear quad-
ratic dose-response model to data on men exposed to
the A bomb at age 20-60. The excess relative risk per

Table 2 Estimates of excess relative risk per Sv (95% confidence interval) for all cancers excluding leukaemia, solid cancers, and
leukaemia excluding chronic lymphocytic leukaemia, for nuclear workers and survivors of A bomb in Japan*

15 country study Atomic bomb survivors (men exposed at age 20-60)
No of cancers Risk No of cancers Risk†

All cancers excluding leukaemia 5024 0.97 (0.14 to 1.97)
Solid cancers 4770 0.87 (0.03 to 1.88) 3246 0.32‡ (0.01 to 0.50)
Leukaemia excluding CLL:

Linear model 196 1.93 (<0§ to 8.47) 83 3.15¶ (1.58 to 5.67)
Linear quadratic model 1.54** (−1.14 to 5.33)

CLL=chronic lymphocytic leukaemia.
*Colon dose used for all cancers and solid cancer analyses, bone marrow dose for leukaemia.
†Note that because analyses were restricted to men aged 20-60 at exposure the confidence intervals are much wider than those presented by other investigators,13 14

based on the full cohort.
‡Analyses carried out at IARC with excess relative risk model that allows for age at exposure modification, adjusted for attained age, calendar period, and city.
Estimate for men exposed at age 35.
§Estimate on boundary of parameter space.
¶Analyses carried out at IARC with constant excess relative risk model, adjusted for attained age, calendar period, and city.
**Analyses carried out at IARC—linear term of linear quadratic model—preferred model for describing leukaemia mortality in analyses of data on A bomb
survivors.14
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Fig 2 Excess relative risks per Sv for all cancer excluding leukaemia
in cohorts with more than 100 deaths (NPP=nuclear power plants,
ORNL=Oak Ridge National Laboratory)

Papers

79BMJ VOLUME 331 9 JULY 2005 bmj.com

400,000 nuclear workers from 15 countries who received protracted exposures to multiple low 
doses of radiation over many years  

There was a statistically significant 
excess of solid cancers for a mean 
dose of only 19.4 mSv 

Caveats
§ Data driven by the Canadian data 

(o/w would be NS)
§ Lung cancer dominated the cancer 

spectrum (? Confounding by 
smoking) 



The International Nuclear Workers 
Study (INWORKS)
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leukaemia excluding CLL by categories of cumulative dose 
showed a substantial risk for cumulative dose above 
200 mGy (appendix p 3). The estimated ERR of mortality 
caused by leukaemia excluding CLL was 2·96 per Gy 
(90% CI 1·17–5·21; table 2). The trend in the ERR of 
leukaemia excluding CLL with dose was well described by 
a simple linear function of cumulative dose; inclusion of a 
higher order polynomial function (ie, a linear-quadratic or 
pure-quadratic function of dose) did not substantially 
improve the model fi t (the Akaike information criterion 
was lowest for the pure-quadratic model but only diff ered 
by 0·3 from that of the linear model; data not shown). The 
ERR of leukaemia excluding CLL was not attenuated 
when restricted to doses of less than 300 mGy or less than 
100 mGy (fi gure); however, 90% CIs were much wider 
when based on data for the restricted dose range.

We assessed the associations between cumulative dose 
and subtypes of leukaemia. We detected positive 
associations for chronic myeloid leukaemia, acute 

myeloid leukaemia, and acute lymphoblastic leukaemia; 
the association was largest for chronic myeloid leukaemia 
(table 2). Associations also were positive but highly 
imprecise for Hodgkin’s lymphoma, non-Hodgkin 
lymphoma, and multiple myeloma with CIs that spanned 
zero (table 2). The association between radiation dose 
and CLL mortality was negative (table 2).

