Radiation Carcinogenesis at Low Doses

Abstract. An analysis of experimental findings indicates that the induction of a
mammary neoplasm in the Sprague-Dawley rat is dependent on the action of
radiation on more than one cell, Although a linear relation between incidence and
x-ray dose might be consistent. with available data, such a relation would be
fortuitous and linear extrapolation to lower doses is unjustified.

Carcinogenesis induced at low radia-
tion doses is a problem of crucial im-
portance to modern radiation tech-
nology. Organizations responsible for
recommending values of the maximum
permissible dose (MPD), such as the
International Commission on Radiologi-
cal Protection and the National Council
on Radiation Protection and Measure-
ments, have stated that “prudence” re-
quires the assumption that the fre-
quency of harmful effects is propor-
tional to dose at low doses (I). Al-
though these organizations have made it
plain that this assumption is intended to
provide a conservative estimate of the
upper limits of incidence (2), calcula-
tions based on this assumption have
been performed to predict that there
would be a large number of cancers in-
duced in the population of the United
States each year if it were to be ex-
posed near the MPD levels (3). Bond
has pointed out that exposure near the
MPD of even a large fraction of the
population is virtually impossible and
also that the incidence frequencies em-
ployed in these calculations are prob-
ably many times too large (4). These
factors might reduce the calculated in-
cidence by 100-fold or more, but ad-
herence to linear extrapolation indicates
nevertheless a finite incidence of cancer
at all doses. This reasoning would also
imply the need for rigorous control of
the exposure of individuals to radiation
for medical purposes and might even
induce attempts to minimize exposure
to natural background radiation which
would represent the principal source of
radiation carcinogenesis in the popula-
‘tion.

It has not been possible thus far to
check the validity of the “prudent as-
sumption” of linearity between dose and
effect by direct observation at absorbed
doses of x-rays of less than several rads.
However, we present here some perti-
nent conclusions that can be drawn on
the basis of data obtained at higher
doses in cases where radiations of high
linear energy transfer (neutrons) have
been experimentally applied. Such con-
clusions will be presented here. Although
the analysis does not provide a defini-
tive answer to the basic question of
whether there exists a “threshold dose”
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for cancer induction, it may serve to
clarify some of the issues involved.

The absorbed dose is delivered by
individual charged particles, that is, in
discrete statistically independent events
of energy deposition. The spectrum of
energy deposition events is independent
of the magnitude of the dose.” From
this fact one can conclude (5) that
in the limit of very low doses any effect
is proportional to dose if it can be
produced by a single particle. If n
particles are involved in the induction
of the effect, the dose-effect relation
must be proportional to the nth power
of the dose when the dose is small (that
is, if the frequency of particles in the
volume of interest is much less than
unity). Even if »n is only 2, a linear
downward extrapolation by a factor of
10 will, under these conditions, intro-
duce an overestimate by a factor of 10
since the incidence, instead of being
10 times less, will in fact be 100 times
less.

The question of whether single parti-
cles are involved in the production of
neoplasms can be analyzed in the case
of mammary neoplasms of the Sprague-
Dawley rat. Like most other malig-
nancies of interest in radiation research,
these tumors are atypical since they oc-
cur with appreciable frequency in con-
trol animals. In addition, less than half
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Fig. 1. Percentage of Sprague-Dawley rats
with mammary neoplasms induced by var-
ious doses of x-rays and neutrons [x-rays:
O, Bond et al. (6); A, Shellabarger (8);
[, Vogel and Zaldivar (9); neutrons: A,
Shellabarger (8);-M, Vogel (7)] .

of these tumors are malignant, Never-
theless, these data have been used to
obtain estimates of cancer incidence at
low doses, and there are various aspects
of the following discussion that should
apply to carcinogenesis in general.

Figure 1 shows data by various au-
thors (6-9) on the incidence of neo-
plasms as a function of the dose of
x-rays (200- to 250-kv energy) and
“fission” neutrons (10), The following
discussion is concerned with the mech-
anism of tumor induction at low doses.
The data points in the range of high
doses where tumor incidence reaches a
maximum value and subsequently de-
clines (6, 9) are therefore not in-
cluded in Fig. 1. The various studies
appear to be in substantial agreement,
and, in the case of x-rays, a linear de-
pendence of incidence on dose appears
to be consistent with the data, but line-
arity seems less consistent with the re-
sults for neutrons.

This conclusion becomes much more
evident when the data points are plotted
on ‘a logarithmic representation where
linearity should result in lines with a
slope of 1. Such a representation is
shown in Fig. 2, where the mean num-
ber of tumors induced per animal is
plotted instead of the fraction of
animals with tumors. The two quanti-
ties coincide at small incidences; at
larger doses the number of tumors per
animal has been taken from the original
work (6) or, where not observed ex-
perimentally (7-9), has been deduced
from the fraction of animals with
tumors. The correction for multiple
tumors has been based on the assump-
tion that the tumors occur independent-
ly (see below). The spontaneous inci-
dence has been subtracted, Neither set
of data appears to be consistent with
linearity. However, a logarithmic plot
of the ratio of doses for equal incidence
(the relative biological effectiveness)
versus the x-ray dose approximates lines
with slopes of —1 at low doses (Fig. 3).
This is in accord with previous ob-
servations (5) and with the theory of
dual radiation injury (11).

