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PREFACE

This volume is based on the proceedings of an Advanced Study
Institute (ASI) sponsored by the North Atlantic Treaty Organization
(NATO) held October 1984 in Corfu, Greece. The meeting received finan-
cial support from the United States Department of Energy and the United
States National Cancer Institute.

A plethora of recent developments in the molecular biology of DNA
are leading to new ideas concerning how DNA alterations might be
involved in the mechanism of radiation carcinogenesis. Evidence is
accumulating that genetic sequences, known as oncogenes, are involved in
the translation of DNA molecular alterations into phenotypic changes
associated with malignant cells.

For example, a chromosome break often occurs at or near the loca-
tion of a specific oncogene in Burkitt's lymphoma. Such breaks could
represent initial lesions in a translocation process that activates the
oncogene by inserting it at a new location, eg., near an active pro-
moter. Since breakage of the DNA is one of the principal ways that ion-
izing radiation affects mammalian cells, these new molecular ideas sug-
gest ways that radiation-induced DNA breaks might be involved as initial
events in carcinogenesis.

While the possible involvement of oncogenes in radiation carcino-
genesis is an exciting new development, a direct sequential connection
between early molecular changes in DNA and later tumor development has
yet to be established. Accordingly, there is a tremendous need for
experimental studies of how DNA alterations might convert normal cells
to cancer cells.

One purpose of the Corfu meeting was to bring together people
working on the molecular biology of radiation-induced DNA damage with
others interested in the mechanisms of radiation carcinogenesis. Parti-
cipants at the meeting, as well as the designated faculty, were
encouraged to make informal presentations of their work, and many of
these are included in the current volume. The book is organized into
general subject areas, each containing a number of chapters. Within
each subject area, review chapters are located at the beginning, and the
research-type contributions are located closer to the end.



Pleasant memories of the meeting itself still linger, including
recollections of the excitement of productive discussions among people
with diverse interests and backgrounds. We hope that some of the
excitement has been captured in the contents of the current volume. The
editors warmly thank all contributors who so willingly shared their
knowledge and ideas. We also thank Mary Bader for typing the manuscript
in its entirety and Michael Snow for expertly applying the finishing
touches.

Fredric J. Burns
Arthur C. Upton
Giovanni Silini

September 1986
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FOLLOW-UP STUDIES OF PATIENTS TREATED BY X-RAY EPILATION FOR TINEA CAPITIS

R. E. Albert*, R. E. Shore*, N. Harley* and A. Omran¥#*

*Department of Environmental Medicine
Institute of Environmental Medicine
New York University Medical Center
550 First Avenue
New York, N.Y. 10016

%#%¥3chool of Public Health
University of North Carolina
Chapel Hill, North Carolina 27514

INTRODUCTION

Tinea capitis is one of the most common fungal diseases of children.
It has been a major public health problem in many countries and is
especially prevalent in low socioeconomic groups (1). In the United
States, tinea capitis was relatively uncommon until a major epidemic
occurred throughout the country during World War II (2). Treatment for
ringworm of the scalp by X-ray epilation was introduced by Sabouraud in
1904 and standardized by Kienbock in 1907 (3) and Adamson in 1910 (4). The
purpose of the epilation was to permit effective fungal decontamination of
the scalp. Before the Adamson-Kienbock X-ray procedure was introduced,
epilation was done manually. Exposure of the scalp produced complete
epilation in approximately two to three weeks which lasted one to two
months (5). X-ray epilation proved to be much superior to the alternative
forms of topical therapy and was widely used until the introduction of
griseofulvin in 1958. No accurate figures exist for the total number of
children treated by X-ray epilation during the one-half century of its use.
On a worldwide basis, it is possible that as many as 200,000 children have
received this form of irradiation (1).

In spite of the large population and the substantial radiation
exposures of scalp, bone marrow, brain, and other head structures
associated with X-ray epilation, until recently only a few follow-up
studies have been made to characterize the nature and magnitude of delayed
radiation damage; such studies have been concerned almost entirely with the
effects on the scalp. Amongst the early studies a one-year follow-up by
Beare (6) and a 5-year follow-up by Thorne (7) reported no evidence of
scalp damage. Studies involving longer post-treatment periods by Berlin
(8) and Symann (9) did show a low incidence of hair damage and Symann's
study raised the possibility of mental retardation in the irradiated cases.



A follow-up study of irradiated and nonirradiated tinea capitis cases
treated at the Skin and Cancer Unit of the New York University (NYU)
Hospital between 1940 and 1959 was initiated in 1962. The purpose of the
study was to determine whether X-ray epilation produced chronic radiation
injury and to relate the nature and magnitude of any observed effects to
the radiation dose received by the various structures of the head.

DOSIMETRY (10, 11, 12)

The X-ray treatment was given using the standard Adamson-Kienbock
procedure (4), in which an exposure of 300-380 R of 180 KeV, unfiltered
X-rays was given to five overlapping fields on the scalp so as to cause
complete temporary epilation. The treatment protocol was highly
standardized, with all five exposure being administered in a uniform order
within the space of 10-20 minutes. Nearly all treatments at NYU were given
by one technician, who was highly skilled and methodical in her procedures.
The child was prone for all treatments and rotated as necessary for
different exposure fields. Correct placement of the X-ray port was
achieved with the aid of a "tinea treatment cap" fashioned from steel
bands, each field being joined together. Three different sized caps were
used to accommodate different head sizes. The position for each field was
then marked on the child's shaved head before treatment. Sandbags were
placed around the head to help minimize the child's potential for movement
during the exposure. Head surfaces other than the scalp were protected by
lead shielding. Lead foil 0.36 mm thick was taped over the ears and eyes.
A large sheet of the same foil was cut to shape around the edge of the
hairline to protect all except the scalp from the direct X-ray beam in the
anterior and lateral positions. For the vertical and posterior irradiation
positions the lead foil was not present, but a lead impregnated rubber
apron was placed over the lower neck and shoulders for all five positions.

X-ray equipment operating between 60 and 100 kvp was used for this
treatment. In order to achieve high output, which was very important
since short treatment times were essential, and also a rapid fall-off in
depth dose only the inherent filtration of the X-ray tube was employed.
Treatment distances varied between 20 and 30 cm mainly in order to retain
high output. Inasmuch as epilation had to be complete for successful
results, the X-ray field sizes were sufficiently large so that there was
considerable overlapping of adjacent treatment fields. All of these
factors combine to make the radiation dosimetry of the tinea capitis
treatment quite complicated.

The head phantom used in the estimation for the doses to the head
structures consisted of the skull of a 7-year-old child covered with a
tissue-equivalent wax to simulate the head and neck. The top section of
the skull was removable and a simulated brain filled the entire skull
volume. The simulated brain was constructed of masonite and tissue-
equivalent wax. The average doses to the head structures are shown in
Table 1. The effects of the lead shield placed below the hair line and the
unbalanced vertical field produced a dosage gradient from about 75 rad at
the base of the brain to 165 rad at the apical region. The average dose
recorded by the 15 dosimeters for the standard five field treatment, 370 R
exposure per field, was 140 rad. The scalp doses were measured at 30
locations. The regional distribution of the scalp dose is shown together
with the skin tumor locations in Figure 1.



Table 1. Dose to the organs of the head and neck during a typical
tinea capitis treatment

Average Dose at Average Dose at

Organ 25 cm TSD (rad) 20 cm TSD (rad)
Scalp 220-540
Brain 140
Eye 1642
Internal Ear 71
Cranial Marrow 385
Pituitary 4946 49+2
Thyroid 6+2 3+0.2
Thyroid Maximum Credible* 9
Skin (eyeliaq) 16+2
Skin (nose) 11+2
Skin (mid-neck region) 9+2
Parotid Gland 39+9

*Dose determine assuming leaded rubber apron slipped from neck when
under the lead foil.

Fig. 1. X-ray dose in rads for tinea treatment and
location of basal cell lesions.

CHARACTERISTICS OF THE TINEA CAPITIS POPULATION AVAILABLE FOR STUDY
(13)

The recovery of irradiated case charts from the clinic files was
greatly facilitated by a registry that had been maintained in the X-ray
Department of the Skin and Cancer Unit of the New York University Hospital.
Charts of nonirradiated tinea capitis cases were winnowed from the clinic
files. The population available for study therefore included virtually all
the tinea capitis cases seen at the NYU Skin and Cancer Unit between 1940
and 1959. No cases prior to 1940 were available because the charts had
been discarded, while X-ray treatment was not used beyond 1959 because of



Table 2. Clinic population

Irradiated Nonirradiated

White 1832 1358
Male 1548 1047
Female 284 311
Black 572 436
Male 522 362
Female 50 74
Total Male 2070 1409
Total Female 334 385
Total Cases 2404 1794
£ Male 86 79
% White 76 76
% Black 24 24

the introduction of griseofulvin. Of the 4,198 tinea capitis cases treated
during the 1940-59 time interval at the NYU Hospital Skin and Cancer Unit,
2,404 cases received X-ray epilation and 1,794 were treated by other
methods.

Table 2 shows the tinea capitis case census at the Skin and Cancer
Unit during the target years stratified according to treatment, race, and
sex. The peak load of tinea capitis cases occurred near the end of World
War II: U48% of irradiated cases and 53% of the nonirradiated cases were
treated within the four-year period, 1943 through 1947. The use of X-ray
epilation over the 19-year period was fairly constant. An average of 5T7%
of the tinea capitis cases were irradiated, with extremes of 49% (during
1943 to 1945) and T4% from 1954 to 1955. The sex distribution of cases
remained relatively constant over the years with a marked predominance of
males, averaging 86% in the irradiated and 79% in the control groups.
There was also a marked predominance of whites, averaging about 75% for
both the irradiated and control groups. From 1952 onward, however, there
was a progressive increase in the proportion of blacks in the irradiated
and control groups, reaching 55% to 60% in 1958. This shift was
undoubtedly due to the change in the ethnic character of the local
population.

The subjects were from one to 19 years of age at the time of their
tinea treatment, with 98% of the irradiated group and 92% of controls in
the age range 3-13 years. (Those under the age of three were less likely
to be treated with X-rays.) The mean age (1 standard deviation) at
treatment was 7.9 + 2.5 years in the irradiated group and 7.5 + 3.1 years
in the control group.

The socieconomic status of a random sample of 1,359 irradiated and
1,021 control cases was compared on the basis of the family income reported
on the clinic admission cards at the time of treatment. The reported
incomes, normalized to the 1957-1959 consumer price index for the New York
City area, were equally low at approximately $3,200.



Table 3. Distribution of cases according to treatment group, race, and

sex
Irradiated Nonirradiated
No. % No.

White
Male 1326 64.9 824 58.3
Female 226 1.1 241 17.1

Black
Male 451 22.1 287 20.3
Female 40 2.0 61 4.3

Total
Male 1777 87.0 1111 78.6
Female 266 13.0 302 21.4

Total .

White 1552 76.0 1065 75.4
Black 491 24,0 384 27.2
Total Cases 2043 100.0 1413 100.0

MAIL SURVEYS OF THE POPULATIONS (13, 14, 15, 16)

The irradiated and control groups have been followed up with three
rounds of mailed questionnaires during 1962-66, 1968-73, and 1975-79 to
ascertain their health status, as well as to provide further information on
sociodemographic characteristics.

The location methods included: (a) certified mailings to the address
shown in the patient's clinic chart; (b) the use of telephone directories
(both name and address) for locating the patient, his relatives, or
neighbors; (¢) the use of school records for information about change of
family residence; (d) the use of private and governmental agency records,
e.g., Social Service Exchange, State Motor Vehicle Bureaus; and (e)
neighborhood inquiries by field workers.

In the first survey 85% of the irradiated cases and 79% of the
nonirradiated cases were located. There was no difference between the
irradiated and nonirradiated groups with respect to the type of case-
finding method which was successful. The frequency distributions of race
and sex in the located and nonlocated irradiated and control cases were
almost identical. The distribution of cases according to treatment group,
race, and sex is shown in Table 3. Both the irradiated and control cases
averaged 23 years of age at contact.

Table 4 shows that the located and nonlocated irradiated and .control
groups were comparable with respect to fungus infection diagnoses with
almost all of the irradiated cases (96.4%) having had M. audouini
infections due to the predominance of these infections in the clinic
population as a whole and the infrequent use of X-ray epilation in the
patients with M. lanosum infection.

Health Questionnaires

Questionnaires were sent by mail with a letter indicating that the
purpose of the study was to determine the late health effects of ringworm
of the scalp. The relevance of the study to possible radiation injury was



Table 4. Percentage of cases with the indicated fungus diagnosis
according to treatment group

Fungus Irradiated Nonirradiated
Audouini 96.4 69.0
Lanosum 2.0 23.8
Other 1.4 7.0

not mentioned. The questionnaire solicited information on birth date,
occupation, height, weight, and martial status. A series of illnesses was
listed in the questionnaire and the patient was instructed to check "yes,"
"no," or "don't know" after each item. The list included illnesses
unrelated to possible radiation sequelae in order to mask the purpose of
the study. Another check list was included for previous medical and
surgical treatments as well as radium or X-ray therapy.

The patients were asked to provide the name of the hospital and
physician involved in the treatment of each illness. The physicians and
hospitals were contacted to obtain confirmatory diagnoses and medical
records. Attempts were made to obtain the death certificates for deceased
cases.

In the first survey patients were asked about their treatment for
scalp ringworm. Only a small proportion of the patients (6.5% and 10.0% of
the irradiated and control cases, respectively), denied that they had
attended the NYU Skin and Cancer Unit for treatment of ringworm of the
scalp. However, 33% of the irradiated patients indicated they had not
received X-ray therapy at the Skin and Cancer Unit, and 23% of the
nonirradiated patients said that they had been given X-ray treatment.

Thus, the majority of irradiated patients or their parents were aware of
having received X-ray epilation, but some of the nonirradiated patients
also thought they had been irradiated.

The percent of irradiated and control subjects who either completed a
questionnaire or were known dead were 85 and 79 respectively in the first
survey, with almost all of the remainder being unlocatable. The
corresponding percents were 89 and 90 in the second survey, and 89 and 83
in the third survey. (The discrepancy in the last rates occurred largely
by error; after study termination it was discovered that a batch of 4% of
the control subjects had inadvertently been filed away without having had
adequate location efforts.)

The treatment, sociodemographic, and life-style characteristics of the
irradiated and controls groups in the third survey, which were typical of
those on the earlier surveys as well, are shown in Table 5. The mean age
at latest follow-up was about 33 years for both groups, and the mean
follow-up interval was 25-26 years. Thus, the length of follow-up and ages
were very similar for these groups. The two treatment groups were
comparable in race, with both being about 25% black, but there were
proportionately fewer females in the irradiated group (13%) than in the
control group (21%).



Table 5. Characteristics of the irradiated and control groups

Irradiated Control

Age at Tinea Treatment (X, yr.)¥ 7.9+42.5 7.5+3.1
At at Last Follow-up (X, yr.) 33.647.1 32.7+47.9
Interval between Treatment and Follow-up .

(X, yr.) 25.7+6.5 25.2+7.0
Ringworm Genus: Audouini (%) 95.9 69.2
Sex: Female (%) 12.9 21.3
Race: Black (%) 24.5 25.7
kthnicity: Irish (%) 17.4 15.7

Italian (%) 18.4 19.2
Jewish (%) 10.5 10.7
Birthplace: Ouside of New York Metropolitan

Area (%) 22.0 13.2
Married (%) 08.9 65.9
Education (f, yr.) 13.6+2.8 13.3+2.8
Occupational Status: Managerial,

Professional, Technical (%) 33.6 28.1
Occupational Status: Laborer, Unskilled .

Service (%) 14.9 15.7
Bureau of Census Socioceconomic Index (X)¥* 6.5+1.7 6.3+1.7
Average Length of Time Jobs Held (X, yr.) T.1+8.3 6.9+8.1
Smoke (%) 56.0 56.9
hlcohol Use: Moderate to Heavy (%) 23.6 23.2
Drug Use: Regular (Past or Present (%) 5.3 5.2
Name of Subject 226 1387

*¥Mean +S.D. is given when X is indicated.
*¥¥Based on education and occupation

The educational, occupational, and socioeconomic indices showed that
the groups were similar, but the irradiated group had a slightly higher
socioeconomic status. Marital status was comparable in the two groups.
The personal habits--smoking, drinking and drug use--were almost identical
in the irradiated and control groups. There were 48,193 person-years at
risk in the irradiated group and 29,252 person-years in the control group.
However, at latest follow-up the irradiated group was still young; there
were few person-years at risk over the age of 40.



Illness Reported by Patients

In the first survey, no significant differences in the responses of
the irradiated and control cases were observed in 15 of the 18 reported-
illness categories. Significantly higher responses were obtained in the
following categories: neuropsychiatric, scalp and hair, and cysts. The
prevalence of reported neuropsychiatric disorders was 9.5% in the
irradiated group compared to 5.3% in the controls. Cysts of various types
and locations were reported by 9.3% of the irradiated cases compared to
6.4% in the controls. The incidence was especially high for cysts (and
tumors) of the scalp. Baldness and hair thinning were reported by 12.3% of
the irradiated group and 5.7% of the nonirradiated group. The contrasts
between the two groups on the second survey were similar to those found on
the first questionnaire survey, but with the addition of trends in elevated
rates of thyroid tumors, central nervous system (CNS) tumours and skin
cancer, which will be discussed below.

In the remainder of the paper, we will present and discuss the
findings concerning the principal categories of disease which were elevated
in the irradiated group, along with the clinical evaluation programs which
were conducted to learn more about possible late radiation sequeallae.

Psychiatric Disorders

In the first survey, the incidence of medically verified psychiatric
disorders of all types was 2.5 times higher in the irradiated cases
compared to the controls (3.2% and 1.3%, respectively). This difference
was statistically significant p <0.01).

Further cases of psychiatric disorders were accumulated during the
second survey. Analyses of the cumulative diagnosed psychiatric disorders
were conducted, controlling for race, sex, socioeconomic status, age at
tinea treatment, and interval from treatment to diagnosis. There was a 30%
excess of psychiatric disorders in the irradiated group overall. To
further explore the validity of this result, the consistency of the
relative risk (RR) within subgroups was examined. This revealed a distinct
difference between blacks and whites. Adjusted RR among whites was 1.40
but among blacks was only 1.07 for treated psychiatric disorders. Among
whites the irradiated group had consistently higher rates for each category
of psychiatric disorder--psychoses, neuroses, and personality disorders. A
life-table analysis showed that, among the white sample, an increase in
psychiatric disorders in the irradiated groups developed over the 30 year
span, but among blacks, the irradiated and control groups did not differ in
any consistent way.

Several indirect indicators of emotional disorders were also examined
in the second survey. Possible psychosomatic illnesses were evaluated.
The groups did not differ in the incidence of peptic ulcer, hypertension or
asthma (verification of allergies and headaches proved to be too unreliable
for use). Neither did they differ in the prevalence of reported criminal
infractions, drug abuse, or alcoholism. The groups were comparable in
military status. Of the males with draft classifications, 16% in both
groups were classified 1Y or 4F. In both groups, dishonorable or bad
conduct discharges were found in 2.7% of those with military service.
Thus, the two groups did not differ in the prevalence of indirect markers
of emotional disorders.

In the third survey further psychiatric diagnoses were obtained, for a
total of 186 treated cases in the irradiated group and 79 among controls,
of whom 64 and 30, respectively, were hospitalized. Based on a life-table
tabulation, the cumulative incidence of treated psychiatric disorders by 35



years post-irradiation was 10.6% + 0.8 percent and 7.4 + 0.8 percent among
controls. The relative risk was 1.44 (90% confidence limits of 1.14-1.82,
p <0.01), with race, sex, socioeconomic status, and interval since
irradiation controlled. Thus, there was a continuing, though small, excess
of treated psychiatric disorders in the irradiated group. The difference
in rates of hospitalized psychiatric disorders was not significant,
probably owing to the smaller numbers of cases.

Clinical Psychiatric and Psychometric Evaluation (17)

The findings of apparent differences between the groups in frequency of
psychiatric disorders led to the development of a clinical protocol to
examine differences in psychiatric function in more detail.

A psychiatric and psychrometric evaluation was performed on 109
irradiated cases and 68 controls. Each individual was tested with the
Minnesota Multiphasic Personality Inventory (MMPI) and interviewed by one
psychiatrist using a standardized semi-structured format. All the subjects
were male; 25 irradiated and 24 control cases were black and the remainder
white.

The mean intervals between tinea treatment and clinical evaluation for
the white, male irradiated and control groups were 19 and 21 years,
respectively, while the intervals for the respective black groups were 16
and 17 years. The groups were compared for age, education, occupation,
marital status, and religion. Among blacks the irradiated and control
groups did not differ, but among whites the irradiated cases were younger
(30% vs. 58% over the age of 30), more often single (51% vs. 31%), and
better educated (45% vs. 29% with some college education) than the control
group.

Analyses which controlled for educational level and family psychiatric
disorders showed that, among whites, the irradiated group manifested more
psychiatric symptoms and more deviant MMPI profiles. They were also
(blindly) judged more maladjusted from their MMPI profiles, and more
frequently had a history of treated psychiatric disorders; however, the
psychiatrist's overall rating of current psychiatric status showed only a
borderline difference between the two groups. There were no significant
differences between irradiated and control blacks.

CLINICAL EXAMINATIONS (1965-1967) (18)

Because of concern over possible damage to the scalp and other organs
of the head, as suggested by the first questionnaire survey, a medical
examination program was conducted.

The purpose of these examinations was to determine whether there was
any objective evidence of chronic radiation injury in the irradiated tinea
capitis cases, e.g., alopecia of the scalp, lenticular opacities of the
eye, neurological and auditory disturbances, and hematological
abnormalities.

In addition to the specialized clinical examinations of the scalp,
eye, and ear, general physical examinations were done to detect
abnormalities which might otherwise be overlooked. Measurements were
obtained of height, weight, blood pressure, and visual acuity. Specimens
were taken for hematologic and hair studies.

The population that attended the clinic included 319 irradiated cases
and 2 control groups totaling 285 cases. One control group consisted of



127 nonirradiated tinea capitis cases in the study, and the second control
group consisted of 158 volunteers from neighborhood boys and girls clubs
who had no history of either tinea capitis or X-ray therapy.

Most of the cases in the irradiated and tinea-control groups were male
(86% to 89%), and about 85% were whites. The nontinea controls were also
predominately male (70%) and almost all whites. The median age at the time
of clinical examination of the irradiated tinea capitis patients were 17.0
years, which was similar to that for the control groups.

Examination of the Scalp and Hair

Generalized Alopecia Three patterns of hair loss were observed in
these cases: (a) normal male baldness, (b) generalized diminution
(alopecia) of the hair population, and (¢) focal alopecia consisting of
single or multiple discrete patches of hair loss usually only a few
centimeters in diameter. The outstanding clinical finding was a
generalized alopeica which occurred in about one fifth of the irradiated
patients. This abnormality was observed with remarkable consistency
throughout the clinical study and was limited almost entirely to the
irradiated patients. The incidence of this generalized alopecia tended to
be higher in whites, particularly white females, where the hair loss was
usually cosmetically disfiguring. In men, this type of hair loss was
readily differentiated from the patterned hair loss of male baldness. The
irradiated patients with and without generalized alopeica did not differ
with respect to the age at the time of X-ray epilation or the post-
irradiation elapsed time, or the type of fungus which caused the tinea
capitis infection.

Baldness As expected, the incidence of both mild and severe baldness
increased with age in the irradiated and control groups, with blacks having
a lower incidence of baldness than whites. In the 10- to 20-year age
group, there were only a few cases of mild baldness in either the
irradiated or control groups. In the 20- to 34-year age range, there was
no substantial difference between the irradiated and tinea-control groups
in the incidence of severe baldness; and the incidence of mild baldness was
actually higher in the controls.

Hair Color and Texture Graying was not produced by X-ray epilation
in the examined patients under 20 years of age. There was a slightly
higher incidence of patients with gray hair in the irradiated group between
the ages of 20 and 34, but the significant of this difference is doubtful.

The irradiated and control cases had the same distribution of hair
color. Within the irradiated group, there was a significantly higher
incidence of generalized alopecia in the males with straight hair.

Scalp Hair Counts A quantitative assessment of radiation damage to
the scalp hair was obtained by measurement of the average number of hairs
per square centimeter of scalp and their average diameter. Hair counts
were done on a total of 205 patients. The data, sorted according to
treatment group, race or sex, and baldness were pooled to yield average
values for the number of hairs per 0.28 em?2 sample site and the average
diameter of the sample hairs.

The individuals with generalized alopecia had a reduction in both the
total number and average diameter of the sampled hair. The combined effect
served to exaggerate the loss of larger hairs. The more severe cases of
baldness had fewer hairs but without a reduction in the average diameter.

10



Hair pulled out by the roots from the occiput in clumps of about 40 to
80 hairs from 151 cases were classified by microscophic examination
according to their morphologic appearance as anagen (growing), catagen
(intermediate), telogen (resting), and dystropic (abnormal). The cases
were stratified according to treatment group, race, and sex, baldness and
generalized alopecia, and the data for each of these categories were
pooled.

There were no consistent differences between the irradiated and
control cases with respect to the anagen-telogen ratios or the proportion
of the dystrophic hair, regardless of generalized alopecia. However, a
pronounced decline in the anagen-telogen ratios with 1ncrea31ng severity of
baldness was observed.

Examination of the Ear

The ear examination consisted of an otoscopic inspection of ear canals
and drums and an audiometric evaluation of hearing loss. The examination
was done in the same mammer for all cases: hearing was tested at six
frequencies (256, 512, 1024, 2048, U096 cycles per second) in 5 db
decrements starting from an audible intensity. A total of U452 individuals
were examined, 85% of whom were males; and of those, T0% were white.

Structural ear damage, demonstrated by otoscopic examination, was observed
in very few patients with no appreciable differences between the irradiated
and control cases. The audiograms were classified as abnormal when the
hearing loss was at least 15 db below the arbitrary standard for normal
hearing at any frequency. The controls had a relatively high incidence of
abnormal audiograms, and the incidence of abnormal audiograms was
consistently higher in the older age groups. The irradiated patients did
not have a higher incidence of abnormal audiograms than the control
patients.

Examination of the Eye

Eye examinations were done on 306 irradiated and 247 control patients.
There were no differences in the visual acuity of the irradiated and
control cases. Few gross abnormalities of the eye were noted. The slit-
lamp examinations were done with a biomicroscope. The abnormalities that
were noted included abnormal degrees of luminescence caused by backscatter of
light within the lens and minute opacities scattered throughout the lens or
located preferentially in specific regions, i.e., subcapsular, sutural,
etc. The observed abnormalities were graded as mild or moderate. There
were no severe and very few moderately severe abnormalities. There was a
very pronounced increase in the incidence of abnormal luminescence in the
older-age category. The incidence of lens opacities was not age dependent.
There were no significant differences between the irradiated and control
groups with respect to the incidence of abnormal luminescence of lens
opacities which did not involve the posterior cortex. There was a small but
significantly higher incidence of lens opacities involving the posterior
subcortical region in the irradiated cases; the severity of these posterior
lens opacities was very mild.

Leukemia and Cancer

There were no differences between the irradiated and control groups in
the incidence of tumors in areas other than the head and neck. In the
irradiated group, the cancers, excluding head/neck/hematopoietic, were: 1
breast, 1 lung, 1 stomach, 1 rectum, and 1 testicular, for a prevalence of
22 x 1077, 1In the control group, the cancers were: 1 breast, 2 lung, 1
colon, 3 testicular, 1 kidney, 1 bladder, and 1 fibrosarcoma of the hand,
for a prevalence of 72 x 1077,
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Table 6. Summary tabulation of tumors of the head and neck, cumulative
for all three surveys

Irradiated Control
Tumors No. Prevalence?2 No. Prevalence?
Neurogenic
Brain 6 27 0 -
Acoustic Neuroma 2 9 0 -
Neck: Schwannoma
or Neurilemoma 2 9 0 -
Total 10 45 (] -
ParotidP 4 18 1 7
Skin-Epithelial
Basal Cell 41 184 3 22
Cylindroma 4 18 0 -
Other® 3 13 2 14
Total 48 216 5 36
Bone-Skull and Jawd 4 18 0 -
Mouth-Larynx
Papilloma 7 31 2 14
Thyroid
Adenoma 8 36 0 -

Hemopoietic/ Lymphopoietic

Leukemia 4 18 1 7
Hodgkin's Disease 5 22 2 14
Other Lymphoma® 2 9 0 -

[+

Cumulative prevalence per 10,000 subjects, not corrected for
length of follow-up.

Includes an acinous cell carcinoma of the parotid in the
irradiated group.

€ Excludes nevi and other minor types of benign skin tumors.
Includes a trichoepithelioma, a clear cell hidradenoma
(myoepithelioma) and a pigmented eccrine poroma in the
irradiated group; a calcifying epithelioma and a benign
acanthoma in the control group.

Includes a fibrosarcoma of the mandible.

