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Estimation of
Cancer Risk Associated
with Radiation
Exposure

Jeffrey V. Sutherland

INTRODUCTION

The cancer risk of low-level radiation exposure has been a subject of substan-
tial scientific, public, and legal controversy in recent years. While this con-
troversy has often been clouded by emotional arguments, it has roots in well-
defined scientific problems associated with estimation of the risk of cancer
induction. This chapter is directed toward: (1) clarification of these prob-
lems, (2) demonstration of the capabilities and shortcomings of present
methodologies for risk estimation for the specific example of breast cancer,
and (3) indication of the direction of future research essential to improvement
of risk estimation procedures.

The central difficulty in estimating the risk of low-level radiation ex-
posure has been, and will continue to be, determining the shape of the dose-
response curve in the low-dose region. Weinberg! has implied rhar this prob-
lem, while important, may be trans-scientific, i.e., may reside in the public
and scientific community's attitude toward the issue. Figure 1 shows the his-
tory of radiation worker permissible exposure levels during this century.?
These limits have decreased from 57 rads/year in 1925 (recommended by
Mutacheller and Sievert) to b rem/year in 1957 (adopted by the NCRP). This
decrease in permissible exposure levels was prompted by our ability to use
radiation with less exposure and a real increase in the body of scientific
knowledge concerning potential radiation hazards.
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Figure 1. Recommended maximum permission occupational exposures for gamma
radiation. Data from Morgan [2].

THE LOW-DOSE EXTRAPOLATION PROBLEM

The uncertainty of the shape of the radiation dose-response curve in the low-
dose region is the result of ethical, economic, and experimental design
constraints that force investigators to obtain data on in vivo carcinogenesis
from (1) small-sample animal experiments using high-dose levels of exposure
or (2) human epidemiologic studies which give relatively precise estimates of
risk only at high exposure levels, Estimates of low-dose risk are generated by
extrapolation outside of the dose interval where adequate data are available.
Permissible exposure standards are, therefore, based on speculation as to the
shape of the dose-response curve in the low-dose region.

An unavoidable consequence of this situation is that linearity versus non-
linearity of radiation dose-response curves has been debated for decades.®
Brown '".!! has noted that radiation dose-response curves typically have a
sigmoid shape but are approximately linear in the low-dose region. Linear
extrapolation within that region is, therefore, appropriate. However, the
same extrapolation procedure applied to data in the sharply rising midsection
of the dose-response curve misleadingly suggests a threshold below which ne
response occurs.

Large-scale animal experiments have béen proposed to solve the low-
dose extrapolation problem. However, Schneiderman et al.' have noted that
three million animals each in treatment and centrol groups would be re-
quired to asséss risk at a level of 1 induced cancer per 1,000,000 population
ander the assumption of no spontaneous tumors occurring in the control
group. Control of identification, randomization, and living conditions for
millions of animals is extremely difficult. Spontaneous tumors eccurring in
control animals require increases in sample size of several orders of
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magnitude. Errors in handling and feeding, or loss of animals could produce
enough random variation in the dara to preclude identification of a small
carcinogenic effect.

Even if a large population animal experiment were successfully com-
pleted, the problem of exirapolating risk from mouse to man remains.
Animals used in such experiments are highly inbred and kept under carefally
controlled conditions. Animal tumors are often morpholagically different
from human tumors at the same site. Growth pattérns may be dissimilar from
human tumors. Animal life spans are substantially shorter. Radford"
concludes that “it is unwise to rely on dose-response data for cancer induction
in experimental animals to support use of any particular dose-response model
for human risk estimates from radiation exposure at low levels.” Dethlefsen et
al.'* have strongly recommended that no Turther animal experiments aimed
at quantifying risk per rad be funded and that research resources be directed
towards experiments that elucidate the cellular and molecular events relating
te carcinogenesis.

Turning to human data, Brown'® has summarized the difficulties in
using human epidemiologic data to assess risk at various dose levels. Humans
are exposed to multiple carcinogenic agents. The dose levels and potential
interaction between these agents are generally unknown. Measuring exposure
to multiple agents over prolonged periods of fime is usually impossible. The
long latent period between initial exposure and the appearance of a tumor
allows ample time for confounding factors naturally occurring in the human
environment te distort findings. Genetic and environmental heterogeneity in
human populations affects the shape of the dose-response curve.