Alternative lag assumptions resulted in little change in 
the ERR per Gy (appendix p 4). When adjusting the ERR 
model for socioeconomic status, the ERR per Gy was 
practically unchanged for leukaemia excluding CLL and 
for chronic myeloid leukaemia (appendix p 5). Similarly, 
adjustment for internal radiation con tamination had 
little eff ect (appendix p 5). We assessed the eff ect of 
excluding people who had recorded neutron exposures; 
we showed a positive association for leukaemia excluding 
CLL (ERR per Gy 4·19, 90% CI 1·42–7·80, 453 deaths) 
and chronic myeloid leukaemia (ERR per Gy 9·55, 
90% CI 2·39–21·7, 79 deaths). To assess whether any 
single country substantially aff ected the results, we 
assessed radiation-mortality associations excluding one 
country at a time (appendix p 6). The estimated ERR 
per Gy for leukaemia excluding CLL was 2·95 
(90% CI 1·13–5·24) when excluding France, 2·32 
(0·03–5·33) when excluding the UK, and 3·68 
(1·09–7·29) when excluding the USA (appendix p 6). For 
multiple myeloma and Hodgkin’s lymphoma, the 
associations could not be estimated when excluding the 
USA, but the multiple myeloma was positive when 
excluding the UK (ERR per Gy 3∙32 [90% CI 0∙27–7∙64]).

Discussion
We showed a positive association between cumulative 
dose of ionising radiation and death caused by leukaemia 
(excluding CLL) among adults who were typically exposed 
to low doses. The association was greatest for chronic 
myeloid leukaemia, with positive but imprecise dose–
response for deaths caused by acute myeloid leukaemia, 
acute lymphoblastic leukaemia, Hodgkin’s lymphoma, 
non-Hodgkin lymphoma, and multiple myeloma.

The estimated association between cumulative 
radiation dose with a 2-year exposure lag assumption 
and death caused by leukaemia excluding CLL was 
similar in size and precision to the linear dose–response 
estimate for male atomic bomb survivors exposed 
between the ages of 20 and 60 years (ERR at 1 Sv 2·63, 
90% CI 1·50–4·27).14 Although based on a substantially 
lower dose distribution than in analyses of atomic bomb 
survivors, typically with very low doses accrued over a 
long period, the similar size of the associations supports 
contemporary estimates of risk of leukaemia after adult 
exposure to radiation. This is notable because our 
estimates were not extrapolated from data for acute 
exposures.

In previous analyses of cancer among workers in 
15 countries,18 the association between mortality for 
leukaemia excluding CLL and cumulative radiation dose 

Figure: Relative risk of leukaemia excluding chronic lymphocytic leukaemia associated with 2-year lagged 
cumulative red bone marrow dose 
The lines are the fi tted linear dose–response model and the shading represents the 90% CIs. 

0 100 200 300 400 500
0

0·5

1·0

1·5

2·0

2·5

3·0

3·5

4·0

Re
la

tiv
e r

isk

Red bone marrow dose (mGy)

Entire range
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Deaths ERR per Gy 90% CI

Leukaemia excluding CLL* 531 2·96 1·17 to 5·21

Chronic myeloid leukaemia* 100 10·45 4·48 to 19·65

Acute myeloid leukaemia* 254 1·29 –0·82 to 4·28

Acute lymphoblastic leukaemia* 30 5·80 NE to 31·57

CLL* 138 –1·06 NE to 1·81

Multiple myeloma† 293 0·84 –0·96 to 3·33

Non-Hodgkin lymphoma† 710 0·47 –0·76 to 2·03

Hodgkin’s lymphoma† 104 2·94 NE to 11·49

ERR estimated with a linear model stratifi ed by country, calendar period, sex, and age. NE lower CI bound could not be 
estimated because it was on the boundary of the parameter space (–1/maximum dose). 14 deaths were assigned ICD9 
code 204.9 (lymphoid leukaemia, unspecifi ed) and one death was assigned ICD9 code 202.9 (other and unspecifi ed 
malignant neoplasms of lymphoid, haemopoietic, and related tissue) were excluded from the cause-specifi c analyses. 
*2-year lagged cumulative dose. †10-year lagged cumulative dose. ERR=excess relative risk. CLL=chronic lymphocytic 
leukaemia. NE=not estimable. 

Table 2: ERR per Gy of cumulative red bone marrow dose for causes of death

Downloaded for Anonymous User (n/a) at University Of Minnesota - Twin Cities Campus from ClinicalKey.com by Elsevier on September 21, 2018.
For personal use only. No other uses without permission. Copyright ©2018. Elsevier Inc. All rights reserved.