Includes a lymphosarcoma of a submandibular node.

o

oo

There were four patients with leukemia in the irradiated group, all of
whom died, and one leukemia in the control group. The cases of leukemia in
the irradiated group all occurred within 20 years of irradiation and the
types were consistent with a radiation etiology: two cases of acute
lymphocytic, one case of acute myeloblastic, and one case of chronic
myelogenous leukemia. One patient in the control group had chronic
lymphocytic leukemia occurring 25 years after tinea treatment.
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Data in Table 6 show in irradiated cases a higher incidence of head
and neck tumors, including: brain, salivary glands, skin, bone, and
thyroid. The hematopoietic and lymphopoietic tumors are included in this
tabulation because such tissues were present in the head and neck at the
time of X-ray epilation. The malignant tumors of the head and neck in the
irradiated group included: an acinous cell carcinoma of the parotid gland,
a fibrosarcoma of the mandible, a lymphosarcoma of a submandibular node, 3
malignant brain tumors (a glioma, an astrocytoma and a hemangioblastoma),
and 41 cases of basal cell carcinoma of the skin. The tumors of the
thyroid, CNS, and skin, in particular, merit further analysis and
discussion.

THYROID TUMORS

A total of 8 thyroid tumors were surgically removed in the irradiated
group vs. none among the controls. All of these were pathologically
diagnosed as benign adenomas (Table 7). Six of the eight thyroid tumors
were diagnosed as follicular in cell type, one was mixed papillary-
follicular, and the other was unspecified as to type. One of these cases
also had multiple parathyroid adenomas.

For years 5+ post-irradiation, the thyroid incidence was 8/48,123 PY =
16.6/102. Since published data on the age-specific incidence of benign
thyroid tumors are not available from large populations, the spontaneous
incidence was estimated by combining the present control group data and the
control data from Hempelmann's study (19). This yielded a rate of 5.1/10°
PY. The excess in the irradiated group was therefore about 11.5/10- PY,
and the relative risk was 3.25. If the thyroid dose is assumed to be 6
rads, then the overall risk estimate would be about 19/10° PY-rad (p =
0.004 %y an exact Poisson test), with a 95% lower confidence limit of
3.6/10° PY-rad.

The temporal course of the thyroid tumor response was of interest.
The intervals between irradiation and thyroid tumor diagnosis are shown in
Table 7. The mean latency (adjusting for censored data) was 30.6 years
with 90% confidence limits of 27 to 34 years. A life-table analysis
yielded a cumulative incidence estimate of 7.6 per thousand irradiated
persons by 35 years post-irradiation (90% confidence limits of 3.8 to 15.4
per thousand). Whether the excess thyroid tumor incidence diminishes after
a period of time, i.e., has a wavelike temporal pattern, can be crudely
addressed. The thyroid tumor incidences in the irradiated group for years
5-14, 15-24, and 25-35 post-irradiation were 9, 16, and 37/10° PY. If one
subtracts out rates, comparable by sex distribution and age, derived from
the combined thymus and tinea control series, the net rates (i.e.,
excesses) are 7, 15, and 22/10° PY, respectively. Thus, there is no
indication that the benign thyroid tumor effect is diminishing with longer
follow-up time.

The data were examined for several host susceptibility factors which
might modify the magnitude of radiation-induced thyroid tumorigenesis. A
log-linear analysis of thyroid tumors in the irradiated group was performed
by: sex, race, age at irradiation (1-7 vs. 8+ yr.) and interval since
irradiation (using coarse groupings of 5-1U4, 15-24, and 25-35 years because
of the sparse data). The analysis showed a significant effect for sex (p =
0.0001), such that the risk was higher among females. Although only 13% of
the irradiated group were females, five of the eight thyroid tumors
occurred among them. The effects of race, age at irradiation and interval
since irradiation were not significant. An examination of interactions
revealed a weak interaction between sex and age at irradiation, but this
was not readily interpretable.
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Table 7. Thyroid tumors in the irradiated group

Race- Interval Age at Pathologic

Sex Since X-ray (yr.) Diagnosis Diagnosis

WM 6 17 Adenoma, degenerating foetal

(follicular)

WF 9 14 Adenoma, papillary-follicular
WM 19 28 Adenoma

WF 21 26 Adenoma, follicular

WM 22 32 Adenoma, microfollicular

(+ parathyroid adenomas)

WF 32 36 Adenoma, follicular
WF 34 39 Adenoma, follicular
WF 34 41 Adenoma, follicular

No thyroid cancers were observed in this study. This raises the
question of the magnitude of thyroid carcinogenesis at low radiation doses.
To determine the number of thyroid cancers expected under the linear dose-
response hypothesis, the expected spontaneous thyroid cancer frequency
(based on sex and age specific rates from the Connecticut Tumor Registry)
and the expected radiation-induced frequency (based on sex-specific
estimates from Hempelmann's study) were summed, yielding an expectation of
1.5 thyroid cancers. Observing zero is statistically compatible (p = 0.22)
with this expectation.

CENTRAL NERVOUS SYSTEM TUMORS

A list of the eight intracranial neoplasms in the irradiated group is
shown in Table 8. No central nervous system (CNS) tumors were observed in
the control group. Of the eight tumors, the glioma, the hemangioblastoma,
and one of the astrocytomas were malignant. The other astrocytoma was
diagnosed as benign. Only the glioma case has died.

One peculiarity of these tumors was that all eight occurred on the
left side of the brain, whereas spontaneous brain tumors occur with equal
frequency on the right and left sides (20). Thus, this distribution is
nominally a significant deviation from expectation (p = 0.004).

As with thyroid tumors the minimum latent period was taken to be five
years, since in both this study and the study by Modan (21) brain tumors
occurred before 10 years post-irradiation. For years 5+ post-irradiation,
the CNS tumor incidence was 8/48,115 PY = 16.6/10° PY. Based on age-~
specific rates derived from the Connecticut Tumor Registry (20) for
combined malignant and benign brain tumors, about 1.4 brain tumors would
have been expected. The ratio of observed to expected gives a relative
risk of 5.7 ( p = 0.0001 by the exact Poisson test) with 90% confidence
limits of 2.8 to 10.3. About 0.9 CNS tumors were expected in the control
group, which is compatible with the zero observed (p = 0.40).

The dose to the brain ranged from about 70 rads at the base to 175 at
the top, with an average of about 140 rads. The excess of 6.6 (= 8-1.4)
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Table 8. CNS tumors in the irradiated tinea group

Interval:
Age at X-Ray to
Sex Tinea Diagnosis
Race (yrs) (yrs) Tumor Type Location
WM T 5 Glioma L. Frontal Lobe
WM y b Astrocytoma L. Optic Chiasm
WM 8 26 Astrocytoma L. Cerebellum
WF 9 26 Hemangio- L. Cerebellum
blastoma
WM 6 21 Meningioma L. Convexity
NM 6 17 Meningioma L. Temporal Lobe
WM 10 26 Neuroma L. Acoustic Nerve
WM 4 17 Neuroma L. Acoustic Nerve

was 13.7/10% PY, which translates into an excess of about 1.0/106 PY-rad.
A more refined analysis controlling for sex, age at irradiation and
interval since irradiation (as for thyroid tumors above), gave a
significant Mantel-Haenszel summary chi-square, with a 95% lower confidence
limit on the relative risk of 1.2.

The temporal distribution of the CNS tumors is shown in Table 8. A
life-table analysis showed a cumulative incidence by 35 years post-
irradiation of 4.8 per thousand persons (90% confidence limits of 2.7 to
8.7). For the grouping of 5-14, 15-24, and 25-35 years post-irradiation,
the CNS tumor rates were respectively 9, 16, and 38/105 PY. From these
rates one might conclude that the tumor yield is increasing with time out
to at least 35 years post-irradiation. However, the lack of CNS tumors
after 26 years raises the question of whether the CNS tumor excess may
instead be diminishing at longer intervals in a wave-like fashion. Further
years of observation will be required to settle this, since the number of
PY in the longest intervals is currently too small to draw any conclusion.
Supportive of the "wave" interpretation is the fact that mean latency for
the CNS tumors was only 19.6 years (90% confidence limits of 15 to 24),
which was much shorter than the mean latency for thyroid tumors.

Log-linear analyses of the CNS tumor data for the irradiated group by
sex, race, age at irradiation and interval since irradiation (with subgroups
defined as the for the thyroid tumor analyses) did not reveal any
significant host-susceptibility factors.

SKIN CANCER

The dose to the scalp from the tinea treatment ranged from about 270
rads to 540 rads, depending on scalp location because of the overlapping
fields. The margins of the scalp also received about 270 rads, but the
rest of the face and neck received 10-50 rads. The results of the
dosimetric study and the locations of skin cancers are shown in Figure 1.
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In the three surveys of these study groups, a total of 31 cases of
skin cancer of the head and neck have been found in the irradiated group
and 3 in the control group. In addition to the 31 found on survey in the
irradiated group, 10 more cases were found in a dermatological clinic
evaluation program of 203 irradiated subjects (vs. zero among 90 control
subjects). Thus, a total of 41 irradiated subjects is known to have had
skin cancer. For the purpose of calculating incidence rates only the 31
found on survey can properly be used, but in examining the risk factors for
skin cancer all 41 will be used where possible.

Ionizing radiation is known to produce squamous cell carcinomas and
basal cell carcinomas of the skin. In this study all 41 irradiated cases
had basal cell carcinomas (including one person with both a basal cell and
a squamous cell carcinoma). Multiple basal cell lesions-~found both

synchronously and sequentially--were common among the irradiated cases.
There were a total of 80 skin cancer lesions among the 41 cases.

Even though 25% of the irradiated group was black, all 41 skin cancer
cases were in whites. An analysis of the 31 found on survey in the
irradiated group showed a highly significant difference by race. Based on
the PY 15 or more years post-irradiation, the numbers were 31/21646 vs.
0/4596 (p = 0.003 by the Fisher exact test, with a 95% lower confidence
limit of RR of 2.1).

One way of assessing the radiation-skin cancer effect is to compare
the observed number of skin cancers among irradiated whites with an
expected number derived form general-population rates. Because most cancer
registries do not have adequate reporting of non-melanoma skin cancers,
expected values were generated from the special skin cancer incidence
survey of caucasians which was performed in Iowa and parts of Minnesota,
California and Texas (22). Since the Texas rates were aberrant from the
others, probably due to the extremely high levels of sun radiation in that
area, only the other three locations were used to obtain average rates for
sex- and age-specific groups, with the reported more recent increases in
basal cell carcinoma rates also factored in (23, 24, 16). Because our
interest was in skin cancers of the head and neck only, the rates needed to
be adjusted to exclude skin cancers at other body sites. Based on a large
series of basal cell carcinomas, Kopf has reported that 85% of them occur
on the head and neck (25). The population rates were therefore multiplied
by 0.85 to obtain appropriate expected values.

The expected number of head and neck skin cancers among irradiated
whites proved to be 7.4. Comparing this to the 31 observed skin cances
gave a highly significant (p < 0.0001) relative risk of 4.2 (90% confidence
limits of 3.0 to 5.7). If one assumes a minimal latent period of 15 years
(which is discussed further below) and an average skin dose gf about 450
rads, then the absolute risk of skin cancers is about 2.4/10° PY-rad (90%
confidence limits of 1.5 to 3.4). The expected value in the control group
was 4.4, which did not differ significantly (p = 0.72) from the three
observed skin cancers.

A Mantel-Haenszel analysis among whites, adjusting for age at
treatment, sex and interval since irradiation, also yielded a highly
significant different (p = 0.007) between the irradiated and control group
and a relative risk of 6.1 (90% confidence limits of 2.1 to 20.8).

Temporal Pattern and Risk Models for Skin Cancer

The temporal pattern of the radiation-induction of skin cancer was
striking. No excess was observed before 20 years post-irradiation, but
thereafter the excess risk became pronounced (Figure 2). The cumulative
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Fig. 2. Temporal skin cancer response.

incidence of skin cancer in the irradiated group by 35 years post-
irradiation was 49 per thousand persons (90% confidence limits of 30 to
79). The median latency for the skin cancers, adjusting for censored data
was 32.3 years (90% confidence limits of 31 to 34). When the "spontaneous"
incidence curve for the control group was subtracted out, the residual,
"radiation-induced" curve had a median of 33 years. The risk appeared to
be increasing with time, as shown in Table 9. The excess rates increased

over time from zero to about 400/105 PY, respectively.

This result raises the issue of whether the radiation induction of
skin cancer over time better fits the absolute risk or relative risk model
of radiation effects. The absolute risk model predicts that the magnitude

Table 9. Skin cancers among irradiated white subjects by interval since

irradiation
Interval Person Observed Expected Excess Cancers
(years) years Cancers¥* Cancers (Rate/10° PY)
1-14 23,309 0 0.26 -
15-19 7,939 1 0.98 0.3
20-24 6,797 7 1.64 78.9
25-29 4,801 12 2.38 200.4
30-35 2,109 11 2.15 419.6

*¥Cases entered only once. Those with multiple skin cancers were
entered according to date of first cancer.
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Table 10. Complexion and sun-exposure factors vs. skin cancer among
white irradiated subjects

Skin No Skin Odds

Cancer Cancer Ratio

(%) (%)
Complexion: Fair 60.0 43.4 1.96
Blue Eyes 51.4 27.2 2.83
Freckles: Moderate to Many 22.9 11.8 2.22
Hair: Blonde, Red 14.3 10.5 1.42
Sunburn Easily 7.1 66.6 1.69
Tan Little 37.1 10.5 2.29
Ethnicity: Irish 33.3 22.3 1.74
Sun Exposure: 15 hr/wk 30.3 23.4 1.42
Sun Exposure: hr/wk (X) 12.8 1.5 —
Sunbathe: "Yes" 34.3 44.5 0.65
Qutdoor Activities: "Yes" 74.3 73.5 1.04

of radiogenic risk is independent of the size of the spontaneous risk for
some outcome. The relative risk model, on the other hand, hypothesizes
that the radiogenic risk is proportional to the spontaneous risk. Trend
statistics suggested that radiogenic skin cancer risk fits a relative risk
model better than an absolute risk model.

Modifying Factors for Skin Cancer Risk

Factors which could be examined were based on responses to questions
concerning complexion and sunlight exposure. The distributions of these
factors among skin cancer cases and the remainder of the white irradiated
group who completed these questions is shown in Table 10. A stepwise
multiple regression analysis of skin cancer vs. these variables was first
performed to select the most important variables, which proved to be: eye
color, freckles, and ease of tanning. Since no variables were retained
which reflected the amount of sunlight exposure, the number of hours per
week spent outdoors was also added for the main analysis.

The main analysis of these factors vs. skin cancer was performed using
a log-linear model of PY, including a factor of interval since tinea
treatment. Each factor was examined controlling for all other factors.
The significance of each factor was: interval (p = 0.0001), sun exposure (p
= 0.08), freckles (p = 0.02), tanning ability (p = 0.008), and blue eyes (p
= 0.01). Thus, the amount of sun exposure was not significant, but the
three complexion variables were. No interactions among these factors were
significant. The conclusion from the analysis is that several variables
having to do with lightness of complexion and skin reactions to sunlight
exposure are modifiers of radiogenic skin cancer risk. Variation among
individuals in amount of sunlight exposure appears to be only a marginal
modifier of radiogenic skin cancer risk in this study (but another
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interpretation is that the questions on sunlight exposure may have been
inadequate to provide reliable and accurate discrimination among persons).

However, Figure 1 suggests that UV exposure is an important co-factor
for radiogenic skin cancers in another way. A total of 23 skin cancers
occurred near the margins of the scalp (excluding the ears which had
special shielding) where there was a substantial radiation dose on the
order of 270 rads, but no hair-shielding of the UV exposure. The skin
surface area of these margins is about 140 cm2. Similarly, there were 13
skin cancer lesions on areas of the face which received 50 rads. By
contrast, only 35 skin cancers occurred on the hairy scalp, which received
an average dose of about U440 rads and has a surface area of about 570 cm®.
A calculation on the basis of dose and skin area indicates that UV exposure
has increased the X-ray carcinogenic effect on the face, relative to that
on the UV-protected scalp, by approximately a factor of U4.5.

It is of interest to determine whether those who developed skin
cancers on the scalp may have had radiation-induced alopecia or early
baldness, so that the scalp would have had more UV exposure than normal.
Table 11 presents the available data on this point, as well as on
complexion factors. This table compares irradiated subjects who had skin
cancers on the scalp (with or without additional skin cancers on the face)
with those who had skin cancers only on the face and with other irradiated
and control subjects. The scalp cancer group had an (insignificantly)
lower prevalence of baldness, both self-reported and as judged in our
dermatologic clinic program, than the non-tumor irradiated group. The
self-reported and dermatologist-judged prevalence of generalized hair
thinning was somewhat, but not significantly, greater in the scalp cancer
group. However, the objective hair count from the dermatologic evaluation
showed less (p = 0.05) hair thinning in the scalp cancer group than in the
non-tumor group. Hence, there was no evidence that the subjects with skin
cancers of the scalp had more UV exposure to the scalp than others did.

One interesting sidelight of Table 11 is that the scalp tumor group was
intermediate between the non-tumor group and the facial skin cancer group
for the complexion factors. Put in other words, the complexion variables
seem to matter the most for skin cancers on areas with major UV exposure.
This is as one would expect, since skin pigmentation is thought to confer
susceptibility/resistance primarily to the effects of UV irradiation.

RADIATION EFFECTS VS. OTHER TREATMENTS

To verify that variations in the other tinea treatments received by
the subjects do not account for the tumors, a tabulation of the frequency
and types of local medications was made. Checks were made of (a) if the
subjects who had developed thyroid tumors, brain tumors or skin cancers had
any unusual patterns of tinea treatment with local medications, as compared
with a random sample of irradiated subjects (n = 50), and (b) if the local
medications used in the irradiated group differed substantially from those
used in a random sample of the control group (n = 52).

Tabulations of medications revealed that the following were commonly
used on both the irradiated and control groups (in descending order of
frequency; percent use in the combined irradiated samples given in
parentheses): ammoniated mercury ointment (82%), salicyclic acid (19%),
benzoic acid (13%), iodine compounds (13%), and sulfur compounds (12%). 1In
the irradiated sample, 32% were given local medications prior to
irradiation, and 94% received them after irradiation.
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Table 11. Hair and complexion variables by skin cancer status

Skin-Cancer Skin-Cancer
Face* Scalp* Other Irrad. Controls
Reported Baldness (%) 11.1 4.5 9.3 4.6
Hair Thinning (%) 33.3 31.8 25.9 14.0
Bald Clinic (%) 33.8 18.1 25.4 20.9
Hair Thinning—-Clinic (%) 70.0 73.3 58.5 65.9
Hair Count-Clinic#*%* 36+16.9 48.2+15.3 42.0%11.1 46.0%11.6
Wear a Hat in the Sun (%) 37.5 58.8 27.0 24.0
Fair Complexion (%) 64.7 55.6 38.8 37.3
Blue Eyes (%) 64.7 38.9 22.3 20.0
Blond/Red Hair (%) 17.6 11.1 8.6 6.9

% "Skin-cancer face'" includes those with skin cancer(s) only on the face or neck

(n=18). '"Skin-cancer scalp" includes all cases with skin cancer on the hairy
scalp, with or without skin cancers on the face or neck (n=22).
**Hair count given as Mean * S.D. hairs per cm“. Items noted as '"clinic' are obser-

vations based on those attending the dermatological clinic program.

Comparisons of subjects with thyroid tumors, CNS tumors or skin
cancers respectively with the random sample of irradiated subjects revealed
no significant differences in receiving treatment before or after
irradiation, or in the frequency of treatment with any of the specific
medications listed above. Thus, there was no evidence that the tumor cases
had any unusual treatment.

A comparison of the random samples of irradiated and control subjects
revealed only one nominally significant difference: the irradiated group
was more likely to have received treatment with ammoniated mercury ointment
than the control group (82 vs. 60%, respectively; p = 0.02). Even though
this difference was statistically significant, the high frequency of use of
ammoniated mercury among the controls, as well as cases, makes it seem
unlikely that the modest inter-group differences in its use could account
for the high relative risks observed in the irradiated group for the
several tumor sites. The fact that the frequency of application of
ammoniated mercury did not differ between the random irradiated sample and
anyof the three tumor-site groups, also favors an interpretation that the
compound was not tumorigenic; the percents with ammoniated mercury
applications in the groups with CNS, thyroid, and skin tumors were 54, 83
and 88%, respectively, as compared with 82% in the random irradiated sample.
Thus, one is left with the inference that x-irradiation is the only likely
candidate for the tumorigenic agent.

DISCUSSION

From an epidemiological standpoint, the tinea capitis study population
is exceptionally good: the cases and controls are closely matched for age,

sex, and race; the radiation treatments were administered by a single
technician with a frequently calibrated X-ray machine; a high proportion of
cases were located and followed. The study population is mostly white,
male, irradiated at about 7 years of age and followed to date for an
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average of 25 years. The major findings are an excess of cancers of the
scalp, brain, thyroid, bone marrow (leukemia) and mental disorders.
Pronounced hair thinning was observed in 20% of the cases, and minor ocular
lens opacities and hearing loss was also noted. As of 25 years post-
irradiation, there has been no radiation associated excess mortality.

A parallel study is being carried out in Israel with a larger
population followed by means of a national cancer registry (21, 26, 27). A
similar pattern of tumors of the brain, thyroid, and leukemia has been
seen. Skin tumors were not evaluated.

Mental disorders were evaluated as part of the follow-up surveys.
There was a generalized excess of mental disorders in whites only,
beginning after 9 years post-irradiation, which was confirmed by hospital
and physician records as well as by direct psychiatric and psychologic
examination in a subset of cases. In the Israeli irradiation population
there has been an indication of electroencephalographic changes in the
irradiated group and some suggestion of poorer mental function among them,
as compared with their control groups (28, 29).

The contrast in psychiatric disorders between the irradiated and
control groups has diminished: in the first survey, 3.2% of the irradiated
group had verifiable past or current psychiatric illness compared with 1.3%
of the controls. The irradiated cases thus had two and a half times more
psychiatric illness than the controls. The additional follow-up time has
increased the total frequency in the irradiated and control groups to 8.1%
and 6.4%, respectively. The absolute difference is about the same as
before, but the relative difference is small, although statistically
significant for treated psychiatric disorders in white cases (p = .04). The
populations themselves revealed no antecedent differences that might
explain the difference in the rates of psychiatric disorders, as, for
example, socioeconomic status or familial mental illness.

Although the thyroid gland has long been known to be radiosensitive,
data were not available to permit assessment of effects of exposures to
levels below about 20 rads until recently (21, 27). An extension of the
previously reported dosimetry in this study (11) showed that the thyroid
received about 6 + 2 rads, which is in agreement with an estimate by Werner
et al. of 6.5 rads (30). The lack of thyroid cancers was notable in this
study, since Modan's larger tinea radiation study (27) found an appreciable
excess of thyroid cancers. Nevertheless, the present finding is
statistically compatible with the expected magnitude of the excess found in
most other thyroid irradiation studies. The principal reasons for the lack
of an excess are the relatively small number of person-rads in this study
and, secondarily, the small fraction of irradiated females (since females
have been shown to have 2-4 times more radiation-induction of thyroid
cancer than males).

The temporal course of the thyroid tumors was of interest because of
the apparently conflicting findings in the literature. Until recently, the
Japanese A-bomb data suggested that thyroid cancers appear as a "wave"
which has largely subsided by 25 years post-irradiation (31); however, the
most recent data indicate that the risk is continuing out to 40 or more
years among those irradiated in the first 2-3 decades of life, but it
appears to have diminished or stopped in those with irradiation at older
ages (32). The large Michael Reese Hospital series showed a temporal curve
(for combined thyroid carcinomas and adenomas) which was tapering off after
30 years but had not yet fallen to baseline level by 40 years post-
irradiation (33). The Rochester thymus radiation series gave no evidence of
a tapering-off for either thyroid carcinomas or adenomas out to 40 years
post-irradiation (34). The temporal results in the present study appear
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compatible with the Rochester study, although the numbers were too small to
provide strong support for any particular temporal pattern.

The results indicating that females have more radiation-induction of
thyroid tumors than males is consistent with the other major studies. The
Israeli tinea radiation study (27) found evidence that irradiation at an
earlier age (ages 0-5) induced a greater risk of thyroid cancer
than irradiation at older ages. A similar effect was not found in the
present study, although the null results might be attributable to the small
number of thyroid tumors in this study.

Neural tissue has traditionally been thought to be radioresistant, but
at least four prospective studies, including this one, have now found
excess brain tumors following postnatal irradiation (26, 35, 36). However,
only Modan's study and the present one have brain dosimetries to permit
quantitative estimates of risk. The agreement between these two studies is
relatively good-~about 0.6 in Modan's study and 1.0/10° PY-rad in the
present study.

The distribution of histological types of CNS tumors in this study is
similar to the distribution found in large series of spontaneous CNS
tumors. Based on an average from several series (37) about 40% are gliomas
(including astrocytomas), 17% are meningiomas, 6% are neuromas, and 1% are
hemangioblastomas. The present study found 3 gliomas-astrocytmas, 2
meningiomas, 2 neuromas and 1 hemangioblastoma. The similarity of
histologic types in this study to the background distribution is in
contrast to what has been found after exposure to certain chemicals. For
example, the brain tumors found after vinyl chloride exposure were all
glibolastoma multiforme (glioma) type (38).

No explanation has been found for the finding that all eight of the
CNS tumors were on the left side, although several hypotheses were
explored. The radiation dose at the left and right hemispheres was
equivalent. The distribution of left and right handedness among these
cases was about as one would expect from the general population. An
hypothesis that lesions in the left hemisphere might lead to earlier and
more likely detection because of the unique symptoms produced by lesions on
the left side also could not account for this difference: in only one case
was there a "left sided" symptom (viz. impaired speech) which led to
medical attention and diagnosis. The larger Israel tinea irradiation
study did not find a preponderance of brain tumors on the left side (39).

One possibly relevant fact was that all of our cases were irradiated
first over the left lateral aspect of the head; the side with the CNS
tumors. Perhaps the first radiation exposure produced ischemia of the
brain by vascular spasm which made the subsequent head exposures less
tumorigenic. In the Israeli irradiations, each of the five fields was
treated on successive days which would probably permit recovery from any
such vascular effect if, in fact, it did occur.

The excess of skin cancers was striking in this study. The risk per
rad is greater in the present study than in any other. The skin of the
face is the most frequent site of basal cell carcinomas due to ultraviolet
radiation (25). Since the face received appreciable doses in this study,
but not in most other comparison studies, a synergism between ultraviolet
(UV) and ionizing radiation may account for the large effect here. On the
other hand, the relatively young age at irradiation may also be an
important factor; juvenile irradiation may confer more skin cancer risk
than adult irradiation. At present, there is no way of deciding between
these possible explanations. However, there is evidence in this study that
factors related to susceptibility to UV radiation play an important role.
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The lack of skin cancers among blacks is one line of evidence, and the
finding that fair complexion factors increase the risk from ionizing
radiation is another. There was also more UV exposure among skin cancer
cases than among other subjects, but this was not as strong a factor as the
complexion diathesis.

The data from animal studies of radiation-induced skin cancer have
generally suggested a dose-squared relationship, which implies there will
be little skin cancer risk at lower doses. Similarly, it has frequently
been posited that in humans there was little skin cancer risk below 1000
rads. The present study shows that this conception is probably incorrect, at
least for' a site such as the face where there is also appreciable UV
insolation. 1In particular, a clear excess risk was seen in facial areas
which received only 10-50 rads.
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TUMOUR INDUCTION IN EXPERIMENTAL ANIMALS AFTER NEUTRON AND X-IRRADIATION

J. J. Broerse

Radiobiological Institute TNO
Rijswijk, The Netherlands

ABSTRACT

Cancer induction is generally considered to be the most important
somatic effect of low dose ionizing radiation. It is therefore of great
concern to obtain information on the dose-response relationships for
carcinogenesis and to assess the quantitative cancer risk of exposure to
radiations of different quality.

Tissues in the human with a high sensitivity for cancer induction
include the bone marrow, the lung, the thyroid and the breast in women. If
the revised dosimetry estimates for the Japanese survivors of the atomic
bomb explosions are correct, there is no useful data base left to derive
RBE values for human carcinogenesis. As a consequence, it will be
necessary to rely on results obtained in biological systems, including
experimental animals, for these estimates.

The following aspects of experimental studies on radiation carcino-
genesis are of relevance:

1. Assessment of the nature of dose-response relationships.

2. Determination of the relative biological effectiveness of
radiations of different quality.

3. Effects of fractionation or protraction of the dose on tumour
development.

For the analysis of tumour data in animals, specific approaches, such
as nonparametric actuarial methods and proportional hazard functions, have
to be applied. The dose response curves for radiation induced cancer in
different tissues vary in shape. This is exemplified by studies on myeloid
leukemia in mice and mammary neoplasms in different rat strains. The
results on radiation carcinogenesis in animal models clearly indicate that
the highest RBE values are observed for neutrons with energies between 0.5
and 1 MeV.

The diversity of dose-response relationships point to different

mechanisms involved in the induction of different tumours in various
species and even in different strains of the same species.

27



INTRODUCTION

The biological effects of ionizing radiation include cell
inactivation, chromosome aberrations, induction of mutations and malignant
transformation. The latter effect, cancer induction, is generally
considered to be the most important somatic risk of irradiation at low
doses. For this endpoint, there is a noticeable lack of quantitative
information in contrast to the vast amount of data obtained on cell
survival and chromosome aberrations. For radiation protection, it is of
great concern to assess the quantitative risk of exposure to radiations of
different quality which is correlated with the actual dose-response
relationships for carcinogenesis. The process of carcinogenesis is an
intriguing biological phenomenon. After irradiation some changes in the
genetic material of one or more cells are initiated. The lesions can be
dormant for some time, however, finally the damage expresses itself and
will result in the manifestation of a tumour after a latency period which
can easily be in excess of 10 to 15 years in humans. When a tumour with a
volume of 1 cm3 is observed, a number of 30 volume doubling times has
elapsed. The processes of initiation, promotion and proliferation of the
malignant cells can be influenced by immunological, endocrinological and
dietary factors.