Since available data are inadequate for direct estimation of risk of low-
level radiation exposure, extrapolation from high-dose data is necessary.
However, it has been shown'®.17 that even in the case of carefully controlled
animal experiments, arbitrary selection of dose-response models can result in
low-dose risk estimates differing by 5 to 8 orders of magnitudel

The difficulties noted above make it highly probable that no animal or
human data will become available in the foreseeable future which will con-
clusively resolve the low-level radiation risk controversy. Experimental data
derived from highly sensitive human cell culture téchniques provides a
promising avenue of research, 18 hut such data will not provide accurate esti-
mates of risk for free-living human populations.

THE RISK OF RADIATION-INDUCED BREAST CANCER

In order to examine the low-dose extrapolation problem in detail, it is neces-
sary to focus on a specific cancer site. Breast cancer provides an excellent
example because: (1) it is the most predominant cancer in females, (2)
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Figure 2. Log-log plot of U.S. white female breast cancer age-specific incidence and
mortality. Data from Young et al. [19].

mammary tissue is highly radiosensitive, and (3) several recently published
studies provide substantial new data on radiation-induced mammary tumors.

Breast Cancer Epidemiology

The best current estimate ol the cumulative incidence of breast cancer in U.S.
females aged 0-74 is 8.3%."* The cumulative rate is the sum of age-specific
breast cancer rates®® and is an indicator of the probability of disease over a
lifespan. There is, therefore, an 8.5% chance that the average U.S. female
will experience breast cancer before she i§ 75 years old. Breast cancer causes
more deaths than any other cancer in U.S. females. Cumulative mortality for
ages 0-74 is 2.6%. Because breast cancer incidence is much higher than
breast cancer mortality (see Figure 2), the BEIR IlI Committee’® recom-
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Figure 3. Log-log plot of U.S. white femal and Japanese (Osaka Prefecture) age-
specific breast cancer incidence. Data from Young et al. [19] and Waterhouse et al.
[21].
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merided that incidence, rather than mortality, be used as an indicator of the
impact of radiation on an exposed populatien.

Breast cancer incidence is dependent on geographic location. A highly
relevant example for radiation studies is Japan®! where cumulative breast
cancer incidence during 1970-1971 in Osaka prefecture was 1.8% for women
aged 0-74 (Figure 3). The low incidence of breast cancer in Japan is probably
partially due to genetic differences in the population because descendants of
Japanese who have migrated to the United States have only slightly higher
breast cancer rates than women remaining in Japan.® The shape of the
Japanese breast cancer inicidence curve is different from the U.S. curve
because of temporal trends in incidence, i.e., the younger Japanese are at
higher risk than older persons. When curves from the United States, Japan,
4nd other countries are adjusted for temporal trends the shape of the curves is
virtually identical®® (Figure 4), indicating that the disease is similar in all
countries, but that risk varies with genetic background, diet, and other life-
style factors.

Studies of breast cancer etiology must account for a wide variety of
factors which have been shown to influence risk Confounding factors of
age, place of residence, family history of breast cancer, and past history of

g & aga588

ICELAND

o GENIMARK
SLOVENMIA

—a

o———o CONNECTICUT

=———a FNLAND

— = OSHKA Figure 4. Shapes of breast can-
o cer age-specific incidence curves
= from various coeuniries after ad-

justment for temporal trends.

Curves have been normalized so

that the sum of the rates over all

age groups is the same. Repro-

+— duced with permission from

Moolgavkar et al. [23].

Adjlised. onnast lheidenis pee 100,000
=]
T

5o oD

Points deeived from
tha masdel

A S T P S Y [ s I N
- 25 30 5 40- 45 50- 55 60- 6F W~ 75 B0

Age groups




98 J. SUTHERLAND
breast cancer have been shown to be associated with greater increases in
breast cancer incidence than average levels of radiation expesure (150-250
rads) reported in most epidemiologic studies.?® Sociceconomic status, age at
menarche, menstrual history, and reproductive history can influence breast
cancer risk to the same extent as these radiation levels.

Recent Concerns Ahout Radiatien-Induced Breast Cancer

Bailar***" showed that the risk of radiation-induced breast cancer when using
mammography for breast cancer screening of women under 50 years of age
might be greater than the benefir associated with early detection of cancers.
Using risk estimates developed by Upton et al., ® he calculated that 370 breast
cancers could be induced for each round of screening of one million woman
aged 35-39, assuming an average breast tissue dose of 2 rads per exam. An
estimated 148 deaths would occur as a result of these incidence cases.