Data from the 3 of the 15 nations 
(France, UK, US)
Monitored w/ personal dosimeters
FU up to 60 years after exposure

RR of Leukemia (ex CLL) & Lymphoma 

Excess relative risk (ERR) 
[chronic low dose exposure] 
similar to male atomic bomb 
survivors [acute exposure]

? DDREF for radiation carcinogenesis

Linear dose-response model
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For all cancers, the excess relative rate was 0.51 per 
Gy (90% confidence interval 0.23 to 0.82); table 2). The 
excess relative rate was 0.48 per Gy (0.20 to 0.79) for all 
cancers other than leukaemia, and 0.47 per Gy (0.18 to 
0.79) for solid cancers. To indirectly assess confounding 
by smoking, we estimated the association between radi-
ation dose and solid cancers other than lung cancer 
(excess relative rate 0.46 per Gy (0.11 to 0.85)), and 
observed that the point estimate was similar that 
obtained for all solid cancers. To assess potential bias 
due to asbestos exposure, we estimated the association 
between radiation dose and solid cancers other than 
lung and pleural cancer (0.43 per Gy (0.08 to 0.82)), 
again similar in magnitude to the point estimate 
obtained for all solid cancers. 

Excluded cancers from the category of solid cancer 
(of the oral cavity and pharynx, oesophagus, stomach, 
colon, rectum, liver, gallbladder, pancreas, nasal cavity, 
larynx, lung, cervix, ovary, bladder, kidney, and ureter) 
yielded an estimated excess relative rate of 0.37 per Gy 
(90% confidence interval −0.14 to 0.95). The exclusion 
of this larger group of smoking related cancers, which 
constituted 70% of solid cancer deaths, thus resulted in 
a reduced magnitude and precision of the estimated 
excess relative rate per Gy. 

Sensitivity analyses were conducted under five and 15 
year lag assumptions (web table A1). Associations were 
slightly smaller in magnitude under a five year lag, and 
model goodness of fit was poorer than that obtained 
under our a priori 10 year lag assumption. Associations 
were slightly larger in magnitude under a 15 year lag 

with similar goodness of model fit than that obtained 
under a 10 year lag assumption.

A model describing a linear increase in the excess rel-
ative rate with dose appeared to provide a reasonable 
description of the data for all cancer other than leukae-
mia on visual examination (fig). Based on our fitted 
model, we estimated that about 209 of the 19 064 
observed deaths due to cancer other than leukaemia 
were excess deaths associated with external radiation 
exposure (web table A2). To formally assess departure 
from linearity, we fitted a model that also included a 
parameter for the square of cumulative dose; this inclu-
sion led to little improvement in the model goodness of 
fit (likelihood ratio test=0.58, df=1, P=0.44). To assess 
the trend over the lower cumulative dose range, we esti-
mated associations over restricted ranges of 0-200 mGy 
cumulative dose (excess relative rate 1.04 per Gy; 90% 
confidence interval 0.55 to 1.56), 0-150 mGy cumulative 
dose (0.69 per Gy; 0.10 to 1.30), and 0-100 mGy cumula-
tive dose (0.81 per Gy; 0.01 to 1.64; web fig S1).

To evaluate the effect of data from each country on 
the summary estimate for the pooled data, we excluded 
countries from the INWORKS cohort one at a time. Esti-
mates for the association between cumulative dose 
under a 10 year lag and all cancer mortality other than 
leukaemia was 0.48 per Gy (90% confidence interval 
0.19 to 0.80) after we excluded France, 0.39 per Gy 
(−0.03 to 0.85) after we excluded the UK, and 0.56 per Gy 
(0.19 to 0.97) after we excluded the USA from INWORKS. 
We saw no evidence of heterogeneity in the estimated 
associations by country based on a statistical test (like-
lihood ratio test=0.24, df=2, P=0.89) and visual exam-
ination of country specific estimates of association 
further supports such a conclusion (web fig S2). 

To assess potential bias due to differences (other than 
external radiation doses) between the major employers 
in each country, we fitted a model that adjusted for each 
of the main facilities included in INWORKS. We saw 

Table 1 | Characteristics of cohorts included in the INWORKS consortium (nuclear workers 
in France, UK, and USA, 1944-2005)

France UK US INWORKS
Calendar years of follow-up 1968-2004 1946-2001 1944-2005 1944-2005
Workers (no) 59 003 147 866 101 428 308 297
Person years (millions) 1.5 3.4 3.3 8.2
Causes of death (no) 
 All causes 6310 25 307 35 015 66 632
 All cancer 2552 7558 9638 19 748
 All cancer other than leukaemia 2473 7350 9241 19 064
 Solid cancer 2356 6994 8607 17 957
 Solid cancer other than lung cancer 1761 4750 5644 12 155
Exposed workers (no)* 42 206 130 373 84 587 257 166
Collective dose (person Gy) 742.0 2936.1 1692.2 5370.3
Average individual cumulative dose 
(mGy)†

17.6 22.5 20.0 20.9

*Workers with cumulative dose greater than zero.
†Average estimated cumulative dose to the colon, among exposed workers.