Tumour induction in man and larger experimental animals has clearly
been demonstrated after irradiation with doses in excess of 1 Gy (1).
Total body irradiations of monkeys (2) and dogs (3) with high doses of
neutrons (up to 3 Gy), and X-rays (up to 7 Gy) have resulted in a large
number of neoplasms, underlining the risk of some medical procedures.

For radiation protection applications, however, one is concerned about
the effects of low doses of ionizing radiation. Neoplasms induced by
ionizing radiation are indistinguishable from those occurring spontaneously
and any carcinogenic effect has to be inferred from relatively small
increases above the natural incidence by means of statistical approaches.
In the present review, results on neutron carcinogenesis in experimental
systems are discussed. The present day recommendations for radiological
protection including the quality factor as a function of neutron energy and
risk factors for tissues with high susceptibility for tumour induction are
summarized. Due to the reappraisal of the dosimetry of the Japanese
survivors of the atomic bomb explosions, there is no longer evidence
available on the effectiveness of fast neutrons for carcinogenesis in man.
In consequence, a number of investigators have tried to formulate models of
radiation carcinogenesis with the aim of obtaining reliable extrapolations
for radiation risks and RBE values to the range of low doses. Studies on
tumour induction in experimental animals and on in vitro carcinogenesis
will be discussed in connection with the following aspects: (1)
interpretation of tumour incidence data; (2) assessment of the shapes of
dose-response relationships, (3) determination of the relative biological
effectiveness (RBE) of radiations of different quality and (U4) effects of
fractionation or protraction of the dose on tumour initiation and
development. The data on neutron carcinogenesis in experimental animals
are sometimes contradictory and it will be concluded that, at the present
time, a number of questions still remain.

PRESENT DAY RECOMMENDATIONS

Regarding stochastic effects, such as carcinogenesis, the ICRP (4) has
recommended a linear relationship without threshold between dose and the
probability of an effect within the range of exposure conditions usually
encountered in radiation work. Further, it has been stated (4) that the
use of linear extrapolations from the frequency of effects observed at high
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doses, may suffice to assess an upper 1limit of risk with which the benefit
of a particular practice or the hazard of an alternative practice, e.g.,
one not involving radiation exposure, may be compared. The assumption of
linearity may lead to an overestimation of the radiation risk factors which
in turn could result in a choice of alternatives that are more hazardous
than practices involving radiation exposures. For neutron beams, the ICRP
(5) has recommended effective quality factors as a function of neutron
energy. These factors were calculated by dividing the maximum dose
equivalent by the absorbed doses at the depth where the maximum dose
equivalent occurs.

Siebert et al. (6) derived mean quality factors for neutrons in tissue
directly from initial recoil energy spectra. They reported a maximum
quality factor of 14 for neutron energies around 0.5 MeV. The dependence
of the quality factor on neutron energy is in accordance with studies on
RBE for a large number of biological endpoints (7).

Cancer may be induced by radiation in nearly all tissues of the human
body. However, it has been shown, that tissues and organs can vary
considerably in their sensitivity to the induction of cancer by radiation.
A tabulation of the sensitivity of various tissues to the oncogenic effect
of radiation can be found elsewhere (8). The tissues in the human with the
highest sensitivity for cancer induction are summarized in Table 1 together
with the risk factors which have been recommended by the ICRP (4).

As stated before, these risk factor are based on a linear dose-effect
relationship. However, experimental studies have shown that other types of
dose-response functions can be applied to the observed data. A number of
attempts have been made to explain these dose-response relationships by
introducing specific models of radiation carcinogenesis.

HUMAN DATA ON NEUTRON CARCINOGENESIS

During the past years, considerable efforts have been made to reassess
the absorbed doses received by the survivors of the atomic bomb explosions
at Hiroshima and Nagasaki (9-13). The most important conclusion of these
calculations is that the contribution from neutrons at Hiroshima is
considerably lower than that estimated by the 1965 tentative dose
calculations, T65D. Dobson and Straume (14) combined the new radiation
dose estimates for Hiroshima and Nagasaki with epidemiological data from
the A-bomb survivors and also examined the data for compatibility with

Table 1. Sensitivity of various tissues to onocogenic influence
of radiation according to BEIR(S) and ICRP(H4)

site or type spontaneous relative mortality risk
of cancer incidence sensitivity to factor per
of cancer radiation induction sievert

of cancer

female breast very high high 2.5 1073
lung (bronchus) very high moderate 2 1073
alimentary tract high moderate to low 10_3
leukaemia moderate very high 2 1073
thyroid low very high, 5 1073

especially females
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other human and experimental radiobiological results. The results of their
analysis are shown in Figure 1. RBE values obtained from the Japanese
studies for breast cancer and acute leukaemia are close to unity and do not
change with neutron dose. The data for chronic granulocytic leukaemia and
total malignancies would still follow a similar trend as calculated by
Rossi and Mays (15) for induction of all types of leukemias in the A-bomb
survivors. However, in a discussion of this analysis (16), it was stated
that the neutron doses are simply too low to derive any conclusion. Dobson
and Straume (17) have recently pointed out, that the apparent
radiobiological discrepancies between the A-bomb results and other
radiobiological data would be reconciled if the neutron component in
Hiroshima was a factor of five higher (or alternatively about a 50% greater
device yield) at Hiroshima than recently estimated. Although there may be
some additional adjustments in the Japanese dose estimates, it seems very
unlikely that these results will provide meaningful human data on the RBE
for tumour induction. Other sources of human population exposed to
neutrons are also as yet unlikely to produce useful information on the RBE.
In consequence at the present time one has to rely on studies in animals
and other biological systems with regard to estimates of RBE of neutrons
especially in the low dose range.

MODELS OF RADIATION CARCINOGENESIS

The adoption of a linear model for risk estimation has not received
unanimous approval of the scientific community. The so-called BEIR
controversy centered around arguments in favour of a linear-quadratic
versus a purely linear dose-response relationship (18-20). Linear-

Fig. 1. RBE values for acute leukaemia (AL), breast cancer,
chromosomal exchanges, chronic granulocytic leukaemia
(CGL), and total malignancies for the A-bomb survivors
derived on the basis of the radiobiologically
reconciled (RR) dose estimates in comparison with
experimental results obtained with 0.4 MeV neutrons
(Dobson and Straume (14)).
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quadratic relationships have been suggested by different authors
introducing various mechanisms. Leenhouts and Chadwick (21) argue that
such a relationship can be understood on the basis of double strand breaks
in the DNA which will lead to a mutation of the cell to a pre-malignant
state. Kellerer and Rossi (22) postulated in their theory of dual
radiation action that the induction of two non-specified sublesions is
necessary for the production of the effect. They consider energy
depositions by individual charged particles in critical structures with
dimensions in the order of 1 um. On the basis of their microdosimetric
considerations, the probability of the effect will depend on the first and
second power of the absorbed dose:

E = a1D + a2D2

In addition, Rossi and colleagues (23, 24) conclude that also for
carcinogenesis the RBE of high-LET radiation should vary as an inverse
function of the square root of its dose. This relation is valid when the
magnitude of the high-LET dose is sufficiently low to act by single, dose
rate independent, events whereas the effect of low-LET radiation is
principally due to the action of multiple events.

The relevance of the theory of dual radiation action to interpret
dose-response relationships for human cancer is under debate (19).
Barendsen (25) and Goodhead and coworkers (26) have provided theoretical
and experimental arguments that mechanisms of radiation action should be
based on interaction of lesions within nanometer sites, and on dose
dependent repair processes. Tumour induction involves a number of
sequential steps including physico-chemical lesions, cell death, cellular
repair and possibly mutations (27). If the primary mechanisms underlying
the induction of cellular and molecular damage are similar for various
cellular responses, the dose-effect relationships should have some
characteristics in common. The effectiveness of single events can be
expressed in terms of a cross section or interaction volume and corresponds
to the value of aq in the dose-effect relationships. A comparison of the
effectiveness of different radiations for a number of biological endpoints
by Barendsen (28) showed that aq values for morphological transformation
are a factor of 50 to 1000 smaller than for reproductive death and
chromosome aberrations. Results on mutations show even lower ajq values, by
factors 10% to 10° than for cell death. A compilation of cross sections
for cell inactivation, transformations and mutations induced by radiations
of different linear energy transfer (LET) by Goodhead (27) leads to the
same conclusion (see Figure 2).

The large ratio between the frequency of transformations and specific
mutations suggests that a mechanism of a more general nature than de-
repression or activation of a specific oncogene would be involved in the
malignant transformation. Barendsen (28) has therefore postulated that the
primary chromosomal changes induced by radiation do not affect
transformation genes or oncogenes directly but that the primary changes
occur at other sites or in other genes which are present at multiple sites
on all chromosomes.

In their theory of the gene transfer-misrepair mechanism of radiation
carcinogenesis, Van Bekkum and Bentvelzen (29) propose interaction between
DNA fragments containing oncogenes coming from a destroyed cell (the donor
cell) and a cell which is capable of incorporating such fragments into its
own genome. The probability of transformation is dependent on the number
of DNA fragments reaching a certain proportion of recipient cells engaged
in scheduled DNA synthesis. This theory would result in a multi-phase
dose-response curve for low LET radiation with a threshold at about 0.01
Gy.
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Fig. 2. Cross sections for cell inactivation, transfor-
mations and mutations induced in mammalian cells
by radiation of different LET (Goodhead (27)).

According to Baum (30), clones with large number of cells at risk have
a relatively high probability of response (transformation of at least one
cell) leading to a steep dose response curve. Depletion of the number of
untransformed cells with increasing dose would leave primarily
untransformed smaller clones with smaller probability of response per unit
dose. The response function is related to the mean number of charged
particle traversals per cell and the effectiveness of the secondaries.
This clonal theory of radiation carcinogenesis is applied to explain a
linear dose-response for x-irradiations and a power function of the dose,
with an exponent less than one for neutron exposure, as observed in mammary
tumour induction in American Sprague-Dawley rats (31-33).

On the basis of their microdosimetric considerations, Rossi and
coworkers (34) have postulated that cancer induction must be due to a
collective response of several cells. Although their theory is not
generally accepted, other authors came to comparable conclusions. In his
studies on the induction of myeloid leukaemia in mice, Mole (35) has
observed a purely quadratic dose-response relationship for low-LET
radiation (see Figure 3). This would rule out explanations of the kind
that microdosimetry provides for cell mutation and inactivation. Mole (35)
suggests that the induction of malignant disease by ionizing radiation
requires an action of radiation on two immediately adjacent cells
(diplosyneytic mechanism). It should be stressed, however, that any one
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model will not be universally applicable to all radiation-induced types of
cancer.

INTERPRETATION OF TUMOUR INCIDENCE DATA

The simplest approach in the analysis of tumour induction studies in
animals is to score the proportion of animals that develop a tumour or the
mean number of tumours per animal, observed after a given dose. However,
this use of so-called uncensored data, may lead to erroneous interpretation
of results. During the observation time, the group of animals at risk may
be reduced due to intercurrent death, or other losses of animals from the
experiment due to unknown reasons. Appropriate corrections for competing
risks can be made by using life table analysis methods as formulated by
Kaplan and Meier (36). The resulting quantities such as the integral
tumour rate (37) or the cumulative prevalence and actuarial incidence (38)
provide meaningful expressions of the response. The probability curves,
produced by the life table analysis, inevitably show discontinuities in the
course of time. The stochastic effect of carcinogenesis, however, can be
described by hazard functions which result in curves with a common shape.
In this type of analysis, the time elapsing from when an animal enters the
experiment until a specified type of mammary tumour becomes palpable, is
taken as the endpoint. In these studies one deals with incomplete
observations or so-called right-censored data (39, 40). This expresses the
fact that one knows either the actual time that a tumour is observed in an
animal or that the animal has not developed such a tumour up to its time of
disappearance from the experiment. Methods of analysis that accommodate
censoring are generally called failure time distributions. Let T be a
random variable, representing the onset time of a tumour, hereafter
referred to as a failure. Particularly useful for the description of the
probability distribution of T are the survivor function, the probability
density function and the hazard function (40).

The survivor function or cumulative distribution function, S, is
defined as the probability that T is at least as great as a value t, which
means:

S(t) = Prob.(T>t).
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The probability density function f of T is defined as:

(1) = lim Prob.(t ST t+ at) _ _ds)
sty o at dt

The hazard function, h, specifies the instantaneous rate of failure at T
= t, conditional upon survival to time t and is defined as:

lim Prob.(t ST < t+ at |T>t) _ f(t)

This quantity refers to the animals which are still at risk (i.e., without
a failure). It is easy to see that h(t) specifies the cumulative
distribution function of T since by integrating the above equation and
using the fact that S(0) = 1, the following relation can be derived:

S(t) = e /0 (wdu = e H(D)

in which H(t) is the cumulative hazard function or more concisely the
hazard. The hazard depends not only explicitly on the time, but also on a
number of co-variates or variables such as the rat strain, hormonal status,
irradiation schedule, etc. The proportion of animals surviving without
evidence of tumour up to time t can be analyzed with a continuous
parametric failure time model. The three parameter Weibull distribution, a
generalization of the exponential distribution, can be used to describe
failure rates of complex systems. This model allows for a power dependency
of the hazard function with time, usually written as:

h(t) = 8/e (30)87T,
where:

o = the time scale parameter which indicates the time at which the survivor
function is equal to 37% (v = 0)

B = the shape parameter, which is a measure of the time dependence
and
Y = the location parameter, which is a finite time prior to which no

failure will occur. The experimental results obtained at TNO show
that the location parameter can vary between 0 and 6 months. In the
present analysis, Y is taken to be zero.

The Weibull hazard can be written as follows:
B B
H (D) = (t-v)  {1/a(D)}

where only the time scale parameter is dependent on the absorbed dose.
Thus, concurrently, a weighted least squares fit of the Weibull
distribution parameters can be derived from the Kaplan-Meier estimate for
the cohorts of interest. In such a procedure, the value of the time scale
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parameter depends on the different absorbed doses (with no constraints)
while the shape parameter has the same value for all cohorts. This
procedure is presently applied at TNO, as shown in Figure U4, to calculate
the proportion of WAG/Rij rats surviving without known mammary fibroadenomas
after X-irradiation.

The relative excess hazard can be defined independently of the time
function and describes the net effect in the hazard of an irradiated cohort
relative to the hazard of the control cohort. The relative excess hazard
is then equal to:

. -— M B
(D) =H(t,3()t'0)H(t,0) = {a(0)/a(D) } -1.

It becomes rather complicated to prove the carcinogenic action of
ionizing radiation when only a few tumours have been observed even at high
dose values. This has been the case for the induction of mammary
carcinomas in the Sprague-Dawley rats studied at TNO (see Figure 5).

Under these circumstances, the tumour incidence data can be analyzed
employing contingency tables with a computer programme developed by Peto et
al. (41). The number of animals dying with a specific tumour is compared
with the number that would have been expected, taking into account the
group size, and intercurrent mortality which does not have as the
underlying cause, tumours of the type of interest. On the basis of this

Fig. 4. Probability of surviving without evidence of
fibroadenomas in WAG/Rij rats after X-irradiation.
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approach, the carcinogenic effect of a specific agent would only be clearly

demonstrated when the ratio of observed and expected events is in excess of
1 (42).
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Fig. 5. Probability of surviving without evidence of mammary
carcinomas in TNO Sprague-Dawley rats after irradiation
with 0.5 MeV neutrons. The arrow indicates the time of
irradiation.

NATURE OF DOSE-RESPONSE RELATIONSHIPS

Dose-effect curves for tumour induction after neutron irradiation have
been reported for a number of tissues. In this review attention will be
given to induction of mammary neoplasms, myeloid leukaemia and lung
tumours.

Initially, studies on radiation-induced mammary neoplasms concentrated
on the use of the Sprague-Dawley rat as employed by Shellabarger and
colleagues (31) and Vogel (32). The first group derived dose-response
relations on the basis of the excess number of neoplasms per animal at a
specified time. Shellabarger et al. (37) admit that the disadvantage of
this procedure is that the choice of the reference time is arbitrary and
that not all of the experimental data are utilized. Alternative approaches
are the scoring of the forward shift in time of occurrence of the tumours,
or the determination of the loss of tumour-free life-span. Regardless of
the procedures applied, the resulting dose-response relationship (43) for
induction of fibroadenomas in the Sprague-Dawley rats for neutrons
generally corresponds to a dose exponent of approximately 0.5 (see Figure
6). The data for X-rays appear to be consistent with a dose exponent of 1.
The number of radiation induced adenocarcinomas in the studies of
Shellabarger et al. was too small to permit definitive statements on the
dose-response relationships.

It may be questioned to what extent data on induction of benign
tumours will be of relevance for risk assessment in man. At TNO a number
of successive programs on mammary tumourigenesis in three rat strains,
notably Sprague-Dawley, WAG/Rij and Brown Norway rats have been initiated
for single and fractionated irradiations with X-rays and monoenergetic
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neutrons of three energies (see Table 2). These studies have shown that
only in WAG/Rij rats an appreciable number of carcinomas was induced by
irradiation (44). Earlier analyses of the TNO results (45) were based on
the excess actuarial incidence at an age of 22 months or on the forward
shift in time. For the incidence of fibroadenomas in the WAG/Rij rats, the
exponent of the dose effect curve for excess actuarial incidence after
irradiation with 0.5 MeV neutrons was also lower than 1. However, the
addition of new data and the analysis of the data by the hazard functions
has resulted in a linear dose-response curves for fibroadenomas in
Sprague/Dawley rats and for fibroadenomas (Figure 7) and carcinomas (Figure

Table 2. Summary of studies on mammary carcinogenesis in the female rat

STUDY NO,
| I 11 IV \% Vi
Rat strains WAG,BN, SD WAG WAG WAG, SD BN,SD WAG,BN
Type and Dose of X:10-400 X:200-400 X:20-200 X:200-400 X:1-50 X: 2-400
Irradiation (rad) N: 2-150 N: 20-30 N:20 N: 50-100 N: 0.5- 40
y :200 B: 2-400
Total body (TBI)
or Local (L) Irrad. TBI TBI TBI TBI TBI L
No. of fractions 1 1,5 1,10,50 1,10 1,5 1,10
(Fraction intervals, days) - (14,30) (1,30) (7) (30) (30)
Hormonal status normal normal normal normal normal  normal
(normaI,OVH,Ez) OVH E E
E 2 2
2 (E2 -1,30r6
mo after irrad.)
Age at irrad. (mo) 2 2 2 2 2,6 2
No. of rats in study 5000 240 960 1000 1800 2280
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8) in the WAG/Rij rats for the two irradiation conditions notably X-rays
and 0.5 MeV neutrons.

It has been established that American Sprague-Dawley rats show a
larger and more rapid mammary neoplastic response than do the TNO Sprague-
Dawley rats studied in the Netherlands. As indicated in Figure 9, similar
differences were observed after DMBA administration indicating that there
are inherent differences between the two lines of rats (46). Genetic
differences between the two lines were confirmed by establishing
dissimilarities in the expression of erythrocyte antigens. Vogel and
Turner (47) studied mammary tumour development in five different strains of
female rats during the first year after irradiation with fission neutrons.
A genetic factor in rat mammary tumourigenesis is also evident from this
study with the highest susceptibility for tumour induction in Sprague-
Dawley rats.

Upton and coworkers (48, 49) investigated the induction of myeloid
leukaemia in RF mice after exposure to X- and gamma rays and neutrons at
different dose rates. Although the number of experimental data in the low
dose region is limited, Barendsen (50) derived linear and quadratic terms
for the malignant transformation process and the induction of cell
reproductive death:

I (D) = (aq D + ap D2) -(bqD + bpDp)

The competition between tumour induction and inactivation of cells has also
been observed by Mole and colleagues (35, 51) for induction of myeloid
leukaemia in male CBA mice. The initial part of the dose-response curve
for low LET radiation had to be fitted with a quadratic dose term without a
statistically significant linear dose component (see Figure 3). For
irradiation with fission neutrons the initial part of the response curve
followed a linear relation with the dose.

The induction of lung adenocarcinomas in mice after irradiation with
fission neutrons or gamma radiation has been studied by Ullrich and
colleagues (52, 53). The dose-response curve for gamma irradiation could
be fitted with a linear quadratic relation. However, the dose-response
curve after fission neutron irradiation shows a convex upward shape which
is described by Ullrich with a square root dose dependence. It seems
speculative to ascribe the downward bending of the curve to inactivation of
the alveolar cells after fission neutron irradiation. Studies on life time
shortening in mice performed by Thomson et al. (54) after irradiation with
fission neutrons have shown linear dose-effect relationships for photons
and a convex upward shape for neutrons.

RELATIVE BIOLOGICAL EFFECTIVENESS OF FAST NEUTRONS

For radiation protection applications, the main emphasis is on the
assessment of the RBE at low dose levels, e.g., at a neutron dose of 1 cGy.
It is sometimes rather difficult to distinguish the carcinogenic effect for
these low dose irradiations from background incidence. Specific models
have been postulated for the extrapolation to the low dose regions, e.g.,
the dependence of RBE on the inverse square root of the neutron dose. When
the estimates are based on different assumptions the same set of
experimental data can result in widely differing RBE values. In reporting
his own data on lung adenocarcinomas, Ullrich (53) derived an RBE of 18.5
on the basis of the linear slope constants for the neutron and gamma ray
dose response curves, whereas Fry (55) quoted an RBE of 60 on the same
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Fig. 7. Relative excess hazard as a function of total
absorbed dose for fibroadenomas induced in WAG/Rij
rats irradiated with X-rays and 0.5 MeV neutrons.

criteria. When Ullrich applied the inverse square root dose dependence he
derived an RBE of 71 for a neutron dose of 1 cGy, however, Rossi (24)
obtained an RBE of 133 at the same dose level. That different RBE values
were derived from the same experiment implies that considerable caution
should be exercised in the interpretation of such data. In addition, it
has to be realized that high RBE values for neutron carcinogenesis will be
mainly due to the low effectiveness of small doses of low-LET radiation.

The above mentioned insufficiencies should be realized when RBE values
are quoted for carcinogenesis in different tissues. Malignant
transformation has been studied in vitro employing short-term cultures of
Syrian hamster embryo cells (56). The RBE values of 430 keV monoenergetic
neutrons as a function of the dose for both transformation and cell
survival are shown in Figure 10. The vertical bars in the figure indicate
RBE values for in vitro malignant transformation that can be excluded with
80% confidence. Borek and Hall (56) conclude from their study that the RBE
changes with dose for both cell killing and in vitro transformation and
that the RBE values are similar over the limited dose range in which both
endpoints have been scored. However, their data do not indicate a clear
increase in RBE with decreasing dose for malignant transformation.

The studies on mammary neoplasms in Sprague-Dawley rats performed by
Shellabarger et al. (37) have indicated proportionality of RBE to the
inverse square root of the neutron dose (see Figure 1). Only a minor
fraction of all mammary tumours observed in this study were
adenocarcinomas. However, the authors claim that the RBE-dose dependence
for fibroadenomas alone and the combined group of fibroadenomas and
adenocarcinomas is consistent also for the more limited data pertaining to
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Fig. 8. Relative excess hazard as a function of total
absorbed dose for carcinomas induced in WAG/Ri}j
rats irradiated with X-rays and 0.5 MeV neutrons.

adenocarcinomas. The Brookhaven group has extended their studies to
another rat strain, notably ACI rats, in which they investigated (57) the
effect of exposure to low- and high-LET radiation and the administration of
diethylstilbestrol (DES). The synthetic estrogen DES induced an
appreciable increase in adenocarcinomas, a finding similar to observations
at TNO (44) where the natural hormone estradiol-178 has been employed. The
mammary carcinogenic response of non-DES-treated ACI rats to radiation,
appeared to be relatively small, thus requiring relatively high doses of X-
rays and neutrons to produce incidence values large enough to be analyzed
statistically. The dose dependence of the RBE of 430 keV neutrons for
induction of mammary neoplasms in ACI and American Sprague-Dawley rats is
shown in Figure 11. For the ACI rats treated with DES, the RBE values are
larger than those for Sprague-Dawley rats at comparable neutron doses.

The most recent analysis of the results on mammary tumourigenesis in
three rat strains performed at TNO, have resulted in linear dose-response
curves for both X-rays and 0.5 MeV neutrons. This implies constant values
for the RBE, independent of the neutron dose. It cannot be excluded that
the diversity of dose-response relationships for radiation carcinogenesis
may be due to the genetic characteristics and environmental status (e.g.,
hormonal levels) of the cells at risk.

A summary of RBE values for neutrons with energies between 0.5 and 1
MeV is given in Table 3. The RBE values for induction of myeloid leukaemia
are based on the data of Upton et al. (49) and Mole (35, 51). For the
latter set of data, the RBE was calculated as the square root of the ratio
aq for neutrons to ap for photons. Because of the absence of a linear
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coefficient in the dose-response curve observed by Mole for induction of
myeloid leukaemia after x-irradiations, it could be argued that these data
do not allow the calculation of genuine RBE values.

]7 L L LJ v lIf'r L L L lTllll 1 LI T T l‘lr"
10 1072 107! 0
neutron dose ( Gy )

Fig. 11. RBE of 0.43 MeV neutrons for induction of mammary
neoplasms in Sprague-Dawley rats and ACI rats (with and
without DES treatment) as a function of neutron dose
(Shellabarger et al. (57)).

In a recent study by Covelli et al. (58), life shortening and tumour
induction in mice were investigated after exposure to fission neutrons and
X-rays. RBE values for different endpoints were found to be in the range
of 3 to 18. However, these results do not allow to quote an RBE at a
neutron dose of 1 cGy.

EFFECTS OF FRACTIONATION OR PROTRACTION OF THE DOSE

When the radiation dose is administered in a number of fractions or at
a reduced dose rate, the biological response is different from that
obtained after single acute doses. For cell survival the modifying
processes include repair of sublethal damage, repopulation and re-
distribution over the cell cycle. For tumour induction the nature of
modifying mechanisms is not yet well understood, and it is rather difficult
to interpret all experimental results obtained after fractionated or
protracted exposures.

Elkind and colleagues (59) studied the transformation of 10T1/2 cells
(fibroblast-like cells derived from a mouse embryo) after irradiation with
gamma rays and fission neutrons at different dose rates. The reduction in
dose rate resulted in a decreased transformation frequency for the gamma
irradiation and an enhancement for the fission neutrons. These authors
postulated different mechanisms for the transformation damage: after high-
LET irradiation, cells would experience a repair process the net effect of
which is error-prone, whereas following low-LET irradiation, the net effect
of repair is error-free. These results could indicate that the dose-effect
curve would have a negative curvature (convex upward) for neutrons and a
positive curvature (concave upward) for photons* as postulated by Rossi and
Hall (34). However, it should be mentioned that there are appreciable
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Table 3.

Relative biological effectiveness at a dose of 1 cGy of

neutrons with energies 0.43-1 MeV for different endpoints

RBE at 1 cGy

Lung adenocarcinoma in mice, 3 neutrons/a1 photons 18.5
Ullrich, 1982 by '/ 7
Malignant transformation in hamster embryo cells

Borek and Hall (1984) 10-25
Myeloid leukemia in mice, daily chronic irradiation

Upton et al. (1970) 16
Myeloid leukemia in mice, acute irradiation square

root of a, neutrons/z-x2 photons, Mole (1984) 13

. . -1/2

Fibroadenomas in Sprague-Dawley rats, DN 50
Shellabarger et al. (1980)
Adenocarcinomas in AC| rats treated with DES, DN_”2 100
Shellabarger et al. (1982)
Adenocarcinomas in WAG/Rij rats, TNO 15
Fibroadenomas in WAG/Rij rats, TNO 13
Fibroadenomas in Sprague Dawley rats, TNO 7
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differences of opinion regarding the methodology and significance of
transformation assays. For X-irradiations at relatively high doses in
excess of 0.5 Gy, fractionation leads to a sparing effect for
transformation, but between 0.1 and 0.5 Gy fractionation enhances the
transformation incidence (56). The plating procedures and serum condition
can effect the expression of malignant transformation.

Reviewing the present status of radiation transformation in vitro,
Little (60) recalled that the ultimate yield of transformed foci per dish
may be independent of the number of cells initially at risk. Caution
should be employed in extrapolating results of in vitro transformation
studies to predict the effects of radiation on cancer induction in humans.

Experimental studies on in vivo carcinogenesis suggest that effects of
fractionation and protraction are different for the various tumour types
presumably because of the different mechanisms of tumorigenesis that may be
involved. For the induction of ovarian tumours in mice, Ullrich (61)
observed that fission neutron irradiation was less effective when delivered
at low dose rates in comparison with high dose rates (see Figure 12).
However, the mammary carcinogenic effect of neutrons was enhanced at low
dose rates, a finding similar to that of Vogel and Dickson (33). Studies
performed at TNO on the induction of mammary carcinomas in WAG/Rij rats
after single and fractionated irradiations with X-rays and 0.5 MeV neutrons
indicate that for equal total absorbed dose the tumours appeared at
approximately the same age (see Figure 13). This result might be due to a
higher susceptibility for tumour induction at an older age. Another
explanation for this phenomenon could be that fractionated irradiation has
a higher efficiency for neutrons as well as for photons, for induction of
mammary cancer. In this connection it should be noticed that the
experimental studies on mammary carcinogenesis were generally based on
total body irradiation of the animals. The induction of mammary cancer can
easily be modified by hormonal factors, and it might well be that specific
endocrinological conditions, necessary for tumour induction, are influenced
to a lesser extent by fractionated or protracted exposures.