Mean dose to breast tissue at a number of breast cancer screening centers
has decreased to 0.4-0.7 rads/view for xerémammographic techniques and
can be reduced to 0.05-0.2 rads/view using screen-film techniques.?9 How-
ever, this reduction in risk from lower exposure has been partially offset by in-
creases in estimates of the risk of breast cancer induced per rad of exposure

due to aceumulation of followup data on women in several major breast
cancer studies.

Current Estimates of Risk of Radiation-Tnduced Breast Cancer

Recent followup data on radiation-induced breast cancer is availablé from
three primary sources: (1) tuberculosis patients treated with multiple
fluoroscopic exams, (2) Japanese atomic bamb survivors, and (3) patients with
postpartum mastitis treated with radiation therapy. A recent study of Swedish

women given radiotherapy for various nonneoplastic breast conditions is also
of interest.

Breast Cancer in Patients Subjected to Repeated Fluoroscopies. In 1961,
MacKenzie noticed radiation dermatitis in a Nova Scotia woman diagnosed
with breast cancer. Thé woman's medical history indicated repeated flouro-
scopic examinations during the course of pneumothorax therapy for tuber-
culosis. After investigation of a group of women whe received the same treat-
mient in a Sanitarium in Nova Scotia, MacKenzie®® reported an incidence of
13 breast cancers in 271 irradiated women versas 1 case in 510 unirradiated
women. Myrden and Hiliz®' exterided this study to include 783 female tuber-
culosis patients. OFf those given pneumothorax treatment, 22 out of 300 devel-
oped breast cancer within 15-25 years of exposure compared to 4 cases out of
483 women who were not given pneumothorax treatment.

Reliable dose estimates were not available for these studies. The BEIR I
Commitfee!? reported an estimated average dose of 1215 rads and ealculated
a 0.78% increase in relative risk of Breast cancer per rad and an absolute risk
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EXCESS BREAST CANCERS

=l0o

L I 1

i (]
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AGE AT 4ST EXPOSURE

Figure 5. Excess breast cancer
cases by age-group observed in
fluoroscopy series with 80%
confidence intervals. Repro-
duced with permission from
Boice and Monson [32].

of 8.4 excess cases per million women years at risk per rad (henceforth,

women-year-rad or WY -rad).

More recently, Boice and coworkers* reported on a series of 1047 ir-
radiated patients in two Massachusetts tuberculosis sanitaria who developed
41 breast cancers in 1044 years of followup versus 23.3 cancers expected. A
control group composed of 717 women with tuberculosis who were not ir-
radiated developed 15 cancers versus 14.1 expected. Expected numbers were
calculated from age and calendar year using age-specific incidence rates from
the Connecticut Tumor Registry. Assuming 1.5 rads per fluoroscopic exam,
the average dose to irradiated wemen was 150 rads. The increase in relative
risk per rad was 1.11%, and the absolute risk was 6.2 excess cases per million
WY-rad.,

The fluoroscopy studies indicated that younger womeén may be par-
ticularly sensitive to radiation exposure (Figure 5), that excess risk did not
appear until 15 years after the first fluoroscopy (therapy lasted an average of
5.3 years) and was still present at 40 years after exposure (Figure 6), and that
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Figure 6. Excess breast can-
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a linear dose-response was reasonably consistent with the data (Figure 7). A
linear dose-response implies that risk is directly propertional to cumulative
dose. Schellabarger et al.*? have provided data on mammary tumors in rats
which lend additional support to this hypothesis.

The major uncertainty in the fluoroscopy studies, in addition to sam-
pling variation, is lack of precise dose estimates. Although an elaborate
methodology was developed to estimate dose, the time required for a physi-
cian to perform each exam is not knewn and this is the primary factor in
determining risk to a patient.

Breast Cancer in Japanese Atomic Bomb Swrvivors. MacKenzie's work
prompted Wanebo and coworkers™ to study breast cancer incidence in
Japanese women who survived the bomb. This work has been updated for the
period 1950-1969 by McGregor et al.? and for the period 1950-1974 by
Tokunuga et al.?¢ The later p'ublication réports on 360 cases of breast cancer
occurring in 63,000 Japanese women. There were 288 of these cases residing
in Hiroshima or Nagasaki at the time of hombing. Risk estimates for breast
cancer in atomic bomb survivors have been lower than those reported in
American studies, probably due to differences in genetic and lifestyle factors
ini Japanese versus American women. Loewe and Méndelsohn®” have revised
the dose estimates used in these siudies based on corrections to Japanese
building shielding factors. These revisions render previously published work
out of daie and eliminate some of the anomalies previously noted in the
Japanese data.