Table 2 | Estimates of excess relative rate per Gy for death 
due to specific cancer categories in INWORKS*

Causes of death No of deaths
Excess relative rate 
per Gy (90% CI)

All cancer 19 748 0.51 (0.23 to 0.82)
All cancer other than 
leukaemia

19 064 0.48 (0.20 to 0.79)

Solid cancer 17 957 0.47 (0.18 to 0.79)
Solid cancer other than 
lung cancer

12 155 0.46 (0.11 to 0.85)

*10 year lag assumption.
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RR of Mortality from All Cancers (other than Leukemia)

§ Risk increased by 48% per Gy
§ The estimated association over 0-100 mGy is similar in magnitude to that obtained 

over the entire dose range
§ Little indication of DDREF (in comparison with Japanese data)



Extrapolating Cancer Risks from High 
to Low Doses

The A-bomb data has a large uncertainty 
at the low doses to which radiation 
workers are exposed 

There has been a long-standing 
controversy of how best to 
extrapolate cancer risks from high 
doses to low doses



Extrapolating Cancer Risks from High 
to Low Doses B – Linear no-threshold (LNT)

§ Risks at low doses can be linearly 
extrapolated from high doses; no 
threshold

§ Favored by BEIR, UNSCEAR, ICRP, 
NCRP 

§ Prudent and conservative 
assumption for radiation purpose

A 
§ Risks at low doses are higher than 

would be predicted from a linear 
extrapolation from high doses  

§ ? Consequence of bystander effect



Extrapolating Cancer Risks from High 
to Low Doses

C – Linear threshold 

§ There is a threshold, below which 
there are no deleterious effect of 
radiation

D – Radiation Hormesis  

§ Low levels of radiation are actually 
beneficial, activating repair 
mechanisms that protect against 
diseases

§ Rejected by BEIR and UNSCARE



Mortality Patterns in Radiologists 

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-1920 1.04

Table 10.3

Estimated annual 
doses 1 Gy per 

year!

§ In early days, radiation risks to radiologists were large and easily demonstrable
§ In more recent years, there is no sign of an excess mortality in radiologists
§ At the same time there is no good evidence that low doses of radiation may be beneficial or 

can prolong life (when proper control was used)



Radiation Hormesis?



Radiation Spa



Outline
n Deterministic and Stochastic Effects
n Early Human Experience 
n Recent Human Experience
n Common Radiation-Induced Cancer
n The Latent Period
n Risk Estimates
n Second Malignancies in Radiotherapy Patients
n Cancer Risks in Nuclear-Industry Workers and Radiologists
n Childhood Cancer After Radiation Exposure in Utero
n Nonneoplastic Disease and Radiation



Childhood Cancer after Radiation 
Exposure In Utero
n Stewart and Kneale reported an excess of 

leukemia and childhood cancer in children 
irradiated in utero as a consequence of diagnostic 
x-rays involving the pelvis of the mother

n An association between leukemia and x-rays in 
utero was confirmed in the United States



Cancer 
Incidence

Cancer 
Mortality

Combined 10.8%/Sv 5.4%/Sv

Childhood Cancer After Radiation 
Exposure In Utero
n Low-dose radiation of the fetus in utero, particularly in the last 

trimester, causes an increased risk of childhood malignancy
n An obstetric x-ray examination, even though the dose is only ~ 1 

cGy, increases the RR of childhood cancer by 40%
n The excess absolute risk is ~ 6%/Gy

Note that this is not too 
different from risk 
estimates derived from 
A-bomb survivors



Outline
n Deterministic and Stochastic Effects
n Early Human Experience 
n Recent Human Experience
n Common Radiation-Induced Cancer
n The Latent Period
n Risk Estimates
n Second Malignancies in Radiotherapy Patients
n Cancer Risks in Nuclear-Industry Workers and Radiologists
n Childhood Cancer After Radiation Exposure in Utero
n Nonneoplastic Disease and Radiation
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diagnoses each year.27 Moreover, every year, tens 
of thousands of women worldwide receive a diag-
nosis of ductal carcinoma in situ. The overall 
5-year survival rate for these two diagnostic 
groups combined is approximately 90%, and in 
both groups many of the survivors will have re-
ceived radiotherapy.28 Current mean doses of ra-
diation to the heart from radiotherapy for breast 
cancer are typically about 1 or 2 Gy for disease of 
the right breast. For disease of the left breast, the 
doses are usually higher but vary widely, and for 
some women, including those in whom the dis-
tance of the heart to the thoracic wall is small 
and those who require internal mammary irra-
diation, the mean dose may be around 10 Gy.5-11