Fig. 13. Probability of surviving without evidence of mammary
carcinomas in WAG/Rij rats after single-dose and fractionated
irradiation with X-rays. The arrows indicate the times of
irradiation.
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CONCLUSIONS

The studies on neutron carcinogenesis in rodents do not provide risk
factors applicable for man. The dose-effect relationships for photons
clearly indicate linear and linear-quadratic relationships which provide a
sound basis for linear extrapolations for risks of low-LET radiation. For
exposure to fast neutrons, different investigators have reported responses
proportional to the dose or to the square root of the dose. This aspect
needs further experimental investigation. The experimental data on the
relative biological effectiveness of fast neutrons for carcinogenesis
suggest that the present values for the quality factor might be increased.
The dependence of the RBE on the inverse square root of the neutron dose is
not generally applicable. At low doses the RBE will be determined by the
linear slope constants of the neutron and gamma-ray dose-response curves.
In consequence, an increase of the quality factor by a factor of 2 to 3
seems more realistic than a tenfold rise. Such an adjustment of the
quality factor will generally be accepted to provide an adequate margin of
safety (62, 63). Neutrons of relatively low energy have been observed
outside the shielding of nuclear installations. It will be important to
register the doses received by radiation workers who may possibly be
exposed to neutrons fields. Cancer patients treated with external beams of
fast neutrons might also constitute an important group for human
epidemiological studies in the future.

In addition to the probable consequences for radiation protection, it
was expected that the experimental studies on neutron carcinogenesis could
contribute to our understanding of fundamental mechanisms. Reviewing the
currently available results, it is impossible to formulate general
statements on carcinogenic action of low- versus high-LET radiation. The
diversity of dose-response relationships suggest that different mechanisms
may be involved in the induction of different tumours in various species
and even in different strains of the same species. It is therefore of
great importance to design new approaches to investigate the process of
carcinogenesis at the cellular and subcellular level.
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DOSE-RESPONSE FOR RADIATION-INDUCED CANCER IN RAT SKIN

F. J. Burns and R. E. Albert

Institute of Environmental Medicine
New York University Medical Center
550 First Avenue

New York, N.Y. 10016

INTRODUCTION

Skin has been extensively utilized to study the carcinogenic effects
of environmental and industrial agents (1). Compared to internal organs,
skin is relatively easy to manipulate, and tumors are detectible at earlier
times. The skin contains a comparatively large variety of cell types many
of which are susceptible to the action of carcinogens. For example, rat
skin exposed to radiation develops a variety of tumor types including,
squamous carcinomas, basal cell carcinomas, sarcomas, and sebaceous cell
tumors, each of which presumably arises from different cell populations in
the skin. Rat skin is sensitive to a number of environmentally-important
carcinogens, including radiation, where perhaps the most extensive
comparison of animal results with human epidemiological data are available
(2, 3). Rat and mouse skin have proved to be sensitive and reproducible
systems for studying the dose-response and time-response characteristics of
radiation carcinogenesis and for investigating the mechanism relating to
how the absorption of the radiation by the cells leads to cancer (4). The
following chapter will describe and summarize these studies many of which
have been carried out at the Institute of Environmental Medicine at New
York University.

The Time-Response Function

Upon exposure of the skin of rats to single doses of ionizing
radiation, epithelial tumors begin to appear about 10 weeks after
irradiation and continue to appear at an accelerating rate thereafter. The
reproducibility and consistency of this time pattern is remarkable and is
the basis for constructing dose response functions. A time-independent
dose-response function requires that tumor yield be described by a
separable function. Separability means that the function is a product of a
function only of time with a function only of dose (5). This important
concept can be expressed as follows:

Y(D,t) = £(D)-g(t) (1
where Y(D,t) is the yield in tumors per animal as a function of dose, D,

and time, t. The function f(D) depends on dose only and the g(t) depends
on time only.
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Fig. 1. Examples of temporal tumor onset data
generated in experiments where rat skin
was irradiated with electron radiation
that penetrated about 1.0 mm. The onset
time of each tumor was taken to be the
earliest time of visual detection.
Generally each tumor is examined and
confirmed histologically. Equation 2
(below) was fitted to the data with n = 2
and w = 0.

Analysis of the data alone has so far proved to be inadequate for
specifying the analytic forms of f(D) and g(t). The data are useful for
establishing the generally types of analytic forms, but there is a need for
functions derived from basic biological or statistical considerations. For
compatibility with the multistage theory of carcinogenesis, we have chosen
the following form for g(t) (6, T):

g(t) = e(t-w)n, (2)

This form, sometimes referred to as a Weibull function, has often been used
to fit temporal data, especially data derived from epidemiological studies
of human populations.

While non-integer values of n are conceivable, consistency with the
multistage model model requires the use of integer values. In recent
experiments where the number of animals was greater than 50 there was
upward curvature in the temporal functions indicating an n value greater
than 2. If n is assumed to be 2, then the value of w for a wide range of
data is close to O weeks. Thus, we have chosen n to be 2 which gives a w
value of close to 0 weeks.

Examination of the data in Figure 1 indicates that tumors may occur at
any time after irradiation essentially for as long as the animal lives.
Some kind of carcinogenic alteration in the target cells presumably occurs
at the time of or within a few hours after irradiation. If cancer cells
existed at that time, the tumors should be distributed around the median
induction time with the earlier tumors being the more rapidly growing ones,
and the later tumors being the more slowly growing ones. However, tumor
growth rates as a function of the time of detection (generally when the
tumors are about 1 mm in diameter) indicated an equivalent distribution of
growth rates among the late and early tumors (8, 9).

Moreover, the distribution of histological types of tumors was
approximately the same in early and late occurring tumors. These results
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Fig. 2. The means and standard errors of the
growth rates at detection are shown as a
function of detection time measured from
the time of irradiation. Single doses of
electron radiation were applied at 28
days of age. The error bar show is
typical and represents the standard error
of the mean of not less than 10 tumors.

are consistent with the idea that the initial carcinogenic alteration
caused by action of the radiation merely establishes a potential cancer
cell that does not become an actual cancer cell until later. The
conversion of potential cancer cells to actual cancer cells probably
requires more than one step and is related to progression, a process
whereby cells advance in discrete genetic steps to malignancy.

The Dose-Response Function

Perhaps the most widely used analytic form of the dose-response
function, f(D), to describe the biological effect of radiation on cells,
especially cell lethality and chromosomal aberrations, is the so-called,
linear quadratic function derived from the dual action theory (10, 11).

The hypothesis underlying the dual action theory states that the yield of
any biological endpoint requiring two radiation-induced events is
proportional to the square of the radiation dose in a microscopic region of
space that essentially defines the target region with the cell (15). The
form of the expected function is:

£(d) = AD + BD2 (3)

Equation 3 is derived from biophysical considerations of the way
radiation dose is distributed statistically in small regions of space or
from various biological hit theories that are predicated on breaks in the
DNA being the primary event in the overall mechanism (15).

In a number of experiments, we have attempted to establish the dose-
response function for radiation carcinogenesis in rat skin.

It is typical of radiation carcinogenesis in several systems that the
dose-response a peak followed by a decline at higher doses. This downturn
of response at higher doses is probably caused by unrepopulated cell
lethality. The downturn is fitted reasonably well by assuming that only
partial repopulation occurs if the lethality is higher than some critical
level. Furthermore, if it is assumed that the alterations relevant to
carcinogenesis are transmitted to daughter cells during repopulative cell
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Fig. 3. Shows the tumor yield as a function of
surface dose at 80 weeks after
irradiation for rat skin irradiated at
28 d of age with monoenergetic electrons
or argon ions (12, 13, 14, 15). The
ascending part of the solid curve in
Figure U4 is equation 3 with A = 0. The
n values refer to the best fitting power
function based on a least squares
calculation. This is perhaps the most
complete set of data presently available
on the dose-response function of
radiation carcinogenesis.

division, then cell lethality should not necessarily reduce the cancer
incidence at doses where complete regeneration has occurred. If
carcinogenically-altered cells participate in the regeneration, there could
be complete compensation for loss of cells at risk.

Proportionality between the coefficient A and the linear energy
transfer (LET) is one of the more important implications of the linear
quadratic theory. We examined this question by exposing rat skin to an
argon ion beam at the Lawrence Radiation Laboratory Bevalac Accelerator
(16). The LET of this beam is so high (125 kev/u) that only a few tracks
per nucleus are sufficient to produce several hundred rads of dose. The
results were a striking confirmation of the hypothesis and are also shown
in Figure 3. The dose-response relationship for argon ions is very nearly
linear in the region below about 9 Gy (note: 1 Gy = 100 rads). At higher
doses the skin was unable tc compensate for the severe lethality, and the
yield of tumors declined in association with frank ulceration and loss of
tissue. The data from Figure can be used to provide estimates of the
relative biological effectiveness (RBE) for tumor induction as a function
of radiation dose. The results indicate the RBE is about 2.5 at the peak
yield dose and increases as the dose is reduced reaching about 5 at the
lowest dose where data is available (100 rads).

Recovery and Repair in Radiation Carcinogenesis of Skin

Generally mammalian cells are capable of repairing at least part of
the damage caused by the low LET ionizing radiation, and it is important to
establish whether carcinogenic alterations are subject to similar repair
processes. Certainly if multiple events are involved in carcinogenesis, if
one or more events are repaired before subsequent ones occur, the risk of
carcinogenesis may be greatly reduced. Hence, a series of experiments was
designed to attempt to establish experimentally whether proximity of doses
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in time was an important factor in radiation carcinogenesis. Such
information would be extremely valuable for extrapolating risks to low
doses and for providing a rational basis for taking dose rate into account
in risk assessment calculations.

An important question for carcinogenesis in general and for radiation
carcinogenesis, in particular, is whether or how the carcinogenic effects
of two or more individual doses add together to produce their overall
effect. The simplest expectation is that multiple doses produce time
functions of tumor yield that are additive in all time increments. That
such a possibility was not the case was found on the basis of results where
two doses of radiation were applied to the rat skin. The timing between
the doses was clearly important and indicated that the tissue was capable
of repairing at least part of the radiation damage relevant to cancer
induction (17). By varying the time between exposures, we estimated that
the repair half-time of the repairing event was about 3 hrs. (18).

A similar degree of repair occurs irrespective of how many individual
doses are given (17). Many individual doses of electrons were given to the
same region of skin. In the first series of experiments a relatively small
numbers of daily fractions (maximum 10) were given. A given dose D was
split into n equal fractions of magnitude D/n. If the time between
fractions is great in comparison to the repair halftime, the expected
yield, Y,, from n fractions is n times the yield from one fraction ¥(D/n),
i.e., ¥y =nx Y(D/n). Since Y, is a measurable quantity, dividing it by
the fraction number and plotting against the dose per fraction (D/n) gives
Y(D/n) which should show consistency with the results at higher single
doses if the recovery is equally effective irrespective of the number of
fractions.
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Fig. 4. A plot of the percentage unrepaired (P)
versus time between fractions. P was
determined from the equation: P =
(£(d,0)-£(d,t))/(£(D,0)-f(D,+)), where
f(D,0) is the cancer yield when two equal
doses of magnitude D were given with no
time separating them, f(D,+) is the
response when two exposures were well
separated (greater than 24 hrs.) and
f(D,t) is the tumor response when the two
exposures were separated by time t.
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exponent of the second term in equation
3.

In a second series of experiments, the question was addressed whether
something fundamentally different happens when the radiation exposures
extend to times when the tumors from the early doses are beginning to
appear so that cells may be exposed to additional radiation dose as they
are progressing to cancer. Radiation doses were given weekly for
duration of 1life.

The increased exponent for the multiple doses is much greater than
would be expected if the effects of each individual dose were simply
additive in each time increment. Simple additivity an expected exponent of
about 3, i.e., 1 or more than about 2, whereas the actual exponent is much
greater. For 75 rads per week the exponent was only 2.9, but these data
are based on a relatively small number of tumors. Both groups contained
about 40 rats so that the 150 rads/week curve is based on about 150 tumors
while the 75 rads/week curve is based on less than 12 tumors. In the
multistage theory the increased exponent is interpretable either as an
increased number of events occurring stochastically in time or as clonal
growth of one or more of the intermediate stages.

It is also clear from the data in Figrre 6 that split dose repair
continued to be operative for at least 52 e¢xposures. In spite of the
exponent on the time function being close to 6 for weekly 1.5 Gy doses, the
tumor yield was still less than 1.0 tumors/rat at an accumulated dose of
78.0 Gy. A single exposure of 16.0 Gy would produce the same yield (see
Figure 2.) which means that about 80% of the carcinogenic effectiveness of
the radiation was lost because of repair in the multiple exposures.

The Geometrical Distribution of Dose

A surprising feature of our studies of radiation carcinogenesis in rat
skin has been that the yield of tumors is number of cells irradiated (19,
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Fig. 6. Tumor yield as a function of time for
doses of 75 and 150 rads per week. Also
included in Figure 8 for comparison are
results for a single dose. The log-log
plot reveals the time exponents to be
about 2 for single doses and more than 6
for the repeated exposures.

20, 21). There are two general explanations of such a finding: (1) either
carcinogenesis does not originate in single cells but rather from clusters
of cells, or (2) the carcinogenic alterations can be repaired or prevented
from being expressed in cells in proximity to unirradiated cells. Since
there is no evidence that carcinogenesis is modifiable by hormones and
other modifiers, the second explanation seems more probable.

To study the effect of geometrical distribution of dose, rat skin was
irradiated with low energy X-rays in either a sieve pattern or in a uniform
patterns. The resulting tumor yields were expressed in units of number of
tumors per unit area of tissue exposed. For the same number of cells
exposed, there was a markedly reduced onset of tumor development when the
radiation was localized in comparison to generalized exposure. Moreover,
when the tissue between the heavily irradiated pores was irradiated with a
low dose, the reduction was eliminated. We interpreted these results to
mean that unirradiated cells near to the irradiated cells were able either
to lower the effective dose possibly by providing diffusible radio-
protective compounds or were able to alter the progression of potential
cancer cells. Based on geometrical considerations, the irradiated cells are
protected for a distance of about 0.2 rm from the irradiated region.

Another possibly-related geometrical effect was observed; for a given
surface the yield of tumors declined as the penetration of the radiation
decreased. If the penetration was less than about 180 microns, no tumors
at all were observed (22). If the radiation penetrated deeper than 180
microns, tumors of all histological types, including squamous carcinomas
and adnexal tumors were produced. Overall, the yield of tumors was more
closely related to the dose at about 0.3 mm than to the surface dose.
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Since the tips of the resting phase hair follicles are located at a depth
of about 0.3 mm, the results suggested that the hair follicle may be the
target cell population for radiation carcinogenesis in rat skin. A test of
this hypothesis by selective irradiation at 0.3 mm with an alpha particle
Bragg peak proved to be negative; no additional tumors were induced over
the number expected from the Bragg curve plateau region (23). Possibly,
the width of the Bragg peak was too narrow to irradiate a sufficient number
of cells to produce a detectible yield of tumors, so the question of
whether a special target cell population exists at 0.3 mm remains
unresolved.

Cell Proliferation and Carcinogenesis

There are several ways that proliferation could play a role in
radiation carcinogenesis 1In addition to the obvious requirement that
cancer cells must retain the capacity for cell division, cell division may
serve the purpose of converting initial alterations into mutations that can
be transmitted to daughter cells (24). Cell division may also promote the
progression of potential cancer cells into cancer cells (25). If either of
these suggestions is correct, the rate of cell division at the time of and
subsequent to irradiation should be an important determinant of the rate of
appearance of the cancers.

To test whether the cell proliferation rate affects the tumor yield,
rat skin was exposed in the growing phase of the hair cycle when the
epithelial cell populations are in a state of rapid proliferation (26).

The tumor yield in growing phase skin was only slightly higher than in
similarly-exposed resting phase skin in spite of the great differences in
the proliferation rates at the time of irradiation. Furthermore, when cell
proliferation in the skin was stimulated by plucking the hair repeatedly or
by stripping the skin surface with cellophane tape repeatedly, the tumor
yield was unaffected. Perhaps not all cells in the hair follicles or the
epidermis are at risk for radiation carcinogenesis. If the cells at risk
are only a small proportion of the total cells, e.g., the germ cells,
proliferation of the entire organ may not reflect proliferation of the
relevant subpopulation.

In separate experiments the hair germ cells were stimulated prior to
irradiation by plucking hair. Then skin was irradiated at various stages
of follicle elongation up to and including the fully mature, hair-producing
anagen follicle. The results showed that irradiation of the various stages
of follicle elongation had no effect on the skin tumor yield, except that
the minimum induction time was reduced slightly in the fully mature anagen
phase.

Locating the carcinogenically-sensitive cells in the anagen (growing)
phase was attempted by varying the penetration of the radiation (26). The
depth found to be most closely correlated with tumor yield was about 0.4
mm; a value not very different from the comparable value found for resting
phase skin. In spite of great differences between the depth of anagen
(1.0 mm) and telogen resting (0.3 mm) follicles, the location of the
sensitive cells did not differ. This can be explained by assuming that the
follicular stem cells (the presumptive target cells) remain at about the
same level in the skin throughout the entire hair cycle. Such a
possibility is plausible because during the transition from the large
growing follicle to the smaller resting follicle (a transition known as
catagen), the entire follicle below the level of the hair germ cells is
resorbed. Presumably cells with carcinogenic alterations existing below
the hair germ level in a growing follicle are resorbed before their
carcinogenic potential is expressed. Generally the hair growth cycle has a
duration of 3 to U4 weeks.
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Fig. 7. Single strand breaks in rat epidermis
exposed to single doses of electron
radiation. The straight line is a least
squares fit of the data points.
Measurements were made by means of an
alkaline unwinding procedure.

Fig. 8. Repair of single strand breaks in rat
epidermis at 2 ages. Error bars are
standard errors of the mean. The skin
dose was 10 Gray.

DNA Damage and Repair in Relation to Carcinogenesis

There are numerous candidates for the initial lesion in DNA that sets
a cell on the path to cancer. Some of the most frequently cited are DNA
strand breaks, base damage in the form of adducts, base deletion, and DNA-
DNA cross links. Breaks in the deoxyribophosphate strand structure are one
important way that ionizing radiation damages DNA, and we attempted to
determine whether their induction and repair kinetics were correlated with
our knowledge about carcinogenesis in the rat skin (27). If such breaks
ocecur in only one strand (single-strand breaks), they are readily
repairable, presumably correctly because of the availability of an unbroken
homologous template. However, if breaks occur in both strands (double-
strand breaks), the consequence may be a break in the chromosome which many

not be repairable or may repair in a way that causes chromosomal
rearrangements (28).

Since 2 single strand breaks on opposite strands could produce a
double strand break, it was important to determine whether the kinetics of
single strand break repair correlated with repair of carcinogenically
relevant damage. It was known that mammalian fibroblasts in tissue culture
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Fig. 9. Cancer yield in rat skin as a function of
x-ray exposure at different ages. Yields
were determined uniformly at 70 weeks
after irradiation. Error bars are
standard deviations estimated from the
total number of tumors.

generally are able to repair radiation-induced single strand breaks with a
halftime of about 20 min. which is much less than the halftime for the
repair of the carcinogenic effect (180 min.). Since the rate of single
strand break repair could differ in vivo, we applied in vitro techniques to
measure the rate of repair of DNA 81ng1e strand breaks in the rat epidermis
(29). Utilizing alkaline unwinding, we obtained data indicating that
single strand breaks were produced in proportion to dose, and that the
repair halftime was about 21 min. not very different from values found for
a variety of cell lines in vitro. These data are shown in Figures T and 8.
The discrepant repair halftimes indicate that single strand breaks are

not consistent with the requirements of an initial lesion in
carcinogenesis.

Age and Radiation Carcinogenesis

In the multistage theory of carcinogenesis, the events necessary to
produce a tumor cell might occur spontaneously which means that they might
accumulate with age. If spontaneously occurring events relevant to
carcinogenesis accumulate with age, one would expect a given dose of
radiation to produce tumors more readily in older animals than in younger
ones. To test this expectation, we exposed rats to single doses of
radiation at various ages. The yield of tumors was determined at identical
times after irradiation (30). The results contradicted the expectation
that spontaneous events accumulate with age. In fact, fewer not more
tumors formed as the rats were irradiated at progressively older ages.
These results are shown in Figure 9.

As a follow up to this observation, the rate of single strand break
repair in the epidermis was measured as a function of age. In parallel
with the reduction in cancer induction, the rate of repair of single strand
breaks also decreased with increasing age. It was noted that other kinds
of repair, namely, wound repair, showed evidence of reduced effectiveness
with increasing age. The relevance of these observations to carcinogenesis
is unknown, but if the carcinogenic repair rate also declines with
increasing age, carcinogenesis may be more closely correlated with repair
potency than with the magnitude of the primary damage.
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Fig. 10. Healing time of radiation-induced wounds
in rat skin. The skin was exposed to 30
Gray of 0.8 MeV electrons. All wounds
eventually healed, forming contracted
fibrotic scars.

Fig. 11. The repair of radiation-induced single
strand breaks in rat epidermis as a
function of age. Measurements were made
by means of an alkaline unwinding
procedure.

Ultraviolet Carcinogenesis in Combination with ionizing Radiation

A large part of the skin cancer burden in humans is associated with
exposure to the ultraviolet component of sunlight. However, there is an
indication that humans exposed to both ultraviolet light and ionizing
radiation run a significantly higher risk of developing skin tumors than
individuals exposed to only one of these agents (31, 3). In an attempt to
determine whether rat skin exhibited a similar response synergism, we
exposed rats to single doses of ionizing radiation (electrons) followed by
multiple weekly dose of germicidal (254 nm) or solar spectrum (greater than
290 nm) ultraviolet light (UV). The yield of skin tumors was determined
for at least 18 months after the final radiation dose (32, 33).

As an estimate of dose, we measured pyrimidine dimers in the epidermal
DNA. The pyrimidine dimers were measured by prelabelling the DNA with
3HTdR, isolating and digesting the DNA and then separating the bases from
the dimers by paper chromatography. Dimers exhibited a linear dependence
on exposure dose (Figure 12). The UV alone produced a large number of

61



Fig. 12. Thymine dimers in epidermal DNA of rat
skin plotted against he yield of
keratoacanthomas for 2 wavelengths of
ultraviolet radiation. Dimers were
measured by paper chromatography.

Fig. 13. The yield of malignant tumors in rat
skin exposed to ionizing radiation in
combination with ultraviolet radiation.
Error bars are standard deviations
estimated from the square root of the
total tumor count. The ionizing
radiation was 0.8 MeV electrons. The UV
exposures were given after a single

Rosure to ion121ng radiation. L = 2 x
Joules/m ; H=10 x 10 Joules/mz-

benign keratoachanthomas but no malignant tumors. The yield continued to
be proportional to dose.

The data in Figure 13 show the yield of malignant tumors for ionizing
radiation and UV in combination. The addition of UV to the ionizing
radiation yielded more tumors at low doses of ionizing radiation. However,
there were fewer tumors at higher doses of ionizing radiation, where
normally one expects the greatest number of tumors to occur. The reduction
seemed to be a sterilizing effect on the development of small tumors,
because when the UV exposures were stopped, tumors began to appear at about
the same rate as observed earlier in the groups that received ionizing
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Low LET Radiation

Inferaction Infertrack Pathway

Normal Cells | Break 2 Breaks Fusion

Intratrack  Pathway
High LET Radiation

Fig. 14. A model showing how low and high LET radiation might
lead to the same chromosomal lesion by intertrack and
intratrack pathways, respectively. Low LET proceeds in
2 steps with repair, while high LET proceeds in a
single step without repair. The interaction sphere is
the region of the DNA molecule within which radiation
energy must be absorbed to produce a lesion.

radiation without subsequent UV. It was especially interesting that the UV
prevented the onset of all types of tumors including squamous carcinomas
and adnexal (hair follicle) tumors. Since more than 80% of the solar
spectrum UV dose was absorbed in the epidermis, and since virtually none
penetrated to the level of the sebaceous glands, the germ cells receive
little, if any, dose. 1If the sterilizing effect is a result of direct
action of the UV, one must assume that the presumptive tumor cells were in
or just below the surface epidermis at the time of exposure to the UV.
This result conflicts with the results indicating that critical targets for
radiation oncogenesis can be found about 0.3 mm below the skin surface.

A Model of Radiation Carcinogenesis

One of the major theories concerning the molecular mechanism of
radiation action on living cells is the dual action hypothesis. In this
hypothesis, events or hits resulting in molecular damage are postulated as
the starting point for several measurable endpoints of biological damage.
We have been attempting to explain radiation carcinogenesis data in terms
of a two event or dual action postulate (Figure 14). 1In this formalism an
interaction is assumed to occur between two primary events somehow forming
an aberrant cell that progresses in a stepwise manner to acquire malignant
properties (34, 35). The interaction is envisioned to proceed quickly when
the events are in close geometrical and temporal proximity. Furthermore,
the events are assumed to be repairable so that an interaction may be
averted if one event is repaired before the second one occurs.
Unfortunately, the identity of the primary event is unknown, although it is
presumably a molecular alteration in a DNA molecule, since the neoplastic
properties must be propagated to daughter cells. As mentioned above, one
plausible candidate is a break in the deoxyribophosphate strand structure
which could be the initial event in a cascade that leads to additional
mutational and karyotypic changes.
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Certain conclusions about the nature of the initial events can be
derived from information now available. We must assume that the
hypothetical events are a direct or indirect result of the molecular
absorption events (ionizations) produced by the radiation. This assumption
means that the geometrical distribution of the hypothetical lesions in the
cells must be directly related to the distribution of the primary
ionizations.

Consequently, the distribution of carcinogenic events (hypothetical)
is determined by the physical location of the ionizations and the latter
can be markedly altered by varying the linear energy transfer (LET) of the
radiation. As an ionizing particle, e.g., electron, passes through a cell,
it leaves a track of ionizations that are spaced in a manner that depends
on the velocity, mass and charge of the particle. The LET is proportional
to the number of ionizations per unit length of track. At extremely low
LET values, where many individual tracks are necessary to produce a given
dose, most ionizations are associated with different particle tracks. For
example, high energy electrons produce only about 3 ions in traversing an
epidermal nucleus, and as many as 3000 tracks are required to produce a
dose of a few hundred rads. As the LET increases the number of tracks
necessary to produce a given dose declines proportionally until at very
high LET values, e.g., 100 kev/u or higher, hundreds of rads can be
delivered by only one or 2 tracks per nucleus. In the latter circumstance
the primary ionizations and any events derived from them follow a
geometrical alignment along particle tracks. Consequently, at high LET the
chance that members of an interacting pair of events are contained within
the same track is quite high. As the LET increases, the chance of events
being within an interaction distance of one another increases
proportionally, and intratrack interactions are proportional to LET as well
as dose. Moreover, since events in a given track are produced essentially
simultaneously, intratrack interactions proceed quickly without the
possibility of significant repair.

At low LET values, many individual tracks are necessary to produce a
given dose, and the two members of any interacting pair of events were
likely to be produced by events in different tracks. Since events in
different tracks are independent, the probability of two occurring within
an interaction distance is the product of the individual occurrence
probabilities. Primary events are assumed to be proportional to
ionizations (either single ionizations or clusters) and to dose. Hence,
the yield of interactions between events in different tracks would be
proportional to dose squared. Once two events interact, it is assumed that
an irreparable lesion is formed.

Without specifying the nature of the primary events, the above

considerations lead to the following dose-response function when the time
of exposure is so short that repair during the exposure can be neglected:

Y4(D) = aLD + bD? (%)
and to the following function when the dose rate is:
Y>(D) = aLD + (bDr)/c (5)

The similarity of equation 4 with equation 3 derived from the dual action
theory is obvious.

Equation 5 is an expression of the expected dose-response function at
low dose rates. Equations U4 and 5 mean that the dose-response
characteristics of the carcinogenic response to radiation can be specified
by 3 constants, a, b, and c. The three parameters are measurable as
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Fig. 15. Skin cancer in rats exposed to single
doses of electron radiation and fed
retigl acetate. The error bars are
standard deviations based on the square
root of the number of tumors.

follows: b in dose-response studies with low LET radiation, a in dose-
response studies with high LET radiation and c¢ in fractionation studies
with low LET radiation. Such experiments have already been carried out for
rat skin and the results are as follows: a = 2.5 x 10~2 tumor w/rad kev
rat, b = 1.3 x 10=% tumors/rat rad® and C = 0.24 hr.~'. In equation 5, the
ratio of aL to b is the dose, Dy, where the linear and dose squared terms
make equal contributions to the total response. On the basis of the
numerical evaluations above:

Dg = (aL)/b = 19L (6)

where L is the LET of the radiation in kev/u. For argon ions L = 125 kev/u
and Dg is 2875 rads, while for electrons L = 0.34 kev/u and Dy is 6 rads.