Straume and Dobson® have examined the mplications of the revised
dose estimates. Breast cancer incidence in both Hiroshima and Nagasaki are
now well represented by a single curve (Figure 8). Relative risk is reported to
be 1.1 for a dose of 10 rads, 2.4 for a dose of 100 rads, and 4.4 for a dose of
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200 rads. Dose-response for a single high-dose expesure appears nonlinear.
However, overall relative risk estimates for low doses are consistent with
American studies. Absolute risk estimates are 1.4 eases per million WY -rad at
a dose of 10 rads, 2.4 cases per million WY-rad at a dose of 100 rads, and 3.3
cases per million WY-rad, which are still much lower than those estimated
from American studies.

It should be noted that since Japanese women have a low incidence of
breast cancer compared to U.S. women, a similar increase in relative risk for
both populations produces less absolute risk for the Japanese, In addition,
absolute risk estimates depend on length of followup of the study papulation
and are always low if followup is less than the entire life span. The maximum
length of followup for the Japanese is 29 years, whereas some of the U.S.
fluorascopy patients mentioned above were followed for as long as 44 years.
Finally, the Japanese sample consists only of women who survived undl 1950
after abnormal exposure to radiation in 1945. This sample may be quite dif-
ferent from the U.S. population.

Despite problems associated with interpretation of the Japanese data, it
is of interest that revised dose estimates produce a dose-response curve that
appears to have a quadratic component. Since the Japanese sample consists of
a substantially larger number of women with breast cancer in comparisen
with other studies, the Japanese data should provide the most precise estimate
of the shape of the dose-response curve, even though absolute risk estimates
may not be applicable to U.S5. women.
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Breast Cancer in Mastitis Patients Treated with Radiotherapy. In 1969,
Mettler et al.*® reported increased risk of breast cancer in 606 postpartum
mastitis patients treated with radiotherapy in Rochester, NY. More recently,
Shore et al.** followed up 571 of these women by mail survey. In additien,
three nonirradiated control groups were examined to determine whether
genetic predisposition to breast cancer, having mastitis, or geographic area of
residence could account for high risk of disease in the irradiated women. The
distribution of age, person years at risk, and length of followup intervals was
very similar in the case and control groups. In addition, risk of breast cancer
was similar acrass contrel groups so controls were combined in the analysis of
results.

A generally linear increase in risk with dese was observed up to 400 rads
(Figure 9) although the data are not inconsistenit with a guadratic dose-
response in the 0-200 rad region. The irradiated group was exposed to an
average dose of 247 rads and had double the expected cumulative incidence
of breast cancer after 32 years of study (Figure 10). Inereases in breast cancer
risk were found only in irradiated breasts and not in nonirradiated breasts in
women treated with radiation therapy.

In this series, younger women did not appear to be at higher risk from
exposure to tadiation. The authors speculated that this might be due to the
fact that breasts were actively lactating when irradiated. Serum levels of
prolactin are highly elevated in postpartum women and prolactin has been
shown to be a peowerful tumer promoter in animals. !
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Increase in relative risk per rad was estimated to be 0.47% and absolute
risk was 8.3 excess cases per million WY-rad. The followup period for women
studied was 10-34 years. The minimum latent period was 10-15 yéarsand in-
creased risk was observed for the entire length of the followup period (34
yéars). Results wete, therefore, very similar to results in fluoroscopy studies.

Swedish: Study of Breast Cancer in Ivvadiated Patients. During 1927-57,
1115 Stockholm women ‘were given radiotherapy for nonneoplastic breast
conditions. ** After followup for 6-42 years, 115 breast cancers were observed
in irradiated breasts versus 28.7 expected. In nonirradiated breasts, 20
cancers were observed versus 19,9 expected. Median doses to the breast varied
with length of treatment from 550-2000 rads. Doses in this study were much
higher than those reported in American studies. The BEIR III Committee'
calculated an absolute risk of 6.2 excess cases per million WY=rad from this
series and concluded that since risk from this unfractionated-exposure study
was similar to risk in fractionated-exposure studies, risk of breast cancer was
proportional to cumulative radiation dose.

Summaries ef Human Data on Breast Cancer Risk. Boice et al.,** Land et
al., * and the BEIR UI Committee!’® have provided summaries of the implica-
tions of studies discussed abeve. None of the summaries incorperate revised
dose estimatés for Japanese atomic bamb survivors. However, all have agreed
that studies of American women are 1iost relevant to assessment of risk from
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TABLE 1. NO. OF RADIATION-INDUCED BREAST CANCERS AMONG
1,000,000 WOMEN EXPOSED TO 0.01 GY (1 RAD)

Linear Dose Response +
Cell Killing at

Linear Dose Response? High Dose Levels?