Among the 2168 women in this study, the 
mean dose to the heart ranged from 0.03 Gy to 
27.72 Gy, with an overall average of the mean 
doses of 4.9 Gy. The risk of a major coronary 
event increased linearly with the mean dose to 
the heart. The magnitude of the risk was 7.4% 
per gray, with no apparent threshold below 
which there was no risk. The risk started to in-
crease within the first 5 years after exposure and 
continued for at least 20 years. The percentage in-
crease in risk per gray was similar for women 
with and those without cardiac risk factors at the 
time of radiotherapy.

A strength of this study is that it relates the 
risk of is che mic heart disease among women who 
have received radiotherapy for breast cancer to 
individual doses of cardiac radiation and individ-
ual cardiac risk factors at the time of their can-
cer diagnosis. Other strengths of the study are 
that it was carried out in women with cancer 
that had not recurred (thus avoiding confusion 
with the influence of further treatment); that it 
was population-based, including all women re-
corded as receiving radiotherapy for breast cancer 
in Denmark or Stockholm during the period of 
interest (thus avoiding the tendency in random-
ized trials to omit patients in poor health); and 
that the majority of cardiac events were con-
firmed by a review of cardiology or autopsy re-
cords. Because health status may play a role in the 
selection of women for radiotherapy, we includ-
ed in the study only women who had received 
radiotherapy; nonrandomized comparisons of 
women who underwent irradiation with those 
who did not could produce misleading estimates 
of risk.29

A limitation of our study was that individual 
CT-based information on radiotherapy was un-
available for the women studied, because they were 
treated before the era of three-dimensional CT-
based planning. However, we have used 20 con-
secutive individual CT-based, three-dimensional 
planning scans to show that for left and right 
tangential radiotherapy and for left and right 
direct internal mammary fields, the patient-to-
patient variation in mean radiation dose to the 
heart is small (coefficients of variation, 30%, 11%, 
11%, and 21%, respectively).4 We have also con-
firmed that the patient with typical anatomy who 
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Figure 1. Rate of Major Coronary Events According to 
Mean Radiation Dose to the Heart, as Compared with the 
Estimated Rate with No Radiation Exposure to the Heart.

Major coronary events included myocardial infarction, 
coronary revascularization, and death from is che mic 
heart disease. The values for the solid line were calculat-
ed with the use of dose estimates for individual women. 
The circles show values for groups of women, classified 
according to dose categories; the associated vertical 
lines represent 95% confidence intervals. All estimates 
were calculated after stratification for country and for age 
at breast-cancer diagnosis, year of breast-cancer diagno-
sis, interval between breast-cancer diagnosis and first 
major coronary event for case patients or index date for 
controls (all in 5-year categories), and presence or ab-
sence of a cardiac risk factor. The radiation categories 
were less than 2, 2 to 4, 5 to 9, and 10 Gy or more, and 
the overall averages of the mean doses to the heart of 
women in these categories were 1.4, 3.4, 6.5, and 15.8 Gy, 
respectively.
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diagnoses each year.27 Moreover, every year, tens 
of thousands of women worldwide receive a diag-
nosis of ductal carcinoma in situ. The overall 
5-year survival rate for these two diagnostic 
groups combined is approximately 90%, and in 
both groups many of the survivors will have re-
ceived radiotherapy.28 Current mean doses of ra-
diation to the heart from radiotherapy for breast 
cancer are typically about 1 or 2 Gy for disease of 
the right breast. For disease of the left breast, the 
doses are usually higher but vary widely, and for 
some women, including those in whom the dis-
tance of the heart to the thoracic wall is small 
and those who require internal mammary irra-
diation, the mean dose may be around 10 Gy.5-11

Among the 2168 women in this study, the 
mean dose to the heart ranged from 0.03 Gy to 
27.72 Gy, with an overall average of the mean 
doses of 4.9 Gy. The risk of a major coronary 
event increased linearly with the mean dose to 
the heart. The magnitude of the risk was 7.4% 
per gray, with no apparent threshold below 
which there was no risk. The risk started to in-
crease within the first 5 years after exposure and 
continued for at least 20 years. The percentage in-
crease in risk per gray was similar for women 
with and those without cardiac risk factors at the 
time of radiotherapy.