It is recognized that the approach outlined here is overly simplified
in that it neglects a number of potentially important factors, such as, the
cytotoxic effect of the radiation and the likelihood that a variety of
biological or hormonal factors may modify the expression of neoplastic and
potentially neoplastic cells. Certainly cytotoxicity cannot be ignored at
doses above the peak yield where further dose increases lead to
unregenerated tissue destruction and fewer tumors. Accordingly, the model
outlined can only be fitted to data below the peak.

Histology and Growth Characteristics of the Tumors

The skin contains a variety of cell types and the tumors induced by
ionizing radiation exhibit a distribution of histological types that
reflect the major types of cells found in the skin. For example, the
various types of tumors occur with overall relative frequency of occurrence
in parentheses as follows: squamous carcinomas (30%), basal cell
carcinomas (20%), keratosebaceous tumors (35%), sebaceous tumors (10%),
sarcomas (5%). The distribution of tumor types is relatively invariant and
does not depend on the type of radiation, the geometrical distribution of
the radiation or the temporal pattern of dose application. A slight excess
of squamous carcinomas is seen at the doses above the peak yield dose.
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Modification of Radiation Carcinogenesis

Retinoids have been found to have considerable antitumor activity
against a variety of tumors, including mammary tumors and skin tumors (36).
Generally it has been assumed that the retinoids act in the second.or
promotional phase of tumor development and perhaps even exert their effect
on the differentiation in tumor development. Somewhat surprisingly we
found that the retinoids act to inhibit mammary tumors when given at about
the time of administration of a chemical carcinogen (37). Since the
carcinogen employed in these experiments required metabolic activation, the
retinoid could have affected that activation. To test for possible
inhibition with a direct-acting carcinogen, we gave dietary supplements of
retinyl acetate to rats at various times in relation to exposure to
carcinogenic doses of ionizing radiation on the skin (37).

The results are shown in Figure 15 which shows the yield of tumors for
the non-retinoid exposed animals and for groups exposed to the same
radiation dose but also given dietary retinoids at various times as
indicated. The group that received the retinoid beginning 2 weeks prior to
the radiation exposure and continuing indefinitely thereafter developed
only 4 tumors in comparison to 39 tumors in the comparably irradiated
controls. Short exposure to the retinoid beginning 2 weeks prior to
irradiation and ending 1 week after the irradiation and continuous exposure
to the retinoid beginning 1 week after irradiation produced about equal
inhibitory effect on the radiation-induced tumors. These results indicate
that the development of radiation induced tumors in the skin is subject to
the inhibitory action of the retinoids. The degree of inhibition was more
marked than has been seen for several indirect acting carcinogens in other
tissues (36).

An important question in environmental carcinogenesis is whether and
how diverse carcinogens might interact to produce cancer in a given tissue.
We examined this question in rats by exposing the skin to single doses of
ionizing radiation followed by multiple weekly doses of 7,12
dimethylbenz(a)anthracene (DMBA) (38). DMBA is a polyeyclic aromatic
hydrocarbon that requires metabolic activation prior to producing its
carcinogenic effect. The results are shown in Figure 16. There is a
striking difference in the temporal onset patterns. For DMBA the tumor
incidence is consistent with a power function with an exponent of about 6,
while the same exponent for carrying radiation is much lower, i.e., about
2. This difference is at least partly associated with multiple exposures
versus single exposure. Nevertheless, the results are almost exactly
additive. The curve showing the tumor yield when the two carcinogens were
given to the same animals is almost the exactly the summation of the curves
for exposure to only one agent. Certainly prior irradiation with electrons
failed to sensitize the skin to exposure to a different carcinogen.

Comparison of Radiation Skin Carcinogenesis in Different Species

The usefulness of experimental animals for estimating hazards and
risks for humans is clearly dependent on the validity of the implicit
assumption that the mechanisms of action are similar if not identical in
different species. At the present time, it is not possible to determine
the mechanism of radiation damage in human tissue, but it is possible to
draw inferences of similarities between similar species by comparison of
dose-response and time-response functions. We have made such a comparison
between rats and humans exposed under nearly identical conditions and found
a remarkable similarity once the differences of life spans is taken into
account (2).
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Fig. 16. Skin cancer rats exposed to ionizing
radiation (0.8 MeV electrons) followed
by weekly doses of DMBA in 1.0 ml
acetone. The combined exposure gave
almost exactly the same yield as the
summation of the individual exposures.

On the other hand, a comparison of radiation carcinogenesis in rat and
mouse skin reveals some striking differences which are still unexplained
(39). The tumor yields were compared under conditions of exposure that
were as identical as possible. To compensate for different skin
thicknesses, the penetration of the electron beam was modified in order
that the distribution of dose along the depth of the hair follicles was
proportionally the same in the two species. For the same proportionate
area exposed, the yield of tumors in the rat was about 40 times greater
than that in the mouse.

The great excess of tumors in the rat could be attributed to two
principal factors: (1) the greater size of the rat and (2) the presence of
hair follicle tumors in the rat that were not present in the mouse. By
comparing the results in terms of the tumor yield per unit area, the rat
excess was reduced to about 8 times that of the mouse. While a variety of
epithelial tumors occurred in the rat, squamous carcinoma was the single
predominate tumor in the mouse. Since the latter tumor comprised only
about 30% of the rat tumors, comparison of squamous carcinoma only between
the two species reduced the rat excess to about 2.5.

The rat was more sensitive than the mouse to radiation carcinogenesis,
because it had more cells at risk and because its epithelial cells were at
risk for a variety of additional tumors that were presumably of hair
follicle origin. Neither of these results could have been predicted a
priori and both deserve further study. Such results emphasize the need to
understand mechanisms before making extrapolations between species in
anything other than a qualitative manner.
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INTRODUCTION

The risk assessment of radiation-induced cancer at the low doses
delivered by environmental and occupational sources would be greatly
facilitated by a more precise knowledge of the shapes of the dose-response
functions. This knowledge is not available at present and is not likely to
be obtained in the near future by direct observations. Two features of the
dose-response relationships are most important for risk evaluation at low
doses: the existence of a dose threshold and the general form of the
curve.

Absence of the threshold is usually assumed if the probability of
tumour induction plotted against dose allows extrapolation to the origin by
eye, or if the calculated regression crosses the abscissa at values which
are not significantly different from zero. Conversely, the presence of a
threshold cannot be excluded when these conditions are not fulfilled.
However, disproving a threshold below the range of direct observation may
be impossible, owing to the statistical fluctuations of the spontaneous
tumur incidence and of the induce response. In practice, therefore,
thresholds are often assumed to be absent, although this condition has
never been proven for any form of radiation-induced malignancy (1) and
should be regarded as a working hypothesis.

In spite of the marked variability between different animal species
and strains, dose-response relationships for various experimental tumours
after single whole-body or localized exposures may be grouped under three
different categories (1):

(a) Tumours showing a progressively higher incidence with
increasing dose up to a maximum and decline at still higher
doses (most forms);

(b) Tumours showing a negative correlation between incidence and
dose (these tumours have normally high spontaneous frequencies);

#0pinions expressed in this paper are the author's own and not those of
the UNSCEAR
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(e) Tumours showing no clear rise of incidence for doses up to
several Gy.

For dose-response relationships of type (a) some regularities have
been pointed out (1) which conform to other radiobiological phenomena
ocecurring in single cells, such as killing or induction of mutations and
chromosomal aberrations. These are:

(1) RBE values for high-LET radiation relative to x and gamma rays
are higher than 1 and decrease with increasing dose;

(2) For acute doses of high-LET radiation the increase in tumour
incidence is closer to linearity than for low-LET radiation:
this latter usually produces upward concave relationships;

(3) There is little dependence of the tumour yield on dose
fractionation and protraction of high-LET radiation, while for
x and gamma rays the yield usually declines under such
conditions.

Although it is impossible to experimentally reconstruct the form of
the dose-effect relationships at the low doses of practical interest, the
phenomenon of tumour induction shows characteristics which are reminiscent
of other radiation-induced cellular and subcellular effects. It may,
therefore, be asked whether the available evidence for such effects could
throw some light on the nature of the dose-response relationships for
induction of tumours. It is also possible to critically discuss published
models for tumour induction and test their compatibility with available
experimental data. Such exercises could possibly allow generalizations to
be made as to the likely form of the dose-response relationships for some
types of cancer that would minimize the uncertainties of the risk estimates
at the very low dose and dose rates. Although in principle they may be
carried out on both human and animal tumours, in the present paper they
will only be limited to data from animal experiments.

DOSE-RESPONSE RELATIONSHIPS

Radiation-induced cancer is a stochastic phenomenon occurring with a
relatively low probability in a population of irradiated individuals. As
such, it may be analyzed for its dependence on dose and time. The event of
interest may be assumed to occur at the time of diagnosis when tumors are
readily apparent or at the time of death for rapidly lethal tumours. In
experimental work the populations under study usually consist of animals
standardized for species, strain, sex and age, irradiated under controlled
conditions. These animals are followed for a given time or up to natural
death and are appropriately matched with other control non-irradiated
animals treated in exactly the same way. The time of death and ideally
also the cause of death are known for each animal.

Easily diagnosed or rapidly lethal tumours are readily discovered and
for such "manifest" neoplasms mathematical procedures are available to
correct for intercurrent mortality unrelated to tumour incidence. Under
these conditions one speaks of rightly censored data, because for each
individual one either knows the actual time to tumour or assumes that the
hypothetical time to tumour is longer than the time at which the animal
dies or disappears from observation due to other causes. If tumours are
"occult", in the sense that they are incidentally discovered in animals
naturally dying or sacrificed, one speaks of double censored data. In
these cases one knows that the time to tumour is either shorter or longer
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than the observed time of death; however, a precise time can never be
determined and correcting for competing risks is more complex.

Dose-response curves are functional relationships between an
independent and a dependent variable. The independent variable is the
specific energy, z, absorbed in the biological structures of interest,
commonly expressed as D, the absorbed dose, which is the mean value of z:
it should be noted that for the same value of D the values of z can vary
greatly, depending on radiation quality. In the present context the
following terminology roughly applies:

Low Dose Intermediate Dose High Dose
Low-LET < 0.2 Gy 0.2 to 2.0 Gy > 2.0 Gy
High-LET < 0.05 Gy 0.05 to 0.5 Gy > 0.5 Gy

For both types of radiation low dose rates are those <0.05 mGy min‘1; high
dose rates are those >0.05 Gy min‘1; intermediate dose rates are those
between such limits.

In experimental radiation carcinogenesis the dependent variable, i.e.,
the response may be variously expressed (1) The simplest and most
commonly used responses are the fractions of animals developing tumours
(also called the crude tumour incidence) and the mean number of tumours per
animal observed after a given dose. At low frequencies the two quantities
are equal if tumours occur independently; at high frequencies the two
quantities differ. It has been stressed that such ways of expressing the
response are unsatisfactory owing to the presence of competing risks and to
the different distribution of life times between animals exposed to
different doses (2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15).

Approximate corrections for differences in survival time may be made
but results may be misleading when the frequency of tumour appearance
varies substantially with post-exposure time. Rigourous corrections for
age and intercurrent mortality are possible when the response of the
animals is followed throughout life and careful pathology is available at
death. The relevant parameter is then the age- or time-dependent rate of
tumour appearance (6, 9, 16, 17, 18) or a related cumulative quantity. The
basic quantitites in this approach and their risk-corrected estimates for
manifest tumours are:

(a) The tumour rate, as a function of age or time after irradiation.
This is the probability at time t of an individual developing a
tumour per unit time. Since the actual time of origin of the
tumour is unknown, the time when it is first scored is generally
used for tumours diagnosed during life time (or the time of death
for rapidly lethal tumours). This quantity is obtained by
dividing the number of animals developing a tumor, n, by the
total number of animals at risk, N, over a given interval of
time. For occult tumours observed only incidentally r(t) may not
be calculated and the tumour prevalence is used instead.

(b) The integral tumour rate, R(t). This quantity is less affected
by statistical fluctuations and can therefore be calculated more
readily. It is defined as the integral of the tumour rate from
the time of exposure up to a given time t:

R(t) = oft r(t)dt
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This quantity may also be called the mean number of tumours per
animal, because it is the expected number of tumours for an
animal that is at risk up to time t. The quantity may be
corrected for competing risks (19, 20, 9). When multiple non-
lethal tumours occur, it is necessary to specify whether the
estimate of the integral tumour rate is based on first tumours
only or on all observed tumours.

(¢) The acturial incidence or incidence corrected for competing risks,

Il

This is the probability of an animal at risk up to time t to have
incurred a tumour. In the absence of competing risks the
presence of competing risks may be corrected for in various ways
(21). For occult tumours frequently seen in short-lived animals
the actuarial incidence (which is then more frequently called
prevalence) and the integral tumour rate are more difficult to
estimate.

In most experimental studies where tumours are seen in various organs
of the same animals, it is usually assumed that such tumours occur
independently of each other. It has been shown, however (22), that there
may be significant associations between different tumour types, and this
possible complication should not be overlooked in the statistical analysis
of dose-response relationships.

What has been said so far refers only to acute irradiation. In case
of continuous or fractionated long-term exposure additional complexities
are introduced. Under such conditions, the dose accrues with time and it
may be difficult to separate the two quantities and to identify the
relevant value of the cumulated dose. Actually, since induction of a
tumour is followed by a period of growth until it becomes observable, the
dose received by the target cells during this period is irrelevant to the
induction of the tumour. Corrections are, therefore, often applied in
order to subtract from the total dose the portion received after the
presumed onset of neoplastic growth.

The tumour rate and the integral tumour rate depend on post-
irradiation time and on other factors such as age at exposure and absorbed
dose. Also, the absorbed dose may change the time dependence of tumour
induction in a variety of ways. Temporal relationships, as they reflect in
the concept of latency and in risk models, should, therefore, be discussed.

The latent time is the time between irradiation (single acute
exposure, in the simplest instance) and manifestation of a tumour.
Conceptually, it may be divided into a period of true latency (from
initiation to the beginning of growth) and into a further period of growth
(until the neoplasm is diagnosed). Latent times are the quantities usually
reported in experimental work, since the length of latency may only be
inferred by subtracting an estimated period of growth from the sum of the
above two periods. There are considerable differences between the mean
latent times of various tumours and their distributions. If the follow-up
of an experiment is shorter than the minimum latent time, radiation-induced
tumors will not be observed. If the distribution of latent times extends
significantly beyond the follow-up, the dose-response relationship cannot
be based on complete data. In many cases (particularly with continuous
long-term irradiation) the distribution of latent times varies with
absorbed dose (23, 24): the dose-response relationships derived under
these conditions depend critically on the length of the observation period.
At low doses, the latent times may exceed the average life span of the
animals and practical thresholds may, therefore, result (25, 26, 27, 28).
All these factors must by borne in mind in a discussion about the accuracy
and reproducibility of dose-response curves: they point to the need to
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extend the length of follow-up in order that the dose-effect relationships
may be assessed with reasonable completeness.

Projection of the incidence or incidence rate beyond the period of
follow-up for tumours having long latent times is rarely necessary in
experimental work. If necessary, it may be carried out according to two
models. The first, called the absolute risk model, assumes that the rates
of spontaneous and induced tumours are independent of each other, so that
the rate of radiation-induced tumours does not increase in proportion to
the age-dependent rate of the spontaneous ones. The second, the relative
risk model, assumes that radiation has a multiplicative effect on the
spontaneous tumour rate, so that the rate of tumours induced after exposure
is a dose-related multiple of the spontaneous rate. Only rarely does the
available information allow a decision about which of the two models is
closer to reality.

In summary, tumour induction is a stochastic radiation effect that may
be analyzed for its dependence on dose and time. The absorbed dose to the
relevant tissues is the independent variable in dose-response studies,
against which various parameters describing the response may be plotted.
These are derived from the observed sequence of tumour appearance and from
the number of animals at risk during a given interval. The crude incidence
is an unsatisfactory parameter because it neglects differences in life time
after exposure and may be affected by intercurrent mortality. Other
possible parameters are the tumour rate, r(t), the integral tumour rate,
R(t), the actuarial incidence or prevalence I(t,D). Techniques are
available for their calculation which are different for manifest or for
occult tumours. Knowledge of the latent time is important for the analysis
of dose-response curves. When latent times are dose-related, the shape of
the relationships depends on observation time: under these conditions
practical thresholds may apply at the lowest dose. Projection of the
incidence of late-appearing tumours may be carried out according to
different action models.

ASSUMPTIONS OF EXISTING MODELS

Owing to insufficent understanding of mechanisms, quantitative
predictions about the effect of ionizing radiations (dose, dose rate,
quality) may not be derived from basic principles. The formulation of
simplified hypotheses under the form of models is the only course of
action, because to this end detailed knowledge of mechanisms is not
absolutely necessary.

Following the formulation of Berenblum (29), the multistage theory of
cancer development has gained wide acceptance (30, 31, 32, 33, 34, 35, 36).
Conceptually, it assumes tht cancer starts by initiation of one or a few
neighboring cells: direct involvement of DNA has been shown at this level
(37, 38, 39), but the actual mechanisms (changes in the DNA base sequence,
transposition, deletion, translocation, transfection, activation of
oncogenes) remain largely hypothetical (30, 40, 41, 35, 36, 42, 43).
Further development of initiated cells into cancerous clones requires
probably several stages, which may be promoted, inhibited or reverted by
the action of secondary factors: during this long latent period systemic
factors (cell division and differentiation, immunological surveillance,
hormonal dependence) or exogenous factors may influence the final outcome
of the process. Epigenetic factors (dys-differentiation, expression of
previously suppressed genes, etc.) may also play some role.

Whatever the nature of initiation, be it somatic mutation induced at
the rate of 10'5 to 107 Gy‘1 of gamma radiation per locus, or any
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phenomenon imilar to cell transformation in vitro occurring at a rate of
10=2 to 10- v~1 per cell, the yield of malignant tumours per irradiated
cell in vivo 1s probably lower by several orders of magnitude. The theory
of sequential development of cancer may explain the discrepancy in the
sense that if a sequence of rare events is required to complete the
process, the final probability of emergence of a malignant clone would be
the product of the probability of each event. Assuming that only the first
step (initiation) may be radiation induced, clinical cancer would be
expressed at a much lower level of probability. However, the relationship
to dose of the final tumour expression would remain similar to that of
initiation, as long as the action of the other factors in the sequence
would not itself depend on dose, otherwise, the form of the relationship
would be distorted.

It is a general weakness of models that they can only describe
initiation and cell killing, but not other modifying factors. They are,
therefore, mathematical formulations in which mechanisms that cannot at
present be described are compounded under the abstraction of symbols and
numerical coefficients. The relative importance of these coefficients may
be deduced by comparing data with predictions. For descriptive purposes,
the following regions of dose may be described in low-LET dose-effect
relationships:

(a) 0 - 0.2 Gy. At this level, there are few direct data, but cell
killing and damage to tissue functions is considered negligible,
so that dose-effect relationships would be close to those
predicted by models that do not consider secondary factors.

(b) 0.2 - 2.0 Gy. Tissue damage, cell proliferation and other host
factors would not be expected to dominate at this level:
therefore, distortions of dose-response relationships would be
relative by minor and inconsequential for the purpose of
extrapolation.

(¢) 2.0 - 10 Gy. Disruption of tissue, immunological and hormonal
functions is known to be important and to alter the shape of the
relationships in this region of dose. Extrapolation to lower
doses must allow for these phenomena.

(d) Above 10 Gy. At this level, severe damage to tissues and organs
is the dominating feature: the form of the dose-response could
bear no relationship to the initial induction process, and
extrapolation to low doses could be meaningless.

A four- to five-fold reduction in the above values might be appropriate for
fast neutrons.

The question of whether a malignant clone arises from transformation
of a single cell or of several contiguous cells is of critical importance
for the formulation of models (44, U5, U6, 32, 47). Chromosomal and
biochemical evidence favours at present the uni-cellular hypothesis (48),
although most of this evidence is indirect and compatible with the
alternative hypothesis that one clone may eventually be selected from among
several transformed cells. Conceptually, the initiation of one (as opposed
to several) cells should be distinguished from the modifying influence of
neighboring cells upon the single transformed one that will eventually
start malignant growth. The single- or autonomous-cell hypothesis has been
questioned (49, 50, 51) on the basis of experimental data on mammary tumour
induction in the rat, but the nature of this system and the arguments
themselves of the critique leave some room for doubt. Clearly, such
arguments must be resolved by experiments and not by calculations and so
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far biological evidence against the mono-cellular origin of cancer does not
appear to be very solid. The mono-cellular assumption has been
incorporated, directly or indirectly, into all models of radiation-induced
cancerogenesis. It may be accepted as a working hypothesis, even though
other views should not be ignored (52).

The number of cells at risk of transformation in vivo is not known.
It is usually argued that in any given tissue the number of cells
transformed must be proportional to the number of cells at risk and that
this is in turn proportional to the fraction of tissue irradiated. Most
models of radiation-induced cancer accept this assumption. From it, one
cannot, however, infer that tumour indicence is proportional to the total
number of cells in any organ or in the body, because there is no obvious
correlation between incidence of tumours and body size in various species.
Experiments on the induction of cancer by total and partial irradiation of
the mammary tissue in rats (53, 54, 55) and by irradiation of various areas
of skin in mice (56, 57, 58) are broadly consistent with the notion that
the probability of induction is proportional to the number of irradiated
cells at risk, assuming their uniform distribution in the irradiated
tissues. However, a study on lung cancer incidence does not fit with this
notion (59). It is also argued (26, 27)--and experimental evidence (60,
61) supports this argument--that hot particles are less effective than
uniform irradiation for the same total dose to tissues: actually, the high
dose delivered to the potentially transformed cells would probably
inactivate them, thus resulting in fewer tumours.

To sum up, the pathogenesis of tumours, both spontaneous and
radiation-induced, is at present poorly understood. However,
carcinogenesis is likely to be a complex multi-stage process between
initiation and the final clinical expression. During this long latent time
a variety of changes, largely unknown in nature but of very low
probability, are thought to take place and numerous endogenous and
exogenous factors might accelerate or inhibit the development of
potentially cancerous clones. Under such complex circumstances, the use of
simplified models may be of help for predictive purposes, even though
models cannot at present describe the action of the modifying factors. It
may, however, be postulated that at low doses and dose rates the
relationship between dose and tumour incidence may reflect that between
dose and initial transformation.

Mono-cellular and mono-clonal hypotheses of tumour induction are
usually assumed in all models and biological data appear to support in
general these notions; however, the mono-cellular origin of cancer should
still be treated as a working hypothesis. This hypothesis is critical for
model formulation because the alternative one--initiation of interaction
between different cells--makes the construction of models difficult or
impossible. The number of cells at risk of malignant transformation is
assumed, as a rule to be proportional to the fraction of the organ or
tissue irradiated. Gross non-uniformity in tissue dose distribution
normally results in a lower incidence of tumours than might be expected for
the same dose distributed uniformly.

MODELS OF RADIATION-INDUCED CANCER

The bulk of data on the induction of experimental tumours by low-LET
radiation is consistent with the generalization that there is a rising
incidence at low doses, a peak incidence at some intermediate dose, and a
decline at still higher doses. A model of radiation-induced cancer should,
therefore, incorporate two opposite trends with dose: an increased
induction and then a decline due presumably to killing of potentially
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transformed cells (62). This may be obtained mathematically by
multiplication of an induction function and a cell killing function. The
most general formulation of such a model might be as follows:

I(D) = (2D + aD?) exp - (84D + BoD?) (1)

where I(D) is some appropriate expression of incidence, aq and ay are
coefficients for a linear and a quadratic term of cancer induction and B4
and By coefficients for a linear and a quadratic term for cell killing.
The term in ap will be omitted in a purely linear model, the term in aq
will be omitted in a purely quadratic one. The exponential term (or parts
of it) will be omitted when correction for cell killing is not needed.

The linear model is based on the postulate that each event of energy
deposition in a target structure carries some probability of tumour
induction. This probability is additive and dose rate or fractionation are
not expected to alter the final effect. Since radiation energy is
transferred in discrete events, all effects are ultimately linear with dose
at low doses when only few cells absorb energy and their number is directly
proportional to dose. In spite of the easiness of its formulation, the
bulk of information available for low-LET radiation does not conform to
this model. Recently, therefore, it has mainly been used for practical
purposes, because it is thought to provide an upper boundary of risk for
the more likely linear-quadratic model.

For high-LET radiation, the linearity of the initial slope is often
distorted by cell killing or saturation phenomena: an exponential killing
function may be incorporated to describe this effect. Alternatively, an
empirical fit has been used in which the incidence is proportional to the
square root of the dose. For systems where bending of the curve is
observed, extrapolation to low doses would tend to underestimate the risk;
also, dose fractionation and protraction would be expected to enhance
tumour induction.

Cell killing or other biophysical phenomena are not the only
mechanisms through which linearity of the response could be altered:
Mayneord and Clark (26) have discussed the effect of superimposing a log-
normal distribution of latent times and an inverse relationship of latency
to dose on a purely linear dose relationship. Solution of this model for
observation times comparable to human life expectancy results in dose-
response functions which are upward concave, sometimes with apparent
thresholds.

The linear-quadratic model is based on the observation that for many
single-cell systems and many endpoints the form of the dose-response
relationship for low-LET radiation is concave upward and the response rises
with a power of dose of between 1 and 2. Broadly similar shapes are also
observed for systemic effects such as tumour induction. This form of the
response is thought to imply the interaction of two elementary types of
damage for the occurrence of the final endpoint (63). Repair phenomena and
dose-rate effects may be accounted for by the interactions of these
sublesions in time and space (64). The same systems, irradiated with high-
LET radiation often show linear dose-responses. Under these conditions,
the RBE varies frequently as an inverse function of the dose (raised to the
power of -0.5).

The most likely target of radiation action appears to be the genome
and involvement of DNA in oncogenic transformation has found direct
experimental support in cells transformed in vitro by agents that
selectively damage DNA (38, 39). The hereditary character of some forms of
cancer supports also this contention. It is not surprising, therefore, that
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models postulating linear-quadratic relationships presuppose a direct action
of radiation on DNA or make reference to effects on DNA (chromosome
aberrations, mutations) for the derivation of the relevant parameters.

It should be realized, however, that the linear-quadratic model is not
a pathogenetic theory; also, the combination of a linear and a quadratic
function (perhaps modified further by killing) could fit many data. Thus,
on the one hand, a good fit is as such no proof that initiation indeed
follows linear-quadratic kinetics and, on the other hand, the great
complexity of the basic mechanisms preclude acceptance of the model as a
generalized theory of cancer initiation in all tissues and under all
circumstances. With these reservations in mind, the model may be applied
to study the results of experiments in respect to dose, dose rate,
fractionation, protraction and LET.

In order to make use of the model and to test its compatibility with
experimental data, there is a need to estimate the values of oq and o,
This may be done by reasonable analogies with other cellular
radiobiological effects or by directly deriving the values from empirical
studies. The same applies to the cell survival parameters which are known
for many lines of cells but may not necessarily apply to specific tumours.
Many such exercises have been performed, with different constraints imposed
to the fit in order to lower the degrees of freedom involved in deriving so
many parameters at the same time (65, 66, 67). The conclusions--for
single-dose irradiation and ratios of o/ap between 0.5 and 2.0 Gy--are
that if one totally neglects cell killing one might overestimate the risk
by factors of between 2 and 4 in extrapolating down from 2 Gy to 10 mGy.
Such differences could not easily be detected in experimental tumour
systems.

The quadratic model assumes that for a given endpoint two consecutive
primary events are required, or two concurrent events separated in space in
such a way that their production by a single track is very unlikely.
Proportionality between induction and square of the dose has been noted for
a number of experimental tumours (56, 57, 68, 69, 7, 52).

When one fits a quadratic model to experimental data obtained at
intermediate or high doses, one finds an effect at low doses which is less
than that obtained by linear or linear-quadratic models. For this reason,
quadratic relationships have been used (65) to predict the lower boundary
of a linear-quadratic dose-response at low doses. Dose-time relationships
are difficult to predict for this model and they critically depend on the
time function of repair: if repair is very fast dose protraction and
fractionation might lead to zero effect.

DOSE-RESPONSE RELATIONSHIPS FOR EXPERIMENTAL TUMOURS

What follows is essentially a selective update of a review published
by UNSCEAR in 1977 (1) which contained an examination of many dose-response
relationships then available on experimental tumour systems. At that time,
the data could not be interpreted by simple mechanisms of action in view of
the complex interplay of primary and secondary contributing factors.
Observations regarded as a rule low-LET doses in excess of 0.5 Gy and this
circumstance prevented an unambiguous definition of the shape of the
relationships at low doses. The peculiarities of each system did not allow
extensive generalizations, but low-LET radiation delivered at high dose
rates seemed more often to produce curvilinear relationships not
incompatible with a linear-quadratic model, with one notable exception (9).
High-LET radiation, on the other hand, tended to produce more nearly linear
relationships. Low dose rate and fractionation tended to decrease the
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Fig. 1. (from ref. 66) Comparison of experimental data on the

induction of myeloid leukaemia in RF male mice (data from
references 71 and 72) with theoretical models of tumour
induction, according to the formulas indicated. Curves 1 and
2 were obtained at high dose rate with 200-300 kV x-rays and

cobalt-60 gamma rays, respectively; curves 3 and 4 were
obtained with the same radiations but at lower dose rates.

carcinogenic effect of a treatment much more when low-LET radiation was
involved (as compared with high-LET); however, changes in the shape itself
of the dose-response relationship induced by different regimes of dose
administration prevented any precise quantification of such a dose-rate
effect. Later (70) the influence of dose distribution in time was examined
in 10 different experimental tumour systems: dose-rate effectiveness
factors from 1.1 to 6.7 were found, with many of the values actually
clustering between 3 and 5.