Absolute Relative Absolute Relative
Age (yr) at Risk Risk Risk Risk
Exposure Model Model Model Meodel
35 234 312 307 425
40 202 288 266 391
45 172 257 226 350
50 143 226 187 307
55 115 191 151 259
60 &8 154 116 208
65 64 117 84 158
70 42 79 55 108

“An absolute risk of 6.6 cancers/ 10" WY-Gy and a 0.42% increase in relative risk per centigray (rad)
were used in the computation.

PAn absolute risk of 8.7 cancers/10* WY-Gy and a 0.57% increase in relative risk per centigray
(rad) were usad in the computation.

mammographic screening, particularly since Japanese women have a much
lower spentaneous incidence of breast cancer.

Major conclusions are: (1) risk is proportional to cumulative dose, (2)
women under 20 years of age are at increased risk, (3) breast cancer risk did
not decrease during the maximum followup times of any of the studies (30-45
years), and (4) the multiplicative or relative risk model is probably the most
appropriate for assessing breast cancer risk.

The BEIR III Committee! coneluded that the risk estimates of Boice et
al.** were the best currently available (see Table 1). Since data 6n Rochester
mastitis patients treated with radiotherapy suggested that a cell-killing effect
existed at high doses, risk estimates were caloulated based on both a simple
linear dose response and a linear dose response plus cell-killing term. These
risk estimates are highér than the estimate published by Bailar?” in 1977.
However, average mammography dose has decreased. The net effect is that
risk from mammography is sdll approximately the sarme as thé Bailar
estirmate,

Risk-benefit analysis of mammography screening is a complex subject
which requires extensive mathemartical modeling for meaningful results.
Although many models have been proposed, the analysis of Eddy** TEPTresenis
the state-of-the-art in this field. A physical exam alone is estimated to in-
crease the expected life span of the average 50 year old woman by 87.55 days.
An annual mammography exam in addition to the physical éxam increases
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Figure 11. Life expectancy vs. program cosls for difference breast cancer screening
strategies in 50-year-old average risk and high-risk woman. PE Is physical exam and
MGM is a mammographic exam. Reproduced with permission from Eddy [45].

the average life span by an additional 23.05 days (Figure 11). Women at high-
risk of breast cancer have about double the benefit in terms of expected
increase in life span. Radiation effects are estimated to decrease average life-
span by 0.8 days in a 50 year old woman. Eddy’s analysis is based on the as-
sumption that each mammegraphic exam provides a dose of 1 rad to the
breast and that 6 cancers per million WY -rad will be induced after a latent
period of 10 years. The use of absolute estimates of radiation risk probably
underestimates the radiation hazard. However, doubling the radiatien risk
decreases the expected life-span of a 50 year-old woman by only 1.6 days.

LOW-DOSE EXTRAPOLATION FROM BREAST CANCER
INCIDENCE DATA

Radiation dose-response data from U.S. tuberculosis patients examined by
fluoroscopy and mastitis patients treated with radiotherapy (Figures 7 and 9)
are not inconsistent with a linear dose-response hypothesis, but both cases (see
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TABLE 2. SAMPLE SIZE REQUIRED TO ASSURE THAT ACCEPTANCE OF THE NULL
HYPGTHESIS OF NO INCREASE IN RISK IS NOT IN ERROR.2

Relative
Risk Cases Critical No. Sample Size
2.00 78 47 940
1.80 103 78 1241
1.60 158 119 1804
1.50 212 158 2554
1.40 306 226 3687
1.30 501 367 6036
1.20 1034 750 12458
1.15 1758 1267 21181
1,10 3776 2706 45494
1.08 5789 4138 69747
1.06 10097 7198 121651
1.04 22281 15842 268446
1.02 87397 61971 1052978

#Relative risk of radiatien-induced breast cancer in an exposed versus unexposed group is listed
in colurmm 1. The {otal number of cases that must be observed to assure a power of 0.90 is shawn
is solumn 2. Celumn 3 indicates the number of cases that must be observad in the exposed
group 1o reject the hypothesis of no increased risk at a significant level of 0.05. The cumulative
incidence (0-74) of breast cancer in the US. is 8.3% [18]. The total number of wemen (half
exposed, half unexposed) required to yield the number of cases i column 2. after lifetime followup
is |isted as the sample size in column 4. (Adapted from Gail M: Power computations for design-
ing eamparative poisson trials. Biometrics 1974; 30 231-237.)

also the Japanese data in Figure 8) appear to have a quadratic component in
the 0-200 rad region. While these data may be useful for establishing upper
bounds on the risk of low-level radiation expesure, they remain inadequate
for determining the precise shape of the dose-résponse curve in the low-dese
region.