A strength of this study is that it relates the 
risk of is che mic heart disease among women who 
have received radiotherapy for breast cancer to 
individual doses of cardiac radiation and individ-
ual cardiac risk factors at the time of their can-
cer diagnosis. Other strengths of the study are 
that it was carried out in women with cancer 
that had not recurred (thus avoiding confusion 
with the influence of further treatment); that it 
was population-based, including all women re-
corded as receiving radiotherapy for breast cancer 
in Denmark or Stockholm during the period of 
interest (thus avoiding the tendency in random-
ized trials to omit patients in poor health); and 
that the majority of cardiac events were con-
firmed by a review of cardiology or autopsy re-
cords. Because health status may play a role in the 
selection of women for radiotherapy, we includ-
ed in the study only women who had received 
radiotherapy; nonrandomized comparisons of 
women who underwent irradiation with those 
who did not could produce misleading estimates 
of risk.29

A limitation of our study was that individual 
CT-based information on radiotherapy was un-
available for the women studied, because they were 
treated before the era of three-dimensional CT-
based planning. However, we have used 20 con-
secutive individual CT-based, three-dimensional 
planning scans to show that for left and right 
tangential radiotherapy and for left and right 
direct internal mammary fields, the patient-to-
patient variation in mean radiation dose to the 
heart is small (coefficients of variation, 30%, 11%, 
11%, and 21%, respectively).4 We have also con-
firmed that the patient with typical anatomy who 
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Figure 1. Rate of Major Coronary Events According to 
Mean Radiation Dose to the Heart, as Compared with the 
Estimated Rate with No Radiation Exposure to the Heart.

Major coronary events included myocardial infarction, 
coronary revascularization, and death from is che mic 
heart disease. The values for the solid line were calculat-
ed with the use of dose estimates for individual women. 
The circles show values for groups of women, classified 
according to dose categories; the associated vertical 
lines represent 95% confidence intervals. All estimates 
were calculated after stratification for country and for age 
at breast-cancer diagnosis, year of breast-cancer diagno-
sis, interval between breast-cancer diagnosis and first 
major coronary event for case patients or index date for 
controls (all in 5-year categories), and presence or ab-
sence of a cardiac risk factor. The radiation categories 
were less than 2, 2 to 4, 5 to 9, and 10 Gy or more, and 
the overall averages of the mean doses to the heart of 
women in these categories were 1.4, 3.4, 6.5, and 15.8 Gy, 
respectively.
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Background
Radiotherapy for breast cancer often involves some incidental exposure of the heart 
to ionizing radiation. The effect of this exposure on the subsequent risk of is che mic 
heart disease is uncertain.

Methods
We conducted a population-based case–control study of major coronary events (i.e., 
myocardial infarction, coronary revascularization, or death from is che mic heart 
disease) in 2168 women who underwent radiotherapy for breast cancer between 
1958 and 2001 in Sweden and Denmark; the study included 963 women with major 
coronary events and 1205 controls. Individual patient information was obtained 
from hospital records. For each woman, the mean radiation doses to the whole heart 
and to the left anterior descending coronary artery were estimated from her radio-
therapy chart.

Results
The overall average of the mean doses to the whole heart was 4.9 Gy (range, 0.03 to 
27.72). Rates of major coronary events increased linearly with the mean dose to the 
heart by 7.4% per gray (95% confidence interval, 2.9 to 14.5; P<0.001), with no ap-
parent threshold. The increase started within the first 5 years after radiotherapy 
and continued into the third decade after radiotherapy. The proportional increase 
in the rate of major coronary events per gray was similar in women with and 
women without cardiac risk factors at the time of radiotherapy.