Myeloid Leukemia

In 1978 Barendsen (66) proposed a linear-quadratic model for tumour
induction and derived data for oq/op and B4/Bp from an analysis of data on
chromosome aberration induction and reproductive death in mammalian cells.
He fitted data by Upton and coworkers (71, 72) on the induction of myeloid
leukemia in mice by suitably selected values of such variables and was able
to show that the induction of leukemia in vivo by high-dose-rate x- and
gamma-radiation could be adequately fitted by this model (Figure 1).
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Robinson and Upton (73) reanalysed part of some older data published
between 1958 and 1970 on RF mice, correcting for competing risks. About
2000 male mice irradiated with 250-kV X-rays at doses between zero and 4.5
Gy were selected. Early (myeloid leukemia, M, and thymic lymphoma, T) or
late (reticulum cell sarcoma, L, or others, R) causes of death were
analyzed separately by a non-parametric Kaplan-Meier survival function and
its logarithmic transform (the cumulative force of mortality, cum. F. M.).
Models were set up for treatment for these two categories, on the
assumption of independence between the various causes of death.

For causes M and T, there was a significant decrease of the latent
period with dose up to 3 Gy. When the effect of dose on integral tumour
rate (which corresponds to the final cum. F.M.) was studied, the form of
the relationship for death cause M was peaked with a maximum between 2 and
3 Gy and a further decline up to 4.5 Gy, depending on the age at
irradiation of the animals (which was 5-6 weeks for group A and 9-10 weeks
for group B). The model used to fit the experimental data was such that
the estimate of the final cum. F.M. corresponded to the number of
leukemogenic cells per animal. These were assumed to have a linear-
quadratic dose dependence for induction and linear-quadratic kinetiecs for
killing. Following Barendsen (66) the authors took an o4/a, ratio of 0.5
Gy and a B¢/Bp ratio of 3 Gy. The fit of the data actually produced a B4/
Bpratio of 2.4, which is in reasonable agreement, considering the
assumptions involved. It was concluded that the data were consistent with
the postulated linear-quadratic dose-response model.

In a series of papers (68, 52, T4) Mole and collaborators described
the induction of acute myeloid leukemia in CBA male mice by x and gamma
rays and by fission neutrons. The very low natural incidence of this
tumour in control animals and low mortality from competing causes of death
give this system some advantage over the one described before (73). Ten
single X-ray doses in the range of 0.25-6 Gy were delivered at 0.5 Gy min~
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Fig. 2. (from ref. 73) Final cumulative force of mortality +
S.EJ)as a function of dose for the induction of (a):
thymic lymphoma (cause T) and (b) myeloid leukaemia
(cause M) in RF mice. Curve A refers to animals
irradiated at 9-10 weeks.
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Fig. 3. (from ref. T4) Percentage incidence of myeloid
leukaemia (+ 80% binomial confidence limits) in CBA/H
male mice exposed to single doses of 250 kVp x rays in
the range of 0.25 to 6.0 Gy.

and the animals were followed to death. Median survival was similar at all
doses and data were not corrected for intercurrent mortality. There was
essentially no association between latency and dose. The data were fitted
by a four-term polynomial expression similar to (1), as well as by other
simpler models with three or two parameters only. All fits were acceptable
in a statistical sense, but only two of them had all parameters positive
and significantly different from zero. These were I = a1D exp—(BgDz) and I
= a2D2 exp-(B1D). The former was rejected on the ground that dose-square
cell survival is never found. The observed incidence, on the basis of
various assumptions, could best be fitted by the latter relationship, as
shown in Figure 3. The purely exponential form of the killing function for
hematopoietic cells is not an unreasonable proposition and the value of B
derived by Mole is not incompatible with values usually found for such
cells (75). Thus, it has been impossible in this case to estimate
independently and simultaneously four parameters from the data: however,
by assuming a likely exponential shape of the survival function, the
kinetics of initiation for low-LET radiation could be derived and it
appeared to be concave upward with a pronounced dose-square component.

Differences in the induction of myeloid leukemia by treatments with
high (0.25 Gy min=1) or low dose rates gamma rays were studied in this same
system at total doses fo 1.5, 3.0 and 4.5 Gy (76). Protracted exposures
were delivered either as daily fractions (0.25 Gy min“, 5 days per week
for four weeks) or at constant rates of 0.004-0.11 mGy min~'. The latter
two modes of exposure did not differ in their effectiveness and gave a flat
dose-response at 5-6% incidence. The response observed after protracted
exposure was clearly lower than after acute irradiation by factors of
between 2.2 and 5 at the three total doses mentioned above.

Irradiations with fission neutrons at high dose rate (exposure times
of 2-20 min) were carried out at 7 air-midline kerma values of between 0.02
and 2 Gy (77). The observed incidence of acute myeloid leukemia could be
fitted by an equation of the type I = aqD exp -(B1D). Neither a purely
linear model without correction for cell killing nor the dose-square model
that fitted the X-ray data could satisfactorily fit the neutron data.
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Ullrich and Storer (11) irradiated 10-week-o0ld SPF mice of strain
RFM/Un (both sexes) with gamma rays at 0.45 Gy min-1 with doses from 0.1 to
3 Gy. Myeloid leukemia was less frequent in females, where the age-
corrected incidence reached significance over the control level at 1.5 Gy.
Although both a linear and a dose-square model could fit the data
satisfactorily, the dose-square component was not significant and linearity
predominated between zero and 3 Gy. In males, the incidence was
significant over the control level already at 0.5 Gy, and the form of the
relationship was similar to that of females, with a small dose-square term.
The ratio of the linear slopes for the two sexes indicated that males were
more susceptible by about a factor of 5. Lowering the dose rate to 0.083
Gy d-1 was very much less effective in the females. After acute and
chronic neutron irradiation, a peak incidence was seen at 0.47 Gy, but this
was not significant over the control value, so that no detailed study of
the dose-response relationship could be made.

Thymic Lymphoma

The studies of Ullrich and Storer (78, 11, 12) in gamma-irradiated
(0.45 Gy min~') RFM/Un mice were carried out in terms of age-corrected
incidence, standardized to the distribution of ages at death in the
controls. In females (10 weeks old at irradiation) thymic lymphoma was
significantly above the control level of 0.25 Gy or more. No simple model
could describe the response over the entire dose range (0.1 to 3 Gy).

There was a steep rise up to 0.5 Gy, followed by another shallow rise at
higher doses. Over the range of zero to 0.25 Gy a dose-square model fitted
the three experimental points adequately and linearity could be rejected.
From 0.5 to 3 Gy the increase was compatible with linearity. 1In the males
significance above the control was only obtained at 1 Gy but a linear model
could be fitted up to 3 Gy. Analysis of the shape showed that the linear
component was actually predominating in this sex. Lowering the dose rate
to 0.083 Gy d'1 in the females decreased considerably the yield of tumours
and changed the form of the curve from quadratic followed by linear to
linear-quadratic with a negative linear component. Simple linearity could
be rejected. It is quite clear that in the RFM mouse after low-LET
exposure there is no suggestion of the threshold-type response found by
Kaplan and Brown (79) in C57BL mice.

Other data on fast neutron irradiation (0.05 and 0.25 Gy min=! and
0.01 Gy d~') were reported by the same authors on the same mice (12). 1In
the range of 0.25-0.5 Gy the RBE with respect to high-dose-rate gamma
irradiation was between 3 and 4 and changed proportionally to the square
root of the dose. For acute neutron treatments the curve was concave
downward, linearity up to about 1 Gy could be rejected and good fit could
be obtained with the square root of the dose. For chronic exposures over
the same range a linear fit described the data adequately and the loss of
efficiency over the acute exposures amounted to about 30%. This finding
is, however, uncertain due to a decrease in susceptibility to lymphoma
induction over a significant portion of life.

Maisin and his group (8) worked on BALB/c mice (male, 12 weeks old)
exposed to single or fractioned (10 equal doses over 9 days) gamma-ray
doses in the range from 0.25 to 6 Gy. A sigmoid-like incidence curve was
found, the incidence rising above control level only at 4 and 6 Gy. Single
doses were more effective at 4 but not at 6 Gy. Neutron irradiation (modal
energy about 23 MeV, doses from 0.02 to 3 Gy) (81) produced an actuarial
incidence of thymic lymphoma which fitted the same type of curve obtained
after gamma irradiation.

Data by Saski and Kasuga (82) on thymic lymphoma induction in neonatal
mice exposed between 200 and 600 R were reported to fit a linear-quadratic
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Fig. U. (from ref. 84) Final incidence of "reticulum cell
sarcoma" as a function of dose under three
different experimental conditions: (a) whole-body
irradiation (wb); (b) shielding of one (1 sh) or
two (2 sh) hind legs; (c) bone marrow
transplantation in syngeneic chimaeras (exo).

relationship with a negative linear term. Actually, they would probably
fit just as well a threshold-type response such as that of the C57BL (79).

Other Recticular Tumours

In (C5TBL x C3H) hybrid mice irradiated whole-body with 9 Gy of X-rays
and rescued from early death by a homologous bone-marrow graft or by
partial marrow shielding the natural incidence of reticulum cell sarcoma
falls from the spontaneous level of about 50% to a few percent (17, 18).
This effect was attributed to sterilization by the radiation treatment of
the cells giving rise to the tumours. Further studies showed (83) that
irradiation of marrow cells (2 and 4 Gy) prior to their transplantation
into the heavily irradiated hosts provided effective protection against
early death, but resulted in a significantly elevated incidence of
reticulum cell sarcoma at death. When this incidence was expressed per
number of marrow cells injected it was found to be dose-related and to rise
slowly with dose. However, when the data were corrected for an assumed
exponential cell killing, the incidence of tumours rose from 4x10-5 to Ix
10~4 to 6x10~3 per surviving stem cell at zero, 2 and Y4 Gy, respectively.
On the assumption that tumours do originate from the injected cells, the
dose-response relationship would be highly curvilinear (concave upwards).
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Fig. 5. (from ref. 12) Adjusted percentge incidence of
lung adenomas in RFM mice after acute gamma-ray
irradiation (open triangles), acute neutron
irradiation (closed circles) and chronic neutron
irradiation (open circles).

In the same experimental model shielding of marrow in heavily
irradiated mice resulted in its exposure to graded doses of X-rays. In the
shielded animals the incidence of reticular tumours at death increased up
to a maximum at about 6 Gy to the shielded marrow and then declined at
higher doses (84). The final incidence of tumours in the experiments with
exogenous and endogenous marrow is given in Figure 4, showing that in all
instances there is a curvilinear rise with dose.

Ullrich and Storer (78, 11, 12) studied the age-corrected incidence of
reticular tumours 1n SPF RFM/Un mice irradiated with gamma rays (0.45 Gy
nin~! or 0. 083 Gy d~ ) and in RFM/Un and BALB/c mice irradiated with fast
neutrons (0.05 and 0.25 Gy min~ -1 and 0.01 Gy d7'). All treatments produced
a dose-related decrease of tumours: per unit dose neutrons were more
effective than gamma rays and acute exposure more effective than chronic
ones. The differences between acute and chronic treatments were more
pronounced with gamma than with neutron irradiation. There was an inverse
relationship between the increase of thymic lymphoma and the decrease in
reticulum cell sarcoma, suggestive of some link between the various tumours
of the hematopoietic system, which could itself affect the observed
responses.

Lung Tumours

The induction of lung adenocarcinoma was studied in gamma-irradiated
(0.5 to 2 Gy) SPF BALB/c female mice (10, 11). Both at higher (0.45 Gy
min=1) and at low (0.083 Gy d~') rates the age corrected incidence could be
fitted by a linear equation whose slope was higher by a factor of 3 at high
dose rates. For neutrons the responses of lung adenomas were peaked at
both high and low dose rate; the different shapes could not be explained by
age-related changes in susceptibility (12) (Figure 5). At high dose rates
the RBE was of the order of 15 to 20. Splitting of the neutron dose into
two fractions separated by 1 or 30 days produced little difference in the
response. On the contrary, splitting of the X-ray doses resulted in
recovery at 1 day only when the total dose was on the dose-square region of
the single~dose response curve. There was no further recovery when the
fractionation interval was increased to 30 days. All these data suggest
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Fig. 6. (from ref. 85) Comparison of the adjusted incidences of
malignant lung neoplasms in Sprague-Dawley rats as a function
of the inhalation dose of radon-daughters under three models:
ST, shifted time model; AT, accelerated time model; PH,
proportional hazard model. Open sysmbols refer to low dose
rate inhalation (<1600 WLM/month); closed ones to high dose
rate inhalation (> 1600 WLM/month).

that the primary mechanisms in the development of lung tumours and in
recovery are intracellular in nature (15).

Male Sprague-Dawley rats at 90 days of age were started on a course of
exposure to radon in equilibrium with its short-lived daughters. The dose
was defined as the product of potential alpha energy concentration and
exposure time and expressed in WLM: it varied between zero and 14,000 WLM,
in various combinations of exposure levels and times. The prevalence of
neoplasms as a function of time was analyzed by non-parametric methods and
three models were selected to fit prevalence to dose: a time shift, an
accleration and a proportional hazard model: none of these could be
discarded on a purely statistical ground. The data in Figure 6 show that
the response is linear at first but flattens off at high doses (85). The
loss of tumour-free life or "effective period" (1) was studied in these
rats as a function of cumulative exposure: also in this case linearity of
the response seemed to prevail up to 1000 or 2000 WLM.

Similar methods of analysis were used to study the actuarial incidence
of lung carcinoma in Sprague-Dawley rats after whole-body fission neutron
irradiation (86). An accelerated-time and a shifted-time model gave
similar fits, as shown in Figure 7. The dose-response relationship could
be linear up to 0.5 Gy but it appears to flatten at higher doses.
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Fig. 7. (from ref. 86) Adjusted incidence of malignant lung
neoplasms in Sprague-Dawley rats as a function of the
fission neutron dose according to a shifted time (ST)
or an accelerated time (AT) model.

Mammary Tumours

Data in the mouse and the rat are available for tumours of the mammary
gland. In the BALB/c mouse the incidence of mammary adenocarcinoma was
studied after exposure to gamma rays (11) and neutrons (13). For gamma
exposure at high (0.40 Gy min~ ) or low (0.08 Gy 4~ 1) dose rate, the dose-
incidence relationship could be described as linear, the slope being about
a factor of 2 greater with the high than with the low rate. High (0.05 and
0.25 Gy min~ ) and low (0.01 Gy d~ ) dose rate neutrons also produced
mammary adenocarcinoma in the same strain, low dose rate being less
effective at low total doses. The changes in susceptibility with age could
not account for the differences. The RBE of neutrons relative to gamma
rays was of the order of 20 or more. The complex shapes of the curves are
shown in Figure 8. In other experiment (87) splitting of fission-neutron
doses of up to 0.5 Gy into two fractions given 1 or 30 days apart had no

Fig. 8. (from ref. 13) Adjusted percentage incidence
of mammary adenocarcinomas in BALB/c mice as
a function of dose under different conditions
of irradiation as shown.
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Fig. 9. (from ref. 87) Incidence of mammary adenocarcinomas in
BALB/c mice as a function of fission neutron dose given as
single exposures and as two equal exposures separated by 24
hours (closed circles) or by 30 days (open circles).

effect on the age-adjusted incidence of mammary adenocarcinoma, as shown in
Figure 9.

Sprague-Dawley female rats were given single 250-kVp X-ray (0.28,
0.56, 0.85 Gy) or 0.43-MeV neutron doses (0.001, 0.004, 0.016, 0.064 Gy) at
two months of age and then followed for the rest of their life for
appearance of mammary adenocarcinoma (AC) or fibroadenoma (FA) (9). 1In all
irradiated groups the tumour rate increased steeply with time and radiation
acted essentially by shifting forward the spontaneous tumour rate. The
response was expressed for both tumour classes as mortality-corrected
prevalence, I(t), and integral tumour rate, R(t). The FA and total tumour
response was approximately linear with the X-ray dose at all times, while
for neutrons it was concave downward. The AC response was statistically
uncertain but approximately linear. The RBE varied with the square root of
the neutron dose: at the highest doses studied it exceeded a factor of 10
and at the lower end of the scale it approached 100.

In other experiments (88) when females of the same strain were exposed
whole-body to fission neutrons acutely or chronically (doses of 0.02, 0.06
and 0.5 Gy over one month), the prevalence of mammary tumours at 10 months
post-exposure increased relative to single irradiations at all dose levels
tested. Protraction of gamma-ray exposure (150, 300 and 450 R) in a
similar fashion significantly reduced the prevalence seen after
corresponding acute doses. Neutron RBE measured at 20% prevalence was 16
and 68 for acute and chronic irradiation, respectively.

Female animals of another rat strain, the ACI, were also studied for
induction of mammary tumours by X-rays and neutrons (89). They were
irradiated at about three months of age with X-ray doses of 0.37-3.0 Gy or
neutron doses of 0.05-0.36 Gy without any treatment. Other animals
received comparable doses 2 days after implantation of a pellet containing
5 mg of diethylstilbestrol (DES), a hormone which enhances occurrence of
spontaneous and radiation-induced AC in this strain that has a low natural
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Fig. 10. (from ref. 89) Effect period in days (+
S.E.) for induction of mammary neoplasms
adenocarcinoma (AC) and fibrosarcomas (FA)
in ACI rats treated or not with
diethylstilbestrol (AES) and irradiated with
various doses of x rays (dashed lines) or
neutrons (solid lines). Note that the dose
scales for the two radiations differ by a
factor of 10.

incidence. In the untreated irradiated rats the appearance of tumours was
followed to about 750 days post-irradiation. The cumulative rate for all
tumor types up to 600 days was a linear function of the X-ray dose. After
neutron irradiation the induction of AC was apparently linear but for FA a
downward concave shape could not be excluded. For the sum of all tumors
over the whole dose range tested the RBE was about 10 in the untreated
animals. The DES treatment brought about changes of the neutron dose-
response which implied an RBE of about 100 at the low end of the scale, its
value changing inversely with the square root of the dose. For both types
of radiation and over the whole range of doses tested, the effect period
for all tumours in the irradiated animals was a linear function of the dose
(Figure 10). Contrary to these effects by DES, irradiation administered
during pregnancy, lactation or post-lactation did not result in any change
in tumour induction, with respect to the virgin state (90).

Since genetic factors affect the expression of radiation-induced
mammary carcinogenesis in the rat (91, 92), it is of interest to compare
the response in various strains. Sprague-Dawley, Wag/Rij and BN/BiRIj
female rats were used in one such comparison (93, 94) which involved the
use of X-rays and monoenergetic neutrons (0.5 and 15 MeV) and single or
fractioned doses. Histological examination of the tumours allowed
distinction between adenoma and carcinoma. The probability of animals
surviving without evidence of tumours was calculated according to a Kaplan-
Meir life-table analysis. Weibull functions fitted to the data showed that
in Sprague-Dawley and WAG/Rij rats radiation acted essentially by
accelerating the appearance of both tumour types. X-ray fractionation (10
fractions of 0.02 Gy given at intervals of 1 month to WAG/Rij animals was
marginally less effective than a single dose of 2 Gy. The same could be
said of neutron fractionation (10 fractions of 0.025 Gy compared to 1
single dose of 0.25 Gy). For adenomas in the Sprague-Dawley there was no
decline of incidence for any of the radiation used up to the highest doses
tested (Figure 11). For adenomas in the WAG/Rij the X-ray and neutron
curves were linear and concave downward, respectively (Figure 12). For
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Fig. 11. (from ref. 93) Percentage actuarial incidence (+ S.D.)
of benign mammary tumours in Sprague-Dawley rats after
irradiation with x rays (closed squares), 15-MeV
neutrons (closed triangles) or 0.5 MeV neutrons (open
squares). Logarithmic plot.

carcinomas in the same strain the response was practically linear for both
X-rays and neutrons.

Ovarian Tumours

The data of Ullrich et al. (10) on SPF RFM/Un mice showed that acute
whole-body gamma irradiation (0.4 Gy min~1) induced various types of
ovarian tumours and their corrected incidence increased rapidly up to 0.5
Gy. Within this range linear and dose-square non-threshold models could be
rejected. While a linear-quadratic model with a negative linear component
could describe the relationship adequately, a threshold plus dose-square
model (the threshold estimated to be at about 0.12 Gy) proved to fit the
data best up to 0.5 Gy. Lowering the dose rate to 0.08 Gy d~1 reduced the
incidence of tumours. An adequate fit was obtained for a threshold-linear
model with a threshold dose of 0.7 Gy. Ovarian tumours in BALB/c mice
showed also a reduction of incidence by a reduced rate of irradiation,
although the data were insufficient for a good description of the curve

(11).

Neutron at low dose rates (12) produced at all doses less tumours than
at high dose rates: this decline could be attributed in part to the
reduction of’ the rate of exposure and in part to the age-related decrease of
susceptibility. When female BALB/c mice were irradiated whole-body with
fission neutrons either in single or in split exposures (1 or 30 days
intervals) no effect of fractionation could be shown (87).
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Fig. 12. (from ref. 94) Percentage excess actuarial
incidence (+ S.D.) of fibroadenomas in

WAG/Rij rats after irradiation with x rays
(open circles). Linear plot.

Tumours of the Skin

Highly curvilinear dose-response relationships were reported for the
induction of skin cancer in CBA mice and CD rats by beta particles and
high~energy electrons (56, 57, 95) or by 40-MeV helium ions (95). The
efficiency of cancer production as a function of the depth-dose
distribution and the association of the carcinogenic effect with hair
follicle damage led to the conclusion that skin cancer in the rat
originates from follicle cells. In this species the incidence of tumours
over the ascending part of the curve increased with approximately the
fourth power of the electron dose and the second power of the alpha dose.
The RBE of alpha particles relative to high-energy electrons (at the level
of 1 tumour per animal was about 3 (Figure 13). The response had a peak
incidence at the level of several tens of Gy of sparsely ionizing
radiation.

If, on the basis of the highly curvilinear response, one postulates
the existence of a suboncogenic damage and calculates the time for its
repair (96, 97) one finds a half-time of the order of U4 hours, similar to
that of intracellular sublethal damage. Dose fractionation at 24 hours
with 10-MeV protons also shows (98) that the repair of this damage is
essentially complete by 1 day. In respect to 10 MeV protons, this system
shows a high RBE, which is typical of high-LET radiation, but a high
capacity for recovery, which is characteristics of sparsely-ionizing
radiation.

On the basis of the above results, Vanderlaan et al. (99) proposed a
mathematical model for skin cancer induction by ionizing radiation in the
rat. It envisages the presence of a linear and quadratic component and it
calculates a half-time for the repair of suboncogenic damage of the order
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Fig. 13. (from ref. 95) A logarithmic plot of the
number of skin tumours per rat (CD strain) at
76 weeks from irradiation as a function of
alpha and electron surface dose. The dotted
line at the left represents a linear dose-
response relationship.

of U4 hours and a substantial but undetermined dose-rate reduction factor.
Actually, a considerable sparing effect of fractionation for induction of
skin cancer is also confirmed by experiments with 0.8 MeV electrons (100)
showing that 130 Gy in 65 weeks produce the same effect as 15 Gy in a
single exposure.

Hulse et al. (101) studied the induction of dermal and epidermal skin
tumours in CBA/CaH mice after irradiation of large skin areas with beta
particles from 20 T1 which do not penetrate the abdominal wall and do not
reach the bone marrow. Surface skin doses ranged from 5.4 to 260 Gy, dose
rate from 2 to 0.017 Gy min‘1. Over two-thirds of the tumours were dermal
(fibromas and fibro-sarcomas) and about 60% of all tumors (dermal and
epidermal) were malignant. Most tumours arose within the irradiated area
and only a few at the edge; tumour incidence was expressed per unit area of
skin. Reduction of the dose rate from 1-2 Gy min=1 to ten times lower did
not alter the incidence appreciably, but a further drop by a factor of 2
reduced epidermal tumours at all except the highest dose (120 Gy). Dermal
tumours began to increase significantly at about 16 Gy and rose steeply
into a plateau above 60 Gy. Epidermal tumours started at 21 Gy, peaked at
60-120 Gy and fell at still higher doses. The dose-response curves
resembled very much those typical for non-stochastic effects. For
epidermal tumours all non-threshold linear and quadratic models could be
discarded; for dermal tumours all non-threshold and threshold dose-square
models could be discarded. It was suggested (102) that some radioresistant
factor restraining potential tumour cells in the skin was at the origin of
the thresholds and that this factor could be overcome either by high doses
or perhaps also by aging. There were doubts whether the final fall in
tumour yield could at all be related to killing of the potentially
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Fig. 14. (from ref. 104) A logarithmic plot of the relationship
between time to death (days) and average skeletal dose rate
(rad/day) for beagle dogs exposed to strontium-90 or to
radium-226. Also shown are the estimated median times to
spontaneous death among the two unexposed control groups.

transformed cells. These data suggest on the whole that extrapolating skin
cancer risk from high doses to low doses would greatly overestimate the
risk in the mouse. Whether such a conclusion might also apply to man
remains, however, an open question.

Bone Tumours

All the data available apply to internal irradiation. The question of
whether there exists a practical threshold for the induction of bone
sarcoma after irradiation by bone-seeking radionuclides was re-addressed
again recently in a study by Raabe et al. (103, 104) who tested the
hypothesis on the basis of dgta obtained in beagle dogs. Two groups of
animals were given either 226g3 in 8 fortnightly injections of graded
activities at about 1 year of age, to simulate human experience with
radium; or 7“Sr by continuous feeding at various rates from midgestation
through 540 days of life, to simulate human contamination from the
environment.

When the survival time of the injected aimals was plotted against the
average dose rate to the skeleton, survival was shown to decline with
increasing dose rats, as in Figure 14. If the relationships fitted hold
down to the lowest dose rates, there must be latency times in the low dose
range far exceeding the normal life span of the animals. If one defines a
practical threshold as the dose rate corresponding to the intersection of
the regression lines minus 3 geometric standard deviations of the control
survival times, this threshold is found to be 0.11 mGy d~' for 220Ra,
amounting to a life-time dose of 0.5 Gy. The corresponding values for 90gp
may be judged to exceed those for radium by one or two orders of magnitude.
It should, however, be recalled that these are tentative estimates because
many of the animals in the low-dose groups were still alive at the time of
the analysis. There may also be questions concerning the extrapolation of
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Fig. 15. (from ref. 108) Percentage incidence (+
95% C.L.) of thyroid carcinomas in Long-
Evans rats as a function of mean thyroid
dose from injected iodine-131 and
localized x-irradiation.

beagle data to man, in view of inherent differences in the susceptibility
to bone sarcoma induction of different species.

Beagle dogs were also studied for induction of osteosarcoma by 239Pu
in single injections at 400 and 800 days of age (105). There were 7
injection groups ranging up to 0.11 MBq/kg body weight. The data for
incidence rate fitted well a quadratic model and linearity could be
rejected if the highest activity level was not included in the calculations
on the ground of a possible cell killing effect. The same conclusion was
reached when the data were analyzed by a Marshall-Groer model (23).
However, here again it should be recalled that the analysis isincomplete and a
linear contribution might appear with further follow-up. When the same
data were treated by a non parametric proportional hazard relative risk
model (106) neither a linear nor a quadratic function could be excluded;
however, if the highest injection level was excluded, as in the other
analysis (105), the results supported a roughly quadratic rise of the
relative risk with injection level.

Liver Tumours

A dose-response relationship between the activity of injected
thorotrast and the sum of liver and spleen tumours was obtained in Wistar
rats (107). When the raw percentage incidence of all benign and malignant
liver neoplasms was plotted against the dose rate a linear dose-response
curve was obtained, the intercept of which did not differ significantly
from the control incidence.

Liver tumours were also observed in hamster following an
administration of 239py citrate: the raw cumulative incidence for the few
dose points available suggested a rise which was approximately linear up to
2.7 Gy at the time of 50% animal survival. At the highest dose point of 14
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Gy, the effectiveness of induction per unit dose was appreciably decreased
with respect to the next lower point (60).

Tumours of the Thyroid

A study of thyroid tumour induction in female Long-Evans rats after X-
ray and 1311 irradiation was reported by Lee et al. (108). It aimed at
comparing the effectiveness of the two radiation delivered at widely
different dos? {ates (2.8 Gy min~! for X-rays and 1.6 mGy min~', as a
maximum for 1311). Thyroid doses were estimated to be 0.94, 4.1 and 10.6
Gy for X-rays and 0.8, 3.3 and 8.5 Gy for I. Tests of the possible role
of pituitary irradiation yielded negative results. The incidence of
tumours between 6 and 26 months was corrected for the slightly enhanced
mortality of the irradiated versus the control animals. Carcinomas were
found to increase with a power of dose of less than 1, with no apparent
difference in the form of the two relationships nor in the effectiveness of
the treatments (Figure 15). This shape of the relationship was attributed
to killing of transformed cells. The apparent absence of a dose-rate
effect suggested the presence of a strong linear component. Adenomas
produced slightly different relationships. These data are apparently at
variance with previous ones (reviewed in (109)) suggesting that the
effectiveness per unit dose of the X-rays was higher than that of 1311.

The discrepancy might be due to the lower doses used in the more recent
series (108) which would avoid the occurrence of cell killing or other non-
stochastic damage. Although the number of animals used (about 3000) gives
this study (108) statistical credibility, it should be emphasized that the
data refer only to one sex and one strain.