Consider the sample size requirements of an experiment designed to test
the hypothesis that there is no increase in risk of breast cancer after exposure
to low-dose radiation. In the fluoroscopy series, the estimated increase in rela-
tive risk per rad was 1.119%. In the mastitis series it was 0.43%,. For ten rads
of exposure, relative risk would increase 4.3-11.1%. To state with a 909
probability that 10 rads of exposure does not increase relative risk by 10%
would require observation of 3776 cases of breast cancer in exposed and
control groups, of which fewer than 2706 occur in the exposed group (using
the experimental design of Gail**). Since the current U.S. cumulative in-
cidence of breast cancer for women aged 0-74 is 8.3% ., 45,494 worien would
need to be followed for their entive life span (see Table 2). If an increase of
2% 1n relative risk were under study, 1,052,976 women would need life-span
followup. The largest currently available data set consists of 360 cases of
breast cancer in exposed and nonexposed Japanese women. This sample size is
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pnly capable of detecting a 40% difference in relative risk between case and
control groups.

IMPROVEMENT OF RISK ESTIMATION PROCEDURES

Precise estimation of the effects of low-doses of radiation (below 40-80 rads)
requires extrapolation from effects at high doses. Such extrapeolation requires
a mathematical model based on relevant biological data. Future research
should, therefore, be directed towards a more detailed understanding of the
process of carcinogenesis and evaluation of mathematical models relevant to
our understanding of that process.

The Multihit Model of Carcinogenesis
Dethlefsen et al.' have summarized the general aspects of mammary carcino-
genesis in animals. Recent work?*”#® indicates that breast cancer induction in
MuMTV-infected mice involves four stages. A cell undergoes mutation and
then proliferates under proper conditions (promotional stage). /A cell in the
resulting clone then undergoes mutation and preliferates. Radiation may be
involved in stages 1 and 3 (initiation), as well as stages 2 and 4 (promotion).
Similar multistage sequences in tumor development have been ebgerved in a
wide variety ot animal and human cancers. %!

The multiple mutation theory or multihit model of carcinogenesis was
originally proposed by Muller™ in 1951. An extensive literature has developed
from this idea during the past 30 years. %54 In the past decade, the multihit
model has gained dramatically increased acceptance due to (1) Fialkow's
demonstration that virtually all cancers arise from a single cell®®*® and (2)
Ames’ demonstration that almost all carcinogens are mutagens.>”*#

The present conception of this model®*?®® assumes that a normal cell is
initiated (rendered potentially malignant) through alteration of cellular DNA
by radiation, chemicals, viruses, or other factors. Initiation may be retarded
by DNA repair or accelerated by promoting agents. Farber®' %2 suggested that
a malignant cell is the result of an evolutionary process ifi which a normal cell
and/or its progeny pass through several rate-limiting steps, some of which
may be mutations. From a mathematical standpoint, *hits” may be either
mutations or nonmutational rate-limiting events and the terms may be used
interchangably. Breast cancer may be viewed as a four-hit process. The first
and third hits may be mutations. The second and fourth hits could be
epigenetic events that cause proliferation of clones of cells.

Recently, Holliday®® unraveled two puzzling phienomenan thac lend
greater credence to the model. Many researchers have viewed carcinogenesis
as an epigenetic process since programs imbedded in cellular DNA, which
cause rapid prenatal cellular proliferation and which are nermally dermant,
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could give rise to malignancy if triggered by mutation or other factors in the
cellular environment. In addition, if hits cause malignancy, it was not clear
why animals with short life spans are prone to tumor incidence similar to
humans who have an extensive life span. Holliday proposed that “damage to
DNA followed by repair can trigger epigenetic changes in gene expression
which are responsbile for malignancy."” Since DNA repair is more efficient in
large long-lived animals, tumors occur over a more extended time span.

Tumor Growth After Induction of a Malignant Cell

After the induction of a malignant cell, tumors grow at a rate dependent on
the promotional environment. It may require many years for a cell to produce
a clinically observable tumor. In the case of colon cancer, Sutherland and
Bailar® have estimated that the timne between a single initiated cell and an
observable tumoer is typically 21-40 years. This is the so-called latent period, a
term used very loosely inthe radiation research literature.