According to this theory, lesions pro-
duced by a single neutron secondary
particle (usually a proton) require the
action of two x-ray secondary particles
(electrons). Hence in the range cov-
ered in Fig. 3 the primary lesions un-
derlying the effect must have predomi-
nantly a quadratic dependence on x-ray
dose. This does not eliminate the pos-
sible existence of a weak linear com-
ponent for radiation of low linear
energy transfer that might become
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dominant at x-ray doses that are much
lower than those covered in Figs. 1-3.
It must, however, be concluded that,
even if the dose-effect relation for x-rays
were in fact linear in the dose range in-
vestigated (a distinct possibility in view
of the limited accuracy of the experi-
ments), the linearity must be accidental
and there is no justification for a linear
extrapolation.

The complexity of the process is ap-
parent because there is no linear rela-
tion for neutrons, since at low doses the
slope in the logarithmic representation
is less than 45 degrees. Indeed, at first
sight, it would appear that the assump-
tion of linearity is not conservative but
instead underestimates the hazard at
low doses since the incidence increases
with a power of the neutron dose that
is less than unity.

Microdosimetric determinations (12)
have shown that it requires a dose of

somewhat over 20 rads of fission neu-

trons to achieve an average of one tra-
versal through cell nuclei having a
diameter of about 7 um. The neutron
dose-effect curve extends well below this
radiation dose, and near its lower range
the probability of one neutron second-
ary particle per nucleus and even per
cell approaches 0.1. This result, how-
ever, does not imply that individual cells
are the foci of carcinogenesis. On the
contrary, the fact that the dose-effect
relation deviates from linearity at a dose
where the mean number of neutron sec-
ondary particles in a cell is considerably
less than unity implies that the develop-
ment of malignancies must be deter-
mined by radiation effects on a number
of interacting cells. It may be helpful if
some explanatory remarks precede the
formal proof of this assertion.

It has been generally observed that
biological variability of radiosensitivity
flattens the dose-effect curve; whenever
the more sensitive subgroups of the
population are exhausted by nearly full
incidence, the logarithmic slope of the
dose-effect relation decreases. One might
therefore assume that variance of sensi-
tivity between animals or between cells
in individual animals may explain the
observed dose-effect relations, '

An analysis of the frequency of mul-
tiple tumors (6) shows that this fre-
quency follows Poissonian statistics,
which eliminates the possibility that the
incidence of one tumor decreases the
induction probability of further malig-
nancies in the animal. It is therefore
possible to correct the original data
which represent the fraction of animals
having at least one tumor and to derive
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Fig. 2. Mean number of
o tumors per animal as a
function of x-ray and
neutron dose. The data
o correspond to those given
in Fig. 1, but they are
corrected for multiple tu-
mor incidence and spon-
taneous incidence is sub-
tracted [x-rays: O, Bond
et al. (6); A, Shellabar-
ger (8); [, Vogel and
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the total number of tumors produced.
This correction has been applied to Fig.
2, in which saturation can therefore not
be a factor. Variations in sensitivity be-
tween different cells cannot be invoked
because an incidence that leads to satu-

ration of a sensitive subgroup cannot

occur at doses where the event fre-
quency in a cell is much lower than

_unity. .

Biological variability alone therefore
cannot explain the observed results. If,
on the other hand, the combined effect
of two or more neutron secondary par-
ticles caused the carcinogenetic trans-
formation, the slope of the dose-effect
curve would have to be greater, rather
than less, than 1. There remains the
possibility that the transformation is ini-
tiated by one particle, but that a sec-
ond particle kills the cell. It has been
suggested that this kind of process oc-
curs at higher doses of the order of 100
rads where the level of effect reaches a
maximum with subsequent decline, but
it also cannot operate under conditions
where the probability of two events is
much less than the probability of one
event.

We now present the formal proof for
the fact that the observed frequency of
tumor incidence cannot be the direct
reflection of the frequency of carcino-
genetic transformation in individual
cells, The theorem to be proved is the
following: Assume that carcinogenesis
is due to alteration of one cell in some
population of cells which may have
diverse radiosensitivity, but which do
not interact. Then in a double-logarith-
mic plot the slope of the dose-effect re-
lation must at least be equal to (1—n),
where n is the mean number of charged
particles traversing a cell. When n is
small as compared to 1, the slope of
the dose-effect curve cannot be signif-
icantly less than 1.