Tumours of the Pituitary Gland

In female RFM/Un pituitary tumours increased irregularly with dose up
to 3 Gy of gamma rays, but up to 2 Gy the age-corrected incidence was not
significantly different from control. In male mice the carcinogenic effect
wa? even smaller (10). Lowering the rate (from 0.40 Gy min~' to 0.083 Gy
d™') led to a somewhat less efficient induction (11). Neutrons produced a
large number of tumours with a RBE greater than 5; lowering the neutron
dose rate (from 0.05 and 0.25 Gy 2iP=1 t5 0,01 Gy d~') resulted in less
tumours only at doses higher than 0.47 Gy (12).

Tumours of the Harderian Gland

Harderian tumours were induced by gamma rays in male and female REM/Un
mice according to a kinetics which was very similar in both sexes. The
data on age-adjusted incidence appeared to fit best a linear-quadratic
model; only for the females could linearity be excluded (10). Lowering the
rate of gamma irradiation reduced substantially the yield and appeared to
abolish the dose-square term (11). Harderian gland tumours showed also a
marked susceptibility to induction by neutrons: there was an approximately
linear increase up to about 0.5 Gy, a plateau at 1 Gy and a decline at 2
Gy. However, no significant effect of the dose rate was observed for
neutrons (12).

Combined Tumour Data and Indirect Inferences

Radiation-induced life shortening was reviewed by UNSCEAR in 1982
(91). That analysis concluded that in the low-to-intermediate dose range
loss of life was essentially due to tumour induction above the spontaneous
level. It does not follow, of course, that the two effects may be directly
comparable, because the latency of some tumours varies with dose, dosage,
age at exposure, etc.
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Life shortening and incidence of various diseases were studied in male
BALB/c mice (80) after single exposures of gamma rays, and fractionated
exposures split into 10 equal daily fractions. Doses ranged from 0.25 to 6
Gy. Accurate pathology and statistical treatment were reported. Single
exposures were generaly more effective than fractionated ones for life
shortening. However, over the whole range of doses, leukemias and cancers
combined were significantly higher after fractionation. Dose-responses
were flat and included a high spontaneous incidence of over 70%. The
opposite trend of the two endpoints in respect to fractionation, the high
spontaneous cancer incidence and the lack of a clear trend with dose, are
all reasons to take these data with some reservations. Whereas the
incidence of all carcinomas and sarcomas combined (except lung carcinomas)
had a negative trend after single doses of gamma rays, in the same strain
of mouse an almost linear increase was reported after single doses of
(50)Be neutrons in the range from 0.02 to 3 Gy (81).

Life shortening was also studied in B6CF1 mice following single,
fractionated and life-long exposures to gamma rays and fission neutrons
(110, 111). Fractionation of a gamma-ray dose over 24 weeks was less
effective for survival then the same single dose; the reverse was true of
the neutrons. It was argued that neutron fractionation led to an increased
incidence of tumours, or to their earlier appearance, or both.

In another experiment life shortening was studied in female BALB/c
mice (112) given fission neutrons in single treatments or in split courses
at 1 or 30 days. Whole-body doses ranged from 0.02 to 2 Gy. Lifespan was
a steep function of dose up to 0.5 Gy following single or fractionated
exposures, after which the curve rose to a plateau. Both linear and
square-root models fitted the data adequately up to about 0.5 Gy for all
modalities of treatment, except the split regime at 30 days where the
square-root model could be rejected. In contrast with the data on B6CF1
mice (110, 111), fractionation and protraction of the neutron doses did not
enhance life shortening below 0.5 Gy, although it did so at 0.5 and 2 Gy.

CONCLUSIONS

A number of recently published dose-response relationships for a
variety of experimental animal tumours have been examined. This data
enlarge our knowledge of radiation-induced tumours, particularly at the
lower end of the dose scale, down to 150 mGy of gamma rays and to a few
tens of mGy of fast neutrons. On the whole, they support the general
notion that each tumour model system shows a very specific type of
response; however, more precise conclusions about the form of some dose-
induction relationships are made possible by the new information.

For sparsely-ionizing radiation most curves appear to be concave
upwards and may be fitted by linear-quadratic or quadratic models. In some
cases, however, (mammary fibroadenoma in Sprague-Dawley rats, thymic
lymphoma in RFM mice, lung adenocarcinoma in BALB/c mice), approximate
linearlity could apply. Thymic lymphoma and tumours with a pronounced
hormonal dependence (the ovary, for example) show curves with a distinct
threshold. This may reflect the role of non-stochastic damage in the
development of the tumours, such as the need to inactivate a large
proportion of hormonally-active ovarian cells or to inactivate a large
number of target cells in the thymus. Also, the induction of skin in the
rodent by all types of radiation shows highly curvilinear responses where
apparent or real thresholds cannot be excluded.

For neutrons the rising slope of the dose-response relationships is
often closer to linearity than for gamma rays. However, in some tumours
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(lung adenomas in RFM) curvilinearity is suggested, although linearity
cannot be excluded. Factors such as dose-related latency might contribute
to this curvilinearity. In other cases, neutron-induced tumours rising
with a power of dose of less than 1 have been confirmed at low doses.
Killing of potentially neoplastic cells may account for this shape of the
response.

Dose-~-rate studies with sparsely-ionizing radiation show almost
invariably a decreased tumour incidence with decreasing dose rate. In some
instances (lung adenoma in RFM and harderian and pituitary tumours in RFM
females) protraction of the dose results in a reduction of the dose-square
component in the dose-effect relationship and, therefore, in a more nearly
linear response. Dose-rate studies with neutrons show in general less
effect on the yield of tumours than would be expected from studies with
low-LET radiation at low or intermediate total doses; at high total doses
an enhancement of tumour incidence by protraction and fractionation is seen
in cases where the response to high dose rates is concave downwards.
However, the whole picture is not as simple as cellular data might imply,
because at the whole-body level systemic influences may modify the final
tumour yield.

Lung carcinoma induced in rats by low-dose-rate radon inhalation or by
external neutron irradiation follows a basically linear non-threshold
relationship as a function of exposure or dose. High exposure rates to
high total exposures to alpha emitting radon daughters are, however, less
efficient than low rates. Similarly, the effectiveness of neutrons per
unit dose is also decreased at high doses.

Liver tumours produced by internal alpha emitters show a roughly
linear rise at low dose rates and a pronounced inverse relationship between
latency and dose rate.

Although previous studies of bone sarcoma induction by alpha-emitting
bone seekers supported roughly linear relationship between activity and
response, recent analyses of more extended data in dogs injected with 239y
show that such a linear dependence between integral tumour rate and
administered activity may be unlikely. The same seems to apply to the
relationship between dose rate to cells at risk and tumour rate. Although
at present a dose-square component appears to prevail, the appearance of a
linear component with more extended follow-up of these experiments cannot,
however, be excluded.

The latency of bone sarcoma after incorporation of 226Ra and QOSr in
dogs and mice appears to be inversely related with the average dose rate to
the skeleton. This might imply the presence of practical thresholds and
under such circumstances linear extrapolation to zero dose of the rate of
incidence (and probably also of the life-time incidence) of bone sarcoma
would largely overestimate the actual risk.
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RADIATION CARCINOGENESIS AND THE HAIR FOLLICLE

I. P. Sinclair
St. Josephs Hospital
Paterson, NJ

F. J. Burns
N.Y.U. Department of Environmental Medicine
New York, NY

INTRODUCTION

Rodent skin has been used extensively as an experimental model for
studying radiation carcinogenesis. The advantages of skin for such studies
include: radiation beams can be localized in the target tissue without
irradiating the whole animal, and tumors can be detected at an early stage
of development and followed for long periods of time. The fact that rodent
skin has been widely utilzed for testing carcinogenic chemicals permits
comparisons of carcinogenesis by radiation and chemicals. The skin of
albino rats responds to the carcinogenic action of several known human
carcinogens, including, ionizing radiation and ultraviolet light.

RADIATION CARCINOGENESIS - RESTING PHASE SKIN

Experiments were performed to establish dose-response relationships
for tumor induction at different penetrations of radiation in resting phase
skin (1). The results are shown in Figure 1.

For the deeper penetrations the data are typical for this type of
response; initially there is an increase in the number of tumors with dose,
followed by a peak and finally a decrease at higher doses. The decrease is
associated with the decreased survival of cells from which tumors could
arise.

The initial ascending part of the curve can be fitted with a power
function with an exponent of 2-3. The data for the lowest penetration show
only the initial rise without reaching a peak. Obviously there are
substantially different responses at different penetrations when plotted
against surface dose. However, the use of surface dose is abritrary,
because the location of the sensitive cells is unknown. If the tumor
incidence is plotted against dose at other depths, we find a depth (0.27 mm)
that reconciles the data into a single curve. To illustrate this the same
data are replotted in Figure 2 as a function of the dose at 0.27 mm.

The hair follicle in resting (telogen) stage is about 0.5 mm long and
lies at an angle of 30 to U5 degrees to the surface. Thus 0.27 mm is
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Fig. 1. The yield of tumors per rat as a function
of surface dose for different maximum
penetrations as indicated. The rats
were 28 days of age at the time of
irradiation. The yields are plotted at
80 weeks after irradiation. 1 kilorad
equals 10 Gy.

approximately the depth of the hair germ cells (2). Various energies were
used so that the Bragg peak could be placed at appropriate levels within the
dermis as follows: 0.12, 0.35, and 0.55 mm, corresponding, respectively, to
above, at and below the hair germ cells.

Placing the Bragg peak at a depth which produced maximum dosage to the
hair germ did not elevate the tumor incidence over that which resulted from
the plateau dose. This suggests either that damage to the entire follicle
is a condition for tumor induction or that repair from undamaged parts of
the follicle can reduce tumor formation in the damaged regions.

In these experiments a relationship was established between the number
of atrophic hair follicles produced and the number of tumors (3,4).
Atrophic hair follicles are remnants of hair follicles and are frequently
found in the skin after irradiation. They are seen by examining whole
mounts of the skin epithelium with a dissecting stereo microscope. Whole
mounts are prepared by soaking the skin overnight in 0.25% trypsin. The
dermis is stripped off, and the remaining epidermis and hair follicles are
then stained with hematoxylin and eosin. The results showed a direct
proportionality between the incidence of atrophic follicles and the yield
of tumors. Similar RBE (relative biological effectiveness) values were
observed for tumor and atrophic follicle induction indicating the
proportionality was valid for ionizing radiation with different LET (linear
energy transfer) values.

REPAIR AND MODIFICATION IN RADIATION CARCINOGENESIS

Modifying mechanisms substantially reduce tumor yields for several
types of ionizing radiation, including, protons and electrons in a variety
of grid and sieve patterns. These experiments showed that tumor yields
per unit area were substantially less for localized irradiation than for
larger area irradiations (5,6). The interpretation of the findings was
complicated by a number of effects, such as, electron scatter under the
shields. Nevertheless the experiments established conclusively that tumor
yield depends on the size and shape of the pores and is lowest for the
smallest pore size and greatest pore spacing.
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Fig. 2. Tumor yield in resting phase rat skin as
a function of dose at 0.27 mm. As in
Figure 1 the rats were irradiated at 28
days of age and the tumor yield
comparisons were made at 80 weeks after
irradiation. 1 kilorad equals 10 Gy.

Dose fractionation experiments established the existence of a type of
repair relevant to carcinogenesis (7). One group of animals was given a
dose of radiation which produced a minimal number of tumors, i.e., 7.5 Gy
during the resting phase, and this group together with another unirradiated
group were given graded doses of radiation several weeks later to produce
comparative dose-response curves. The 2 dose-response curves were
displaced horizontally by 6.5 Gy indicating repair of oncogenic damage
equivalent to 5.5 Gy or about 85% of the initial dose. Further studies
established that the repair halftime was about 3 hours (8).

In summary the effects of irradiation of the resting phase skin
indicate that tumor incidence can be related to the dose delivered to the

base of the follicle and that the minimum dose to the follicle determines
the tumor yield.

Spared populations, as a partial irradiation of the follicle by sieve
irradiation, can lead to protection against oncogenic effects. Superficial
irradiation yielded essentially no tumors if the penetration was less than
about 200 microns (9).

THE ACUTE HISTOLOGICAL RESPONSE IN GROWING PHASE SKIN

In the stage of hair growth (anagen stage), the follicle greatly
increases in length and volume as a result of greatly increased mitotic
activity, particularly in the hair germ and matrix regions. In anagen the
follicle extends to a depth of about 1.0 mm below the surface. The energy

of the electrons was varied to provide beams with different penetrations as
shown in Figure 3.

The deepest penetration delivered a fairly uniform radiation dose to
the entire length of the anagen (growing stage) hair follicle. The dose to
the skin surface was varied from 10 Gy (1000 rads) to about 40 Gy (4000
rads). Several changes in the skin were noted by gross observation
including: suppression of hair growth, loss of hair (epilation) and loss of
the brown scaly material normally present on the skin of male rats. The
skin surface response was evaluated in terms of the amount of desquamation
and ulceration.
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Fig. 3. The depth-dose relationships for the electron beams
utilized in these studies. All measurements were made
with thin-window ionization chambers.

The histological effects were quantified by measuring the relative
size of the various tissue compartments in the skin at various times up to
85 days post-irradiation (10). The compartments were assessed by counting
the number of times a randomly placed spot (intersection of crosshairs in
an eyepiece grid) fell on a given tissue compartment in the microscope
image.

Total DNA measurements were made from biopsy samples taken from
individual rats. The biopsies were performed at 2-day intervals up to 10
days post-irradiation. Loss of total DNA over control levels was equated
to net cell loss, i.e., loss of cells caused by radiation death plus the
cells replaced by repopulation repair. A radioactive label was
incorporated into the DNA by injecting tritiated thymidine after
stimulating hair growth by mechanical depilation. The loss of
radioactivity in the DNA was taken as a measure of cell death irrespective
of repopulation.

At the 2.0 mm penetration the initial rate of loss of radioactivity
was independent of dose. For both 1.0 mm and 2.0 mm penetrations, there
was a reversal after about 8 days, i.e., the amount of radiocactivity began
to increase. Histologically the reversal was due to the influx of a large
number of labeled inflammatory cells. The rate of loss of radioactive
label was the same in irradiated and control skin at both penetrations and
all doses. This indicated that the rate of loss of cells was the same as
the normal turnover rate, meaning there was substantial reproductive death.
The decrease in total DNA meant there was little or no repopulation repair
in the first few days post-irradiation.

The histological data on the relative cellularity of the hair follicles is
shown in Figures 4 and 5. The decrease in the number of hits scored in the
controls starting at day 12 reflects the end of the growing phase. The
subsequent increase around day 25 indicates the onset of the next growing
phase. The number of hits in the second growing phase is lower due to the
greater spacing between the follicles in the larger animals. The
significant observation to note in Figure U4 is that there was no
substantial difference between the controls and 20.0 Gy group. For the
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Fig. 4. Relative amount of hair follicle tissue
scored as hits per microscope field as
explained in the text. Shallow refers to
a maximum penetration of 1.0 mm. Rats
were irradiated with electrons at 28 days
of age.

deep penetration (Figure 5), it should be noted that the initial rates of
decrease were the same at all doses; however, the extent of the decline
increased with dose until almost complete destruction of the follicle
occurred at 40.0 Gy.

The epidermis of the rat consists of a layer of basal cells, a layer
of differentiating cells containing granules of kerato-hyaline and an
outer, fully-keratinized squamous layer. The effect of the radiation on
the epidermis was assessed by measuring its thickness histologically. The
essential observation was that the deeper penetration was more effective
than the shallower for causing epidermal atrophy by a ratio of 2:1, i.e.,
10,0 Gy-2.0 mm was equivalent to 20.0 Gy-1.0 mm, and 20.0 Gy-2.0 mm was
equivalent to 40. Gy-1.0 mm.

At 10.0 Gy-2.0 mm there was a transient hyperplasia with a return to
normal at 36 days. At 20.0 Gy-2.0 mm there was a complete de-
epithelialization at 10 days post-irradiation followed by recovery to an
overcompensatory hyperplasia which returned to normal by 86 days post-
irradiation.

The sebaceous gland disappeared as a recognizable structure 10 days
after irradiation at all doses greater than 10.0 Gy. There was some
regeneration, but not all glands regenerated, and those that did were
frequently hyperplastic. At 10.0 Gy-1.0 mm there was a decrease in the
size of the gland followed by a return to normal. At 10.0 Gy-2.0 mm, there
was a more marked decrease in size followed by an overcompensatory
hyperplastic regeneration. The effects at 20.0 Gy were accentuated
versions of the reactions at 10.0 Gy. 1In general the more the time of
regeneration was delayed the greater the dose and the penetration.

The whole mounts showed that follicle curvival decreased with dose;
however, survival was high at 40.0 Gy-1.0 mm which suggests that sparing of
the deepest elements of the follicle aids survival of the structure. The
number of abnormal follicles peaked between 20.0 and 40.0 Gy at the 1.0 mm



Fig. 5. Relative amount of hair follicle tissue
scored as hits per microscope field as
explained in the text. Deep refers to a
maximum penetration of 2.0 mm. Rats were
irradiated with electrons at 28 days of age.

penetration and between 10.0 and 20.0 Gy at 2.0 mm penetration. The
decrease at the higher doses was associated with loss of tissue. Earlier
experiments with resting follicles had shown a relationship between

morphological damage (particularly atrophic follicles) and tumor incidence
(3).

CARCINOGENESIS IN THE STAGE OF HAIR GROWTH

Experiments were performed to determine the correlation, if any,
between early histological changes and the subsequent induction of tumors

in rat skin irradiated in the stage of hair growth. The major questions to
be answered were:

1. What is the sensitivity to tumor induction when the hair follicle
is mitotically active?

2. Is the tumor yield depth-dependent in the same way as observed in
skin with resting follicles?

In order to correlate tumor incidence with dose at a specific depth
and to ascertain the peak incidence of tumor induction more accurately, rat
skin was irradiated with various doses and penetrations of electron
radiation. The results are shown in Figure 6.

The relationship between tumor incidence and depth was found to match
best at a depth of 0.4 mm (11,12). One can infer that 0.4 mm represents
the location of carcinogenically-sensitive cells. If so, these cells did
not change their location substantially between resting and growing
follicles, even though the growing follicle elongates and extends much
deeper into the dermis than a resting follicle.
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Fig. 6. Dose-response data for tumor induction in growing phase
rat skin by electron radiation. The maximum
penetration was varied as indicated and the doses refer
to surface doses. the rats were 28 days of age at the
time of irradiation. 1000 rads equals 10 Gy.

The incidence of skin tumors produced by electron radiation in the
growing phase was compared to the acute histological and gross
morphological changes found in skin. Note in Figure 6 the relatively large
number of tumors produced at 1500 rads-1.0 mm and the small number at 4000
rads-1.0 mm. This is in contrast to what would be expected from the
pattern of acute damage; 1500 rads-1.0 mm had only minimal damage - slight
blanching was the only grossly observable damage. In the histological
study there were only minimal changes, i.e., a slight reduction in the size
of the sebaceous gland followed by a rapid return to normal and no other
significant effects. Whereas 4000 rads-1.0 mm showed severe acute
hypoplasia followed by a relatively persistent epidermal hyperplasia.

At 1000 rads-1.0 mm, only minimal morphological changes were seen and
yet tumors of all histological types were found. There was, however, a
predominance of the undifferentiated tumors similar to the type commonly
seen in human skin. At 4000 rads-1.0 mm, where there were persistent
hyperplastic sebaceous glands and severe epidermal hyperplasia, there were
no tumors of the keratinizing, kerato-sebaceous or sebaceous type and only
a few undifferentiated tumors.

At 4000 rads-2.0 mm there was a persistent regenerative hyperplasia,
and yet the incidence of keratinizing tumors was less than at 1000 rads-2.0
mm, where the epidermal hyperplasia was mild and transient. Nor was the
incidence of keratinizing tumors correlated with transient hyperplasia,
since the degree of transient hyperplasia was the same at 2000 rads-1.0 mm
as at 1000 rads-2.0 mm, but the incidence of keratinizing tumors in the
latter group was nearly double the incidence in the former group. On the
basis of these results, no correlation could be established between early
histological changes and tumor incidence.
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DOSE-INCIDENCE RELATIONS FOR RADIATION CARCINOGENESIS WITH PARTICULAR

REFERENCE TO THE EFFECTS OF HIGH-LET RADIATION#*

A. C. Upton

NYU Institute of Environmental Medicine
550 First Avenue
New York, N.Y. 10016

INTRODUCTION

For many years, radiations of high linear energy transfer (LET) have
been known to have a high relative biological effectiveness (RBE) for
carcinogenic effects (1), in keeping with their high RBE for most other
effects on living organisms (2-7). It has also been known that the RBE of
high-LET radiations for carcinogenic effects generally increases with
decreasing dose and dose rate (1, 6, 7).

Because the variations in RBE have important implications with respect
to fundamental mechanisms of carcinogenesis as well as radiological
protection standards, the carcinogenic effects of high-LET radiation have
received increasing attention in recent years. Although a comprehensive
review of the pertinent literature is beyond the scope of this report,
salient observations on dose-effect relationships for radiation carcino-
genesis are surveyed in the following.

BIOPHYSICAL AND CELLULAR CONSIDERATIONS

The effects of radiation on cell survival, mutagenesis, and the
induction of chromosome aberrations have generally been interpreted in
terms of multi-target, multi-hit theories. According to this
interpretation, production of such a radiation effect requires either n
targets within the cell to be hit or a single target to be hit m times (2,
8). In the simplest form of the multi-target theory, the relation
between the dose (D) and the effect (E) can be described by the expression:

E = (1 - exp -(D/Do)n (1)

*Preparation of this report was supported in part by Grant ES 00260 from
the National Institute of Environmental Health Sciences, Grant CA 13343
from the National Cancer Institute, and Grant 00009 from the American
Cancer Society.



and in the simplest form of the multi-hit theory, it can be described by
the expression:

2 m-1
- 1+D 1 (M-~ . 1 (D) -D/D
E=1- D, 2! (D) @D Oy :l exp 0 (2)

Both equations can be expanded to give the expression:

E = aDp - BDp*! 4+ higher terms in D, (3)

where p is equal to n or m (9).

The available dose-effect data (e.g., Fig. 1) for low-LET radiation
can be described by the expression:

E = O-QIDQ + BQ'DQ'Z (u)
and for high-LET radiation by the expression:
E = ahDh (5)

Hence, the biological effects in question have been postulated to require
at least two targets to be hit or two hits to occur in a single target.

The two hits are envisaged to occur simultaneously within the track of a
single particle in the case of high-LET radiation or in the case of low-LET
radiation received at low doses and low dose rates; however, with high
doses of low-LET irradiation received at high dose rates, it is envisaged
that the two hits may occur within separate particle tracks that traverse a
critical volume of the cell in swift succession (represented by the second
term in equation U).

According to the above concepts, and in keeping with the curves in
Figure 1, the RBE increases with decreasing dose and dose rate, ultimately
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Fig. 1. Frequency of dicentric chromosome aberrations in human lympho-
cytes after exposure to high- and low-LET radiations (10).
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Table 1. Maximum values of the RBE of radiation of different LETs
for dicentric aberrations in human lymphocytes.2

Radiation rbem

60¢co gamma rays 0.4
250 kvp X-rays 1.0
14.7 MeV neutrons 6
7.6 MeV neutrons 10
0.9 MeV neutrons 15
0.7 MeV neutrons 17
Alpha particles < 5 MeV 8
Alpha particles 3-4 MeV 6

AFrom (9), based on data from (10 and 11).

reaching a maximum value that is equivalent to the ratio ah/af. Maximum RBE
values for radiations of different LETs in the induction of dicentric
chromosome aberrations in human lymphocytes have been observed to range
from 0.4 with cobalt-60 gamma rays to 17 with 0.7 MeV neutrons (Table

1). For other types of effects, substantially higher maximum values have
been reported; e.g., a value of 100 for single locus mutations in plants

(5).

To the extent that the cellular mechanisms responsible for radiation
carcinogenesis involve mutations or chromosome aberrations, the dose-
incidence relationships for radiation-induced cancer should be expected to
be comparable to those cited above. Such relationships might be expected
to apply, however, only to certain stages of the carcinogenic process and
to effects of relatively low doses where they are not confounded by
excessive cell and tissue damage. Although the mechanisms of
carcinogenesis remain to be determined, it is noteworthy that the dose-
incidence data for most radiation-induced neoplasms are in fact consistent
with the above relationships.

Overall Relationship between Cancer Incidence and Dose

Induction Period Cancers induced by radiation are typically preceded
by a long induction period, which varies in length with the type of
neoplasm in question and age at the time of irradiation. 1In general,
however, the induced cancers tend to occur at the ages when cancers of
corresponding types occur in non-irradiated populations. After prenatal
irradiation, for example, the increased incidence of leukemia peaks within
the first five years of life, in parallel with the incidence of juvenile
leukemia in the general population (12, 13). Similarly, the breast cancers
induced in women by irradiation during infancy do not appear until more
than 30 years later, when the women reach the age at which breast cancers
characteristically start to appear in the general population.

The induction period for leukemia is generally shorter than that for
other forms of cancer. Most cases of chronic granulocytic leukemia appear
within 5-15 years, and few later than 25 years, after irradiation. As a
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Fig. 2. Temporal distribution of radiation-induced
leukemias in a-bomb survivors, in relation to type
of leukemia and age at the time of irradiation
().

result, the incidence of the radiation-induced cases assumes a wave-like
distribution in time (Figure 2). The patterns for other types of
radiation-induced leukemia, although not identical, are also wave-like
(Figure 2).

For cancers other than leukemia and osteosarcoma (7), the induction
periods average more than 15-20 years and the cases do not distribute
themselves in wave-like patterns with time after irradiation. It is not
clear whether the annual excess of such cases remains constant after a
certain length of time (i.e., as would be implied by the "absolute risk"
projection model), or whether it continues to increase as a constant

fraction of the underlying baseline incidence (i.e., as would be implied by

the "relative risk" model) (Figure 3). The data evolving from studies of
the atomic bomb survivors (Figure 4) are more compatible with the latter
model than with the former (17, 18), as are the results of experiments in
laboratory animals (Figure 5).
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Fig. 3. Distribution of radiation-induced cancer incidence with time
after irradiation in relation to baseline age-dependent
cancer incidence, as projected for a lifetime by the absolute
risk model (a) or the relative risk model (b); or as
projected for a shorter period by the absolute model (ec) or
the relative risk model (d). The symbol x denotes the
minimal latent period. (7).

With chronic irradiation, the median time to tumor appearance, at
least for some forms of cancer, has been shown to vary as a function of the
dose rate according to the Blum-Druckrey model; i.e.,

thd = C, (5)

where t is the median time to tumor appearance, d is the daily dose of
radiation, and C and n are constants, n being larger than 1 (20).

Dose Irradiation has been observed to induce many types of neoplasms
in humans and laboratory animals, but all neoplasms are not increased
equally in frequency within a given species or strain (6). Certain
neoplasms are actually decreased in frequency by irradiation (Figure 6).
From the diversity of observed dose-incidence relationships, it is clear
that no one mathematical model for relating incidence to dose is
universally applicable.

For those types of cancer that are known to be induced in humans by
high doses, the dose-incidence relationships at lower doses can be
estimated only by extrapolation. From the existing data, however, it is
not possible to distinguish confidently among alternative extrapolation
models. For this reason, the National Academy of Sciences Advisory
Committee on the Biological Effects of Ionizing Radiation (BEIR Committee)
utilized four different models (Figure 7), to derive a range of risk
estimates, in its latest report (7). The four models all assume a
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Fig. 4. Incidence of radiation-induced cancer (excluding
leukemia) in relation to attained age in different
birth cohorts of heavily-irradiated Nagasaki a-bomb
survivors, as compared with the baseline incidence in
the general population of Japan. Data for a-bomb
survivors (15) denoted by dashed curves, with age at
time of irradiation of each cohort as indicated. Data
for the general population (16) denoted by the solid
curve (17).

nonthreshold dose-incidence relationship and include: (1) the linear model,
which can be represented by the expression:

F(D) = ag + a4D (6)
where F(D), the incidence of cancer at dose D, varies as the sum of the
baseline incidence ag Plus the product of the dose D times a constant risk
coefficient (aq); (2) the linear-quadratic model, which can be represented
by the expression:

F(D) = ag + aqD +'ayD (7)

where F(D), the incidence of cancer at dose D, varies as the sum of the
natural incidence (ag) plus a linear dose term (a{D) and a squared dose
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Fig. 5. Death rate in mice, in relation to dose
of whole-body gamma radiation and time
after irradiation (19).

term (02D2); (3) the quadratic risk model, which can be represented by the
expression:

F(D) = ap + ayD? (8)
where F(D), the excess of cancer at dose D, varies as the sum of the
natural incidence (ag) plus a squared dose term (aZDZ); and (4) the linear-
quadratic model in which a negative exponential is included to account for
saturation of the carcinogenic process at high doses, which can be
represented by the expression:

F(D) = (og + aq + apD?)exp (-B1D-BoD?), (9)

where the terms are as described above, with the addition of the
coefficients B4 and B,.