Conclusions
Exposure of the heart to ionizing radiation during radiotherapy for breast cancer 
increases the subsequent rate of is che mic heart disease. The increase is propor-
tional to the mean dose to the heart, begins within a few years after exposure, and 
continues for at least 20 years. Women with preexisting cardiac risk factors have 
greater absolute increases in risk from radiotherapy than other women. (Funded by 
Cancer Research UK and others.)
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Shown in the Table are the predicted lifetime risks of ma-
jor coronary events induced by contemporary breast cancer ra-
diotherapy, stratified by left vs right side radiotherapy, by su-
pine vs prone treatment position, and by low, medium, or high
baseline cardiac disease risk. The highest estimated radio-
therapy-induced risks were for left-sided radiotherapy in high–
cardiac risk women treated in the supine position (3.52% [95%
CI, 1.47%-5.85%]), whereas the lowest risks were for right-
sided radiotherapy in low–cardiac risk women (<0.1%).

Discussion | Cardiac doses from breast radiotherapy have gen-
erally decreased during recent decades (although not for all
modern treatment techniques), so typical risks of major car-
diac events associated with contemporary radiotherapy are
lower than in earlier eras.2 Estimated lifetime risks of major
coronary events for patients who receive radiotherapy for
breast cancer are now in the range from 0.05% to 3.5%, with a
typical value of 0.3% for a typical scenario. The highest car-
diac doses and excess cardiac risks result from supine posi-
tioning during left-sided radiotherapy; for left-sided radio-
therapy, prone positioning significantly reduces cardiac doses
and risks.3 For right-sided radiotherapy, where the heart is al-
ways out of field, cardiac doses and risks are smaller, and prone
vs supine positioning has little effect, although prone posi-
tion radiotherapy does reduce ipsilateral lung doses and thus
reduces potential second lung cancer risks.6

Because the effects of radiation exposure on cardiac dis-
ease risk seem to be multiplicative,2 the highest absolute ra-
diation exposure risks correspond to the highest baseline car-
diac risk. Consequently, radiotherapy-induced risks of major
coronary events are likely to be reduced in these patients by
targeting baseline cardiac risk factors (cholesterol, smoking,
hypertension), by lifestyle modification, and/or by pharma-
cological treatment.
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Table. Patient-Averaged Mean Cardiac Doses and Estimated Patient-Averaged Lifetime Excess Risks of Major Coronary Events Associated With
Contemporary Breast Cancer Radiotherapy

Treatment Side Radiotherapy Position
Cardiac Dose, Mean (95%

CI), Gya

Excess Risk (95% CI), %b

Low Baseline
Risk Patientsc

Medium Baseline Risk
Patientsc High Baseline Risk Patientsc

Left Supine 2.17 (1.36-2.98) 0.22 (0.08-0.36) 0.42 (0.14-0.70) 3.52 (1.47-5.85)

Prone 1.03 (0.87-1.19) 0.09 (0.05-0.13) 0.17 (0.09-0.25) 1.31 (0.86-1.86)

Right Supine 0.62 (0.54-0.71) 0.05 (0.03-0.07) 0.10 (0.06-0.14) 0.79 (0.57-1.06)

Prone 0.64 (0.56-0.72) 0.06 (0.03-0.08) 0.11 (0.05-0.16) 0.84 (0.57-1.18)

SI conversion factor: To convert grays to rad, multiply by 100.
a Mean cardiac doses averaged over 48 patients who received radiotherapy,

mean (range) age, 58 (31-87) years. To convert grays to rad, multiply by 100.
b Lifetime radiation-associated risks of a major cardiac event (myocardial

infarction, coronary revascularization, or death from ischemic heart disease),
estimated for each patient using patient-specific mean cardiac doses, for 3
different baseline cardiac risk scenarios. The risk estimates for each scenario
were then averaged over all patients. Lifetime risks were calculated over a
20-year period after radiotherapy, which is the approximate mean life
expectancy after early-stage breast cancer.

c Radiation-associated risks of a major coronary event for different categories of
baseline risks. Age-dependent baseline risks, B, were estimated for low,
medium, and high cardiac risk patients using the standard Reynolds
algorithm,4 on the basis of a large cohort of contemporary US women, for
myocardial infarction, coronary revascularization, ischemic stroke, or death
from ischemic heart disease, and then the estimated risk5 for ischemic stroke