Minimum latent periods for human radiation-induced breast cancer
were as low as 6-8 years at doses over 1000 rads (Figure 12). This suggests that
at very high doses, cells may be rendered malignant and grow directly to form
a clinically observable tumor 6-8 years later. Breast tumor doubling times
have been observed to average 95.8 days.®® Typical tumor size at eliniecal
detection was 3.5 em in a 1970-1975 study of breast cancers diagnosed in a
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Figure 12. Distribution of latent periods by dose levels in Swedish radiotherapy
series. Highest dose levels produced shortest latencies. Dose levels are 500-3999,
1000-1498, 500-999, and 1-499 rads, respectively. Reproduced with permission from
Barel et al. [42].
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Denver hospital. Appreximately 35 doublings are required for a cell 10pm in
diameter to grew inte a 3.5 cm tumor.™ Under the assumption of exponential
growth, a typical breast tumor would require 9.2 years to become clinically
apparent. However, tumors typically grow more quickly, often in half the
time expected under the exponential assumption " An average latent period
of 4.6 years would be expected simply to provide enough time for tumer
growth, The fact that median latent periods are greater than 10 years in all
reported studies implies that in most cases, the radiation exposure begins, but
does not complete, the process of induction of a single malignant cell.

Implications of the Multihit Model

The mathematical implications of this model are (1) cancer incidence in-
creases as a power function of age minus the average tumor growth time, (2)
age is simply an indicator of cumulative exposure, and (3) the slope of the
curve of log incidence versus log (age — tumor growth time) is one less than
the number of hits required to induce malignanecy. Aetual cancer incidence
data departs fromi this curve due to artifacts induced by inaccurate reporting
of disease (particularly in older age groups), changes in incidence of discase
over time, age-related factors influencing discase occurrence, and exposures
to carcinogenic agents at higher than background levels for portions of the
life span.

Fitting the Multihit Model to Breast Cancer Data

It can be shown that the probability distribution of time to induction of a
malignant cell is a Weibull distribution under multihit model assumptions. %
Cancer incidence can be modeled by the Weibull hazard functien since the
hazard function is che probability of a cancer at time ¢, given no cancer before
time ¢t. Therefore,

h(ty = kmiti-1,

where % is the number of hits required to create a malignant cell, m is the
average probability of a hit, and ¢ is the time from the beginning of exposure
to the appearance of a malignant cell.

In order to allow for time between appearance of a malignant cell and
cinical diagnosis of eancer (tumor growth time), we can make the simmiplifying
assumption that ¢ 15 age minus average tumor development time (4.6 years).
However, in the case of breast cancer, females are probably at the same rigk as
males prior to puberty. This risk is virtually zero, since cumulative incidence
of breast cancer over the male life span is 0.1%.'® If we assume age at puberty
averages 11.5 years,

it = age — 11.5 — 4.6.
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Breast cancer incidence curves change slope dramatically at about the
age of menopause (see Figure 4). However, we can fit the Weibull hazard
function to the premenopausal incidence in Figure 4 and find that the
number of hits required to induce malignancy (%) is 4 and the average annual
probability of a hit (m) is 0.01091.

Fitting Postmenopausal Incidence Data
Two compéting models have recently been fitted to breast cancer incidence
data. Manton and Stallard®® provide a model that fits U.S. female breast
cancer mortality for 1969 under the assumption that both a pre- and post-
menopausal type of breast cancer exist. Moolgavkar et al.?® argue that breast
cancer is a single two-stage disease with clonal proliferation between stages
and that changes in the slope of the breast cancer incidence curve can be ex-
plained by variation in the number of breast cells at risk in the average breast
at different ages.

The two-stage model of Moolgavkar and coworkers is consistent with
observations in animal models,'* whereas the Manton and Stallard model is
not well supported by animal or epidemiologic data. However, the assump-
tion that risk decreases at menopause solely because the breast decreases in
size 18 not consistent with data which relate changes in endocrine funetion to
cancer incidence. For example, radiation-induced mammary gland cancer in
the rat can be substantially reduced by ovariectomy.®® It seems unlikely that
this affect can be accounted for simply by loss of mammary gland tissue. More
likely, the combined effect of changes in endocring function and reduction in
breast size cause a decrease in risk. Let us assume that both of these factors
reduce the probability 6f a hit at menopause, but that the disease remains a
four-hit pheriomenon consisting of two stages of mutation and two stages of
clonal proliferation, The multihit model is analogous to the two-stage model
of Moolgavkar in that a hit may be viewed as the probability of a mutation or
as the probability of cellular proliferation aftéra mutation occurs.