If the induction of a mutation or chromosome aberration in a single
somatic cell were sufficient to initiate the process of carcinogenesis,
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Fig. 6. Dose-incidence curves for different neoplasms in animals
exposed to external radiation: (a) myeloid leukemia in x-
irradiated mice (21); (b) mammary gland tumors at 12 months
in gamma-irradiated rats (22); (e¢) thymic lymphoma in x-
irradiated mice (23); (d) kidney tumors in x-irradiated rats
(24); (e) skin tumors in alpha-irradiated rats (percentage
incidence X 10 (25); (f) skin tumors in electron-irradiated
rats (percentage incidence X 10) (25); and (g) reticulum cell
sarcoma in x-irradiated mice (26) (from 27).

then the last of the above models would seem more appropriate than the
others on purely radiobiological grounds (7, 28, 29). For leukemia, the
revised data for a-bomb survivors (30) and the data for the mouse (31) are
compatible with this model. For most cancers other than osteosarcoma, the
quadratic model seems incompatible with the data.

For cancer of the female breast, the dose-incidence relationship
appears to be essentially the same in women surviving a-bomb irradiation
(32, 33), women who received radiotherapy to the breast for acute post-
partum mastitis (34), women whose breasts were irradiated through repeated
fluoroscopic examinations of the chest in the course of treatment for
pulmonary tuberculosis (35), and luminous dial painters (36). The apparent
constancy of the dose-incidence relationship in the four groups, in spite
of the marked differences in the duration of their exposures, implies that
the linear nonthreshold model is appropriate for carcinogenesis in the
female breast (7, 37, 38).

Evidence favoring a linear nonthreshold model has also been presented
for induction of thyroid cancer by irradiation in infancy (39) and for the
leukemogenic effects of prenatal irradiation (40).
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Fig. 7. Alternative mathematical dose-incidence models (7).

Dose Rate In experimental animals, it has been observed repeatedly
that a given dose of x-rays or gamma rays is generally several times less
tumorigenic if delivered in many small exposures over a period of days or
weeks than if delivered in a single exposure lasting only a few minutes (6,
41). The effectiveness of high-LET radiation (e.g., neutrons or alpha
particles), on the other hand, shows little or no decrease (42), but may
increase, with fractionation or protraction of exposure (43), as will be
discussed below.

Shortening of the Life Span In laboratory animals (U44) and in a-bomb
survivors (U45), shortening of the life span from whole-body irradiation is
attributable primarily, if not entirely, to increased mortality from
neoplasms, at least in the low-to-intermediate dose range (46). The life-
shortening impact of whole-body irradiation thus provides a measure of the
carcinogenic effects of radiation on all organs combined.

In mice exposed acutely or chronically to whole-body neutron
irradiation, beginning at an early age, the dose-effect relationship is
convex upward, the extent of life shortening per unit dose increasing with
decreasing dose and dose rate (Figure 8). This relationship contrasts with
the pattern that is typical for gamma-irradiation, in which the extent of
life shortening increases linearly with dose in the low-to-intermediate
dose range, and the effect per unit dose decreases with decreasing dose
rate (Figure 8). As a result of the differences between the two types of
radiation, the RBE of neutrons for 1life shortening increases with
decreasing dose and dose rate (Figure 9) (46).

Leukemia In mice of the RF (42) and CBA (48) strains, the incidence
of myeloid leukemia increases after whole-body neutron-irradiation in the
0.02-2 Gy range. The dose-incidence curve rises steeply, reaches a maximum
at a dose of 1-2 Gy, and is essentially dose rate independent (Figure 10).
With x-rays or gamma-rays, on the other hand, the dose-incidence curve
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Fig. 8. Shortening of the life span from all causes of death in
male B6C3F, mice in relation to dose of whole-body
fission neutron or gamma radiation received in a single
exposure or in highly fractionated exposure (47).

rises less steeply, reaches a maximum at a higher dose, and decreases
markedly in slope with decreasing dose rate (Figure 10).

The incidence of thymic lymphomas also increases after whole-body
irradiation in mice of the RF strain. With neutron irradiation, the
incidence per unit dose is not reduced by fractionation or protraction of
exposure but may actually be increased, whereas the reverse is generally
true with x- or gamma-irradiation (42).

An increased incidence of leukemia has been observed in persons
injected intravenously with thorotrast (7), but the data do not suffice to
define the relationship between incidence and dose. Although the incidence
of leukemia is also increased in a-bomb survivors, revision of the a-bomb
dosimetry suggests that the neutron component of the dose was not large
enough to have contributed significantly to the leukemogenic effects of a-
bomb irradiation in Hiroshima or Nagasaki (30). Other data on leukemo-
genesis by high-LET radiation in humans are lacking.

Breast Tumors The rapidity of development and final incidence of
mammary gland tumors in female rats are increased by neutron-irradiation,
to an extent that varies among strains (49, 50). The frequency per unit
dose of benign (Figure 11) and malignant (Figure 12) tumors is higher with
neutrons than with x- or gamma-rays. Furthermore, the tumorigenic
effectiveness of neutrons increases on fractionation or protraction of
exposure, whereas that of gamma rays decreases (Figure 13). The RBE of
neutrons thus increases with decreasing dose and dose rate, exceeding 100
with low-energy neutrons at doses of 0.001-0.05 Gy in rats of some strains
(52, 53). The tumorigenic effectiveness of neutrons and x-rays in some
strains of rats is enhanced to varying degrees by hormonal stimulation,
depending on the conditions of dosage (49).
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Figo 9.

Fig. 10.

Relationship between neutron RBE and
neutron dose in male (upper panel and
female (lower panel) B6CFq mice for
single and fractionated exposures. Open
symbols, single exposures; closed
symbols, 24 weekly fractions. Also
shown (squares) are the points for 60
weekly fractions of neutron radiation,
with similarly fractionated y exposures
as the standard (47).

Incidence of myeloid leukemia in male
mice, in relation to dose and dose rate
of whole body neutron, x- , gamma-
radiation. o single exposure (7-8 x
102 Gy min~"); [J daily exposures (1-4 x
10-6 Gy min='). Open symbols denote
results with x-rays and gamma rays;
shaded symbols denote results with
neutrons (42).
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Fig. 11. Actuarial incidence of benign mammary tumours in WAG/Rij
rats after irradiation with x-rays (d), 15 MeV neutrons
(A), and 0.5 MeV neutrons (®) (50).

Lung Tumors The incidence of adenocarcinomas of the lung in BALB/c
female mice increases steeply with whole-body fission neutron irradiation,
reaching a maximum and bending over between 0.5 Gy and 2.0 Gy (Figure 14).
The corresponding dose-incidence curve for gamma-irradiation is less steep
and does not bend over until higher doses are reached (Figure 14). On
fractionation of neutron irradiation, the dose-incidence curve remains
essentially unchanged in the dose region below 0.2 Gy and shows less, if
any, bending over between 0.5 Gy and 2.0 Gy. On fractionation of gamma-

irradiation, by contrast, the incidence per unit dose is decreased at doses
of 0.5-2.0 Gy (54).

Inhaled alpha-emitters also increase the incidence of lung cancer in
rats and mice, the dose-incidence curve being convex upward and relatively
dose rate independent (6, 55). With inhaled beta-emitters, by contrast,
the dose-incidence curve is concave upward and decreases in slope with
decreasing dose rate (6, 55). In underground hard-rock miners, the
incidence of lung cancer increases with the dose to the respiratory tract
from inhaled alpha emitters. The dose-incidence curve in miners is convex
upward and steeper than that observed in a-bomb survivors or other
populations exposed to low-LET radiation (7), the difference between the
curves implies an RBE of alpha radiation in the range of 8-15 (7).

Bone Tumors 1In rats, mice, dogs, and humans, the incidence of
osteosarcomas increases with the dose to endosteal cells from locally
deposited alpha-emitters (6, 7). The dose-incidence curve is character-
istically linear in the low-to-intermediate dose range (56) and steeper
than the curve for low-LET radiation, which is characteristically concave
upward in the same range (e.g., Figure 15). From the ratio of slopes in
the low-to-intermediate dose range, the RBE of alpha radiations has been
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Fig. 12. Actuarial incidence of mammary carcinomas in
WAG/Rij rats after irradiation with x-rays (Q) and
0.5 MeV neutrons (®) (50).

estimated to approximate 20 (7). Fractionation of the dose increases the
tumorigenicity of radium-224 alpha irradiation in humans (58).

The dose-incidence curve for irradiation by internally deposited
radium-226 is more complex, conforming to a multistage multihit model in
which there are two initiating steps and one promoting step (59).

Fig. 13. 1Incidence of mammary tumors in Sprague Dawley female
rats 10 months after acute or protracted exposures to
fission neutrons (2,6 and 50 rad) or Cobalt-60 gamma-
rays (150, 300 and 450 R). Dose of Cobalt-60 gamma
rays on horizontal scale is 10x fission neutron dose (51).
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Fig. 14. 1Incidence of adenocarcinoma of the lung in
BALB/c female mice in relation to dose of
whole-body fission neutron (®) or gamma (o)
radiation received in a single brief exposure

(54).

Other Neoplasms

Dose-incidence data with high-LET radiation are available for a
variety of other neoplasms (6, 60). In general, the data are consistent
with the relationships cited above, which are illustrated schematically in
Figure 16. For certain neoplasms, however, (e.g., ovarian tumors in the
mouse), different patterns are observed, implying differences in the
relevant mechanisms of tumorigenesis (61). In this connection, it is
noteworthy that the induction of ovarian tumors in the mouse is attributed
to sterilization of the ovaries (6), and that RBE of neutrons for the
killing of mouse oocytes is low, implicating cytocidal effects on the
plasma membrane of these cells (63).

Fig. 15. 1Incidence of osteosarcoma in mice in relation to dose of
radionuclide injected (57).
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Fig. 16. Schematic dose-response curves for
incidence of tumors in relation to dose
and dose rate of high-LET and low-LET
radiation. (Solid 1ine) High dose
rate; (broken line) low dose rate.

Factors Affecting Susceptibility to Radiation Carcinogenesis

Genetic Background Although susceptibility to radiation carcino-
genesis is shared by all species of mammals studied to date, susceptibility
to the induction of any particular neoplasm varies widely among different
species and strains (6). A striking example is the unusually high sensi-
tivity of the ovary to tumor induction in the mouse. For example, a dose
of 100 rads suffices to induce ovarian tumors in nearly half of the females
in mice of susceptible strains (6, 63) while such tumors are rarely induced
in animals of other species.

In human beings, inherited differences in susceptibility are exempli-
fied in the dramatically increased sensitivity of individuals with retino-
blastoma, nevoid basal cell carcinoma syndrome, or certain other hereditary
diseases (64). It is possible that susceptibility may be increased to a
lesser degree in heterozygous carriers of these traits and in heterozygous
carriers of genes for DNA repair defects (65, 66).

The carcinogenic effects of radiation on human populations in
differgnt parts of the world, cémpared on the basis of the numbers of cases
per 10° person years at risk per unit dose, imply that susceptibility
differs little among races or ethnic groups (7). This is not necessarily
true, however, if the different populations are compared on the basis of
relative risks (7).

Differences Among Organs, Tissues, and Cells Within a given
individual, susceptibility to the carcinogenic effects of radiation varies
markedly among different organs, tissues, and cells. In contrast to
chemical carcinogenesis, where such differences may result from
pharmacokinetic variables, differences in the radiation dose to target
cells and molecules cannot explain the observed variations. Possible
explanations meriting further study include differences in the numbers of
stem cells at risk in different tissues, differences in cell turnover
rates, and differences in repair and renewal capabilities. Whatever the
explanation may be, susceptibility bears no constant relationship to the
baseline incidence of cancer in different organs (Table 2).

Within a given tissue or organ, moreover, not all types of cancer are
induced with equal frequency. For example, the incidence of chronic
lymphocytic leukemia, in contrast to all other types of leukemia, is not
detectably increased by irradiation in any population studied to date (6,
7). Similarly, the thyroid cancers induced by irradiation consist predomi-
nantly of well differentiated papillary and follicular adenocarcinomas,
with few tumors of anaplastic types (6, 7).
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Table 2. Variation Among Different Human Tissues in Sensitivity
to Radiation Carcinogenesis@

Spontaneous Estimated Radiation
Incidenceb Induced Incidence
(per 106 yr) (Excess Cases per

Site or Type of Cancer male female 106 per yr per rem)

Breast (female) -— 900

Lung, bronchus 690 230

Colon 310 340 (>1)

Stomach 120 70

Leukemia 80¢ 60¢

Thyroid gland 20 60

Urinary tract 310 130

Pancreas 105 90

Lymphoma, multiple myeloma 170 150

Liver, biliary tract 50 50

Brain, central nervous system 60 40 (0.1 = 1)

Esophagus 50 20

Pharynx 15 5

Salivary glands 10 10

Skin >1000 <1000

Uterus and cervix — 440

Ovary —— 140

Parathyroid gland <5 <5

Bone 10 5 (0.01 - 0.1)

Cranial sinuses <5 <5

Larynx 80 15

Mesothelium <5 <5

Connective tissue,

including heart 35 15 uncertain

Testis 35 _—

Prostate 560 _—

Other 120 120

a2 From 6, 7, 17
b values represent rounded averages for all ages and races
C¢ Excluding lymphatic leukemia

Sex The susceptibility of endocrine glands and their target organs
to radiation carcinogenesis differs between males and females, in keeping
with differences in the corresponding baseline tumor rates. Experimental
data imply that the differences are attributable primarily to the promoting
effects of hormones (67), although unexplained sex differences also exist
in the susceptibility of nonendocrine organs to carcinogenesis (6, T).

Age at Exposure  Susceptibility to the carcinogenic effects of
radiation varies markedly with age at the time of irradiation, depending on
the neoplasm in question (6, 7). In humans, the relative risk of leukemia
is increased more markedly by irradiation before birth than by irradiation
later in life (6, 7). The types of leukemia that are induced, however, are
also age-dependent; those induced by prenatal irradiation are predominantly
acute agranulocytic and stem cell leukemias, whereas those induced by
exposure later in life include comparable numbers of acute and chronic
granulocytic leukemias (6, 7). With increasing age at irradiation during
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adult life, the relative risk of all types of leukemia combined remains
essentially constant, while the absolute risk increases with age at
irradiation (7) (Figure 17).

For cancer of the female breast, susceptibility is higher during
adolescence and early adult life than at later ages (7). It is also
noteworthy that women irradiated during infancy do not develop radiation-
induced breast tumors until they reach the fourth decade, with the result
that the susceptibility of this age group has been underestimated hereto-
fore (67, 68). The data imply that carcinogenesis in the breast is
initiated by irradiation but that completion of the process depends on
promoting effects associated with age-related hormonal stimulation.

SUMMARY

Ionizing radiation is carcinogenic for many, if not most, tissues;
however, its carcinogenicity varies, depending on the tissue exposed,
conditions of exposure, genetic background, sex, and age of the exposed
individual, and other factors. The neoplasms induced by radiation also
vary in their types and in their times of onset, depending on the age and
sex of the exposed individual. The dose-incidence curve with high-LET
radiation characteristically rises more steeply in the low-to-intermediate
dose range than the curve with low-LET radiation. The curve with high-LET
radiation is also characteristically linear or convex upward in this dose
range, whereas the curve with low-LET radiation in the same dose range is
characteristically concave upward. With fractionation or protraction of
irradiation, the curve with high-LET radiation characteristically remains
unchanged or increases in slope, whereas the curve with low-LET radiation
characteristically decreases in slope. As a result of these relationships,
the RBE of high-LET radiation for carcinogenic effects characteristically
increases with decreasing dose and dose rate.
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Fig. 17. Estimates of age-specific relative risk and absolute risk
(excess deaths per million person-year-rad, with 90%
confidence intervals) of leukemia in heavily irradiated a-
bomb survivors (45).
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ABSTRACT

In parts of the Swiss Alps, the high radium content of crystalline
rock and soil may produce considerable indoor levels of radon in dwellings
with low air infiltration. Radon measurements in conventional single
family homes in such an area during the winter of 82/83 showed an
arithmetic mean average radon concentration in living quarters and cellars
of 307 Bq/m3 (8.3 pCi/l) and 1410 Bq/m3 (38.1 pCi/l), respectively.
Assuming an increase in the radon concentration of 80% due to air
tightening measures as inferred from a matched pair analysis of Swiss
dwellings, weatherstripping may produce an average increase in the radon
level in the living quarters of 245 Bq/m3 (6.6 pCi/l). Doses to the lung
over a lifetime in such buildings approach or even exceed the doses
encountered by some miner populations with clearly increased lung cancer
risk.

An estimate based on UNSCEAR 82 conversion factors yields an additional
exposure of 0.014 mSv (1.37 mrem) per kWh saved. This value converts to a
risk factor which is several orders of magnitude higher than those from
large scale energy production systems.

INTRODUCTION

Not only activities involved in the production and use of energy but
also modifications in the construction of dwellings implemented to reduce
energy consumption may pose substantial long term hazards to the general
public (1, 2). Airtightening tends to increase indoor pollutants present
in the indoor environment whereas foam insulation contributes a new
toxicant, i.e. formaldehyde. Similar to the risk per unit energy
delivered from an energy producing technology, the risk to human health per
unit energy saved can be estimated (3). In this paper, we try to estimate
the additional exposure of humans to the ionizing radiation from radon and
its short-lived progeny in the indoor air of energy efficient dwellings,
i.e., homes showing lower than average air exchange rates. Contrary to
former purely theoretical consideration (3), these assumptions are based
both on radon measurements in geological regions with high terrestrial
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radiation and on differences in the indoor radon levels between new or
retrofitted dwellings as compared to matched conventional controls (4).

The second point is especially important since simultaneous measurements of
radon concentration and air exchange rate in dwelling showed that the radon
source strength, i.e., infiltration of gas from the soil, may vary in
unpredictable ways with the level of airtightness of the home.

As is the case for most indoor pollutants, risk factors for lung
cancer induction from radon exposure have to rely mostly on occupational
exposures. However, the dose commitment over the human life span from
radon and its progeny in the indoor air in high background areas approaches
or even exceeds the values of miner populations showing significant
increases in the incidence of malignant lung diseases. Although
confounding factors like poor control of smoking habits and additional
chemical toxicants in mine air do not permit a direct comparison of
environmental and occupational exposure risks, both the quality of the
radiation involved, i.e., alpha, and the results from occupational
epidemiology (5) point to a linear dose effect relationship. Recently,
direct epidemiological studies on populations breathing high indoor levels
of radon suggest an increase in the lung cancer incidence with elevated
environmental radon concentration in Maine and Sweden (6, 7). However, the
methodology employed (geographical study) in the former and the small
number of lung cancer cases in the latter do not yet allow to establish
risk factors from environmental exposure to radon and its decay products.

MATERIALS AND METHODS

Measurements of radon with passive track etch dosimeters type
Karlsruhe was described elsewhere (4). The system used cannot detect
contributions from radon-220 (thoron). In most cases, three detectors per
dwelling were used: one in the cellar (source strength), living room
(generally on the ground floor) and a bedroom (mostly on the first floor).
Measuring periods varied from 2 to 6 months but fell always into the
heating period, i.e., time of lowest air exchange rates.

RESULTS

Indoor Radon Concentrations in the Crystalline Alps

The dwellings were situated in the South-Eastern parts of Switzerland
where crystalline basement rock with relatively high uranium and thorium
content reaches the surface. The high altitude of the valley floor (St.
Moritz 1825 m above sea level) results in a cold climate with 4500 heating
grade days (integration of temperature difference inside/outside over
heating period) and average July temperature of only 11°C. Historically,
trade and now tourism provide the economic basis for tens of thousands of
permanent inhabitants at this altitude in Switzerland.

Figure 1 shows the radon concentrations (cellar, ground floor an
first floor) in 32 single family homes in this area on a log/probability
graph. As expected from the many parameters influencing radon source
strength and emanation, the values fit a lognormal distribution fairly
well. The geometric mean radon concentration for the living quarters,

i.e., living room and bedroom amounts to 255 Bq/m3 (6.9 pCi/%) and 176
Bq/m3 (4.8 pCi/ %), respectively. Table 1 shows the numerical values of
concentrations and annual effective dose equivalents for the means as well
as for the upper 10 and 1 percentiles. The dose commitments are calculated
using UNSCEAR 82 conversion factors and a radon daughter equilibrium factor
of 0.5 (8).
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Fig. 1. Distribution of the time averaged indoor radon
concentrations during the winter of 1982/83 in a
sample of 32 single family houses situated in
three alpine valleys of Southeastern Switzerland.

Table 1. Mean values, upper 10 and 1 percentiles for indoor
radon concentrations and resulting annual
effective dose equivalents for a sample of 32
dwellings in the Southeastern Alps of Switzerland
(80% occupancy assumed)

geometric mean upper 10 percentile up. 1 percentile

RADON CONCENTRATIONS in Bq/m3 (pCi/1)

cellar 766 (20.7) 3'561 (96.2) 12'410 (335.4)
ground floor 255 ( 6.9) 826 (22.3) 2'091 ( 56.5)
first floor 176 ( 4.8) 468 (12.7) 1'030 ( 27.8)

ANNUAL DOSE IN mSv (mrem)

living room (a) 7.5 (751) 24.3 (2'433) 61.6 (6'160)
bedroom (b) 5.2 (520) 13.8 (1'379) 30.3 (3'033)
(a + b)/2 6.4 (636) 19.1 (1'906) 46.0 (4'598)
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The arithmetic mean and its standard deviation, which has to be used
to assess the total dose from radon and its progeny to a population amounts
to a value of 307 + 43 Bq/m3 (8.3 pCi/%) for the living quarters (living
room and bedroom weighted each 50%).

An Estimate of Risk from Additional Exposure Due to Airtightening

The most cost-effective measure to achieve energy savings at unchanged
temperature settings is to decrease the rate of air exchange. In stone and
brick dwellings, this can be achieved by means of weatherstripping and
caulking to close airways along windows, doors and blinds. Air exchange
rates in occupied buildings are difficult to assess due to their dependence
on a multitude of climatic and behavioral parameters. However, central
heating and steep increases in the oil price led generally to a strong
reduction of air exchange rates over the last decades (7). Since it can be
assumed that the indoor radon concentration at an unchanged source term is
inversely proportional to the air exchange rate, this energy conservation
effort increases the risk from radon and its daughters considerably if the
infiltration of the radon gas into the living area is not affected by the
retrofitting. The calculation of the additional exposures due to an
increase in radon levels resulting from airtightening is depicted in Table
2 for the alpine sample described before. Since exposures and risk should
be related to the benefits, the result is compared with the amount of
energy saved.

To assess the lung cancer risk from exposure to environmental levels
of radon, several assumptions have to be made. Recently, international
bodies such as OECD/NEA (10) and UNSCEAR (8) have given reference values
for indoor breathing rate radon daughter equilibirium value, time spent
indoors, ete. Here, the UNSCEAR 82 conversion factor from radon indoor
concentration to annual effective dose equivalent of 29.5u Sv/a per Bq/m3
(109 mrem/a per pCi/f) is used. In our calculation, it is inferred that
exposure to radon leads to an elevated risk for 20 years (expression
period) after a latent period. Using a linear dose-effect relation and a
lung capcer risk factor derived from uranium miners of 2.4x10'5/mSv or
6.5x10"° /WLM-a (Figure 2; for a more detailed treatise, see 9, 10); the
average exposure in dwellings from the study sample yields a risk of about
3.3x107! lung cancers per kWh saved due to airtightening. This value is
several orders of magnitudes higher than the risk factors per kWh produced
in power plants using coal, oil or uranium (3). For the upper 1
percentile, the risk per kWh saved amounts to 1.7x10"6 Figure 2 shows how
the risk factors used compares to the lung cancer incidences from a
multitude of miner populations exposed to a wide range of lung doses.

DISCUSSION

In areas with high radon emanation into buildings, elevated radon
concentrations due to the lowering of air exchange rates may lead to annual
effective dose equivalents in the range of the limits for occupational
exposure or even surpass them. The concomitant risk for lung cancer from a
lifetime exposure is estimated for the energy efficient home in Table 2 as
follows: a fifty year exposure at 16 mSv/a with a lung cancer risk factor
of 2.4x10-5 per mSv (total risk over 20 year expression period) yields a 2%
chance of dying from lung cancer in a high risk area. This value
approaches the risk from heavy smoking. It is often assumed that linear
extrapolation to the doses involved may overestimate the effects. In the
case of radon and its daughters, however, the high linear energy transfer
of the alpha radiation involved and the amount of radiation delivered to
the critical tissue, which cannot be considered low at environmental
exposure levels, speak against beneficial threshold effects. In some
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Table 2. Parameters assumed for the calculation of radon
exposure due to energy conservation by
airtightening (mSv per kWh saved)

Four person-family with 100 m2 of fully heated
living quarters leading to 260 m3 indoor air

volume or 65 m3/person; 4'500 degree-heating days;

225 day heating period/a

conventional house airtight house

air exchange rate (h-1) 0.5 0.278

reduced by a factor of 1.8 (&)
radon indoor concentration Bq/m3(pCi/1) 307 (8.3) 552 (14.9)
radon daughter equilibrium factor 0.5
time spent indoors 80 7
effective dose equivalent mSv/a* 9.05 16.29
ADDITIONAL EXPOSURE mSv/a (mrem/a) 7.24 (724) (1)
air to be warmed up
(in 1000 m3/heating period-person) 175.5 97.5
energy needed (in kWh) ** 1'181 656
ENERGY SAVED/PERSON-a  kWh 525 (2)
EXPOSURE PER kWh SAVED mSv (mrem) (1)/(2) 0.014 (1.38)
* UNSCEAR82 (8) *% gpecific heat of air: 1.005 kJ/kg-°C

density of air: 1.205 kg/m3

dwellings built on ground with elevated radium levels, the lifetime

exposure is in the same range as for some groups of uranium miners having

well-documented risks for lung neoplasms (11).

In addition to radon, other indoor pollutants such as formaldehyde,

cigarette smoke, humidity or allergens may reach critical levels in

buildings with low air exchange rates. The lack of human epidemiol
data prevents the quantification of the long term risks involved.

ogical
Contrary

to the radon case, however, the indoor concentration levels as compared to
occupational environments are generally low and adjustments to reduce the
source strength are feasible. Therefore, radon has to be considered the

critical indoor toxicant in many cases (13).
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Fig. 2.

Risk factors for radon induced lung cancer: each
point denotes a population of miners from the
U.S., Canada, Sweden, United Kingdom or
Czechoslovakia (5)

BEIR I  (1972) 6.5 x 10~0/WLM-a (as used in this
paper)

—— — — BEIR III (1980) age dependent, up to 50 x 10=0/WLM-a
——— 1ICRP 32 (1982) 5 - 15 x 10-6/WLM-a (30 year expression

period assumed) (12)
Dose received over 30 years in an indoor environment with
a Rn level of 370 Bq/m3 (10 pCi/1) (based on USCEAR 82
assumptions for breathing rate, lung deposition pattern,
time spent indoors, equilibrium factor)
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ABSTRACT

During the last two decades, a series of studies have been conducted
at this Institute to examine the carcinogenic effects of inhaled
radionuclides. A number of studies have been conducted w1th Bea%le dogs
exposed brlefl% to aerosols of B-emitters ( O 91Y, CE and Sr) and
a-emitters (238py and 23%u) in particles hav1ng different in vivo
solubilities. The exposure conditions have been varied to produce initial
lung burdens ranging downward from those producing acute lethality to
levels equivalent to maximum permissible lung burdens for man. Dependent
upon the particle size, chemical element and solubility of the particles,
the inhalation intakes have resulted in varying degrees of protracted
radiation exposure of nasal cavity, lung, lung-associated lymph nodes,
liver and skeleton. The animals have been observed for their life span and
dose-related increases in cancer have been observed in the most heavily
irradiated sites. Although some of the studies are still in progress,
sufficient data is at hand to provide cancer risk estimators for a number
of radiation exposure scenarios. Some exposed animals are still surviving
and may provide material for studies that will aid in providing bridges
between observations in molecular and cellular systems, whole animals and
people.

INTRODUCTION

Cancer is the main long-term biological effect resulting from exposure
to ionizing radiation. These exposures to radiation can result from
natural or man-made sources that are either external to the body or
deposited within the body. Internally-deposited radionuclides raise a
number of questions relating to their dosimetry in different organs and the
influence of various physicochemical and biological factors on the
resulting dose-response relationships.
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Protection of people from workplace and environmental radiation
exposures requires adequate knowledge about dose-response relationships and
all of the factors that can modify them. The first source of such
information is from exposed human populations. Fortunately, there have
only been a few groups of people exposed to sufficiently high levels of
internally-deposited radionuclides to provide even rudimentary dose-
response data. Therefore, for many exposure situations, our knowledge of
expected dose-response relationships in people must be derived primarily
from life-span studies in laboratory animals. Data from these studies
complement and extend the sparse human data currently available. This
makes it possible to predict dose-response relationships for many internal
exposures such as inhaled fission products or plutonium dioxide for which
no current human data exist.

Table 1 summarizes the lifetime risk of cancer in people from
various external sources or internally-deposited radionuclides based on
currently available data from exposed human populations. The six
underlined values represent exposure situations for which human data are
not available and, thus, risk estimators must be developed by extrapolation
from non-human data. Each risk estimator is expressed as the number of
cancers per 10° rad of absorbed o« or B radiation in the specified organ.
Expression of the risk in this manner assumes that a linear dose-response
relationship holds over the entire region of interest.

LOVELACE STUDIES

At this Institute, a number of life-span studies are being conducted
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