was subtracted. On the basis of quartiles of the population studied in
developing the Reynolds risk score,4 age-dependent baseline risks were
estimated for low risk (serum total cholesterol level, 183 mg/dL [to convert to
millimoles per liter, multiply by 0.0259]; high-density lipoprotein [HDL], 62
mg/dL; systolic blood pressure [SBP], 115 mm Hg; serum C-reactive protein
[CRP] level, 0.8 mg/L [to convert to nanomoles per liter, multiply by 9.524];
nonsmoker), for medium risk (serum total cholesterol level, 208 mg/dL; HDL,
52 mg/dL; SBP, 125 mm Hg; CRP level, 2.0 mg/L; nonsmoker), and for high risk
(serum total cholesterol level, 235 mg/dL; HDL, 43 mg/dL; SBP, 135 mm/Hg;
CRP level, 4.3 mg/L; smoker; treated with antihypertensive medication; with
family history of myocardial infarction before age 60 years). To calculate
20-year baseline risks from the (10-year) Reynolds baseline data,4

age-dependent survival probabilities from 2008 US life tables
(www.cdc.gov/nchs/products/life_tables.htm) were additionally applied,
corrected for breast cancer–specific relative survival (from
www.seer.cancer.gov).
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§ Cardiac doses from breast radiotherapy have generally 
decreased during recent decades

§ Typical risks of major cardiac events associated with 
contemporary radiotherapy are lower than in earlier 
eras

§ Estimated lifetime risks of major coronary events for 
patients who receive radiotherapy for breast cancer 
are now in the range from 0.05% to 3.5%, with a 
typical value of 0.3% for a typical scenario



Review Questions 



Question 1

What is the most common type of cancer identified in 
children who were in the vicinity of the Chernobyl 
nuclear power plant when it exploded in 1986? 
A. Osteosarcoma
B. Leukemia
C. Thyroid Cancer
D. Glioma
E. Mesothelioma



Chernobyl Disaster
n It is still too early to determine the extent of cancer induction in 

people exposed at or near Chernobyl
n Thyroid cancer in children skyrocketed to nearly 7,000 cases in 

Belarus, Russia, and Ukraine by 2005
n The 2005 report prepared by the Chernobyl Forum,  attributed 56 

direct deaths (47 accident workers, and 9 children with thyroid 
cancer), and estimated that there may be 4,000 extra cancer deaths 
among the approximately 600,000 most highly exposed people

n 3 years later, the UN committee on atomic radiation abandoned the 
linear no-threshold model for predicting Chernobyl cancer deaths 
because of “unacceptable uncertainties” 

n Critics such as Greenpeace responded with new predictions of 
93,000 cancer deaths caused by Chernobyl



Question 2

Which of the following radiation-induced malignancies 
has the shortest median latent period? 
A. Colorectal Cancer
B. Leukemia
C. Bone Sarcoma
D. Breast Cancer
E. Lung Cancer



The Latent Period – Leukemia 

n For the A-bomb survivors, the incidence of 
leukemia began to appear after 2 years, and 
reached a peak by 5-7 years

n Most cases occurred in the first 15 years
n An excess relative risk (ERR) still existed even 40 

years after exposure



The Latent Period – Solid Cancers

n For solid cancers, the latent period for A-bomb 
survivors has ranged from 10 to over 60 years

n Recent data from Chernobyl seems to indicate an 
even shorter minimum latent period for thyroid 
cancer in children exposed to 131I in fallout, may be 
as short as 5 years 



Question 3
The EPA estimates that the fraction of the total number of 
U.S. lung cancer deaths annually caused by indoor radon 
is approximately: 
A. 0% for non-smokers
B. 0-0.1% 
C. 1-2% 
D. 10-20% 
E. 40-60% 
 



Lung Cancer 

n Many carcinogens can cause lung cancer
n There is a clear excess of lung cancers among workers in 

uranium, non-uranium, and the fluorspar mines 
n However, it is difficult to separate the contributory effect of 

radon and cigarette smoking 
n There is also evidence of an excess lung cancer from 

domestic radon exposure
n It is estimated that 10% of the lung cancer deaths in the US 

are due to domestic radon exposure 





Question 4

Which one of the following conditions treated with 
radiation is associated with an increased incidence of 
leukemia? 
A. Breast cancer
B. Ankylosing spondylitis 
C. Cervical cancer
D. Brain tumors
E. Enlarged thymus 



Ankylosing Spondylitis Therapy Patients
n Between 1935 and 1944, about 14,000 patients suffering this 

arthritic condition of the spine were treated with external beam 
radiotherapy or injections of Ra-224

n A small fraction of these developed leukemia or bone cancer 
attributed to their radiation exposure 

n One of the largest bodies of data on radiation-induced leukemia 
with good dosimetry