An important implication of multihit model assumptions is that age isa
surrogate variable for cumulative risk caused by continuous exposure to back-
ground levels of carcinogens. Peto et al.”® performed an elegant animal ex-
periment which provides support for this assumption (Figure 13). This
pheriomenon allows for a simple graphical interpretation of the effect on
changes in risk on the shape of the breast cancer incidence curve.

It is obvious from Equation 5.1 that a large risk over a short period of
time can generate the same age-specific incidence as a small risk over a large
period of time. Fitting the postmenopausal data in Figure 4, while constrain-
ing the number of hits to be 4, produces an estimate of the probability of a hit
of 0.00426. In order for this level of risk to produce the observed age-specific
incidence of breast cancer at age 47.5, it is necessary to view this level of
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exposure as occurring over (age — 11.5 — 4.6 + 78.5) years. Therefore,
breast cancer incidence can be modeled using Equation 5.1 with,

m = 0.01091,¢ = age — 11.5 — 4.6, ¢ <47.5; and
m = 0.00426, ¢ = age — 11.5 — 4.6 + 78.5,1 > =47.5.

“This model yields a virtually perfect fit to the data. Changes in risk ofa
hit which produce an apparent change in the slope of the log incidence curve
can be viewed simply as an expansion or contraction of time of exposure due
to a decrease or increase in probability of a hit.

Introducing Radiation Risk into the Model

Consider now, adding radiation risk to the equation due to annual mam-
mography exams. This has the effect of increasing the probability of a hit at
the age that screening starts. It has an effect similar to menopause. but in the
opposite direction. The slope of the incidence curve will incredse, rather than
decrease.

The effect of radiation exposure may be assamed to be proportional to
background level of risk. This assumption is supported by the fact that in-
crease in relative risk from a specific radiation dose is about the same for
American and Japanese women, while the increase in absolute risk for the
Japanese is lower in proportion to their lower level of background risk.

Figure 14 provides a graphic display of the effect. The shaded areas
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Figure 14. Log-log plot of U.S. female age-specific breast cancer incidence with
hypothetical inerement in risk induced by radiation exposure. Data from Young et al.

[19].
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represent additional breast cancers induced by the radiation hazards of
screening. It is obvious that this model estimates higher risk if radiation
exposuré is begun prior to menopause, consistent with the findings of Boice et
al., ¥ that risk is higher for eXPOSUTe at younger ages.

A detailed analysis of the data on radiation-induced breast cancer in
mastitis patients treated with radiation therapy and tuberculosis patients
undergoing multiple fluoroscopies is beyond the scope of this paper. How-
ever, the model outlined above indicates the general method of approach.
The ¢cumulative incidence of breast cancer over the life span is the area under
the incidence curve, or the integral of the hazard function,

e(t) = (mi)t.

Since the probability of a hit (m) multiplied by time (¢) is an indicator of dose,
the model implies that the dose-response curve is curvilinear. If radiation only
affects two of the four hits (perhaps cnly mutation, and not promotion
phases) then the dose-response eurve should be quadratic. If radiation affects
cellular proliferation as well, the dose-response curve will be a cubic or
quartic function. The Japanese atomic bomb survivor dose-response data
{with revised dose estimates) are clearly nonlinear (see Figure 8).

SUMMARY AND CONCLUSIONS

Ethical, economic, and experimental design contraints force investigators to
obtain in vive carcinogenesis data from animal experiments or human
epidemiologic studies which yield precise estimates of risk only at high ex-
posure levels. Direct and precise estimation of low-dose radiation effects is not
possible due to inherent statistical problems associated with extrapolation
from high-dose data into the low-dose region. However, indirect estithation of
low-dose radiation hazards is possible using the multihit model of carcino-
genesis. This model is based on cancer incidence data collected over many
decades on tens of millions of people. Available data on human radiation
effects can be introduced into the modeling process without the requirement
that these data precisely define the model to be used. This reduction in the
information demanded from the limited data on human radiation effects
allows a more rational approach to estimation of low-dose radiation hazards
and helps to focus attention on research directed towards understanding the
process of carcinogenesis, rather than on repeating human or animal exXperi-
ments that cannot provide sufficient data to resolve the low-dose estimation
problem. Assessment of the risk of radiation-induced breast cancer provides
an excellent example of the utility of multihit modeling procedures.
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