To prove this statement one must
start from the most general assumption
concerning the dose-effect relation for
the cells. The probability that the effect

Zaldivar (9); neutrons:
A, Shellabarger (8); M,
Vogel (7)].

takes place when a cell selected at
random from the population is sub-
jected to exactly v events of energy
deposition will be called E., and it must
be assumed that these probabilities can
have any values between O and 1. The
dose-effect relation is then the result of
the multiplication of these values by
their relative frequencies, which are de-
termined by Poissonian statistics:

E(D) = Z Eew @B

v=1

where n = ¢D is the mean number of
charged particle traversals at dose D,
that is, the expectation value of the
event number v.

From this general formula one can
deduce without further assumption that
the slope in the double-logarithmic rep-
resentation must always be at least
equal to (1—¢D). This result is derived
as follows:

dIn E(D) D
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By use of Eq. 1 and a rearrangement of
terms one obtains:
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Fig. 3. Relative biological effectiveness of
neutrons versus x-rays as a function of
x-ray dose. The curves are derived from
the interpolated lines in Fig. 2 [(------ )
Shellabarger (8); (—._——.) Vogel (7)1

The conclusion that the slope is great-
‘er than or equal to (1—¢D) follows
from the fact that the numerator in Eq.
4, contains the same positive terms as
the denominator, each term being mul-
tiplied by the factor (v—@D) which is
always at least as large as (1—gD).
This result proves the theorem.

As stated above, ¢D is of the order
of 0.1 at the lowest doses of fission
neutrons. The assumption of unicellu-
lar origin for the malignancy then
requires the slope of the logarithmic
dose-effect line to be no less than
0.9. Since the slope is, in fact, 0.5 or
less, it must be concluded that in the
dose range investigated the carcinogenet-
ic process cannot reflect radiation in-
jury to individual cells in a population
of noninteracting cells. This statement
applies even if these cells have an arbi-
trary distribution of sensitivities and if
the “carcinogenesis” consists in the in-
duction of a variety of neoplasms,

The process must therefore involve
energy absorption by more than one
cell, and the situation is too complicated
to warrant a linear extrapolation to low
doses. To account for the shallow slope
in the region investigated, it is neces-
sary to assume that radiation absorp-
tion events can both promote and in-
hibit tumor induction which thus must
involve more than one Kind of process
as well as more than one cell.

As mentioned earlier, the frequency
of multiple tumors (6) appears to fol-
low a Poissonian distribution; in partic-
ular, the maximum fraction of animals
with only one tumor is very close to 37
percent, as would be expected if there
are no interactions between tumors. The
inhibitory effect deduced can therefore

202

not be one exerted by the presence of
other tumors. The carcinogenetic action
seems, in fact, to be controlled by local
phenomena, and the process has been
termed “scopal,” not only because
tumors were induced only in the por-
tion -of the animal irradiated but also
because they have been induced with
apparently equal efficiency when small
pieces of mammary tissue were irradi-
ated in vitro and then reimplanted (13).
Although hormonal and immunological
factors controlling tumor development
have been identified when whole
animals are exposed (I4), there seems
to be no known evidence for local radi-
ation-induced inhibitory action.

With the complexity of the tumor
induction process established, there re-
mains little justification for linear ex-
trapolations, and this conclusion, in
turn, removes apparent inconsistencies
between the dose-effect relation and pos-
tulates (/5) and histological evidence
(16) to the effect that carcinogenesis
requires the transformation of several
contiguous cells. There is, however, at
present, insufficient evidence for numer-
ical estimations of tumor incidence
based on linear or other extrapolations.

HaraLp H. Rossi
ALBRECHT M. KELLERER
Radiological Research Laboratories,
Department of Radiology, College
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Columbia University, New York 10032
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Morphological Transformation in vitro of Human Fibroblasts

by Epstein-Barr Virus: Preliminary Observations

Abstract. Human embryo fibroblasts have undergone morphological transforma-
tion in vitro after infection by Epstein-Barr virus. The fibroblasts were maintained
in suspension during exposure to the virus, and further treatment with inactivated
Sendai virus increased the transformation rate. The transformed cells were large
and polygonal and grew in discrete, heaped up, foci.

Since the first discovery of Epstein-
Barr (EB) virus in cultured Burkitt
lymphoma cells (/), evidence implicat-
ing this agent as a possible cause of the
tumor has steadily grown. Thus, the
virus stimulates human lympho-prolifer-
ation both in vitro (2) and in vivo (3)
and is linked with the Burkitt lympho-
ma both on seroepidemiological grounds
(4) and because the tumor cells carry
virus-determined
(5) as well as the viral genome (6).

With a suspected human tumor virus,
there are great difficulties in devising
experiments to show conclusively that

surface neoantigens -

the suspect virus in fact plays an etio-
logical role in a particular malignant
disease. Accordingly, it was considered
that at the experimental level new infor-
mation on the oncogenic potential of EB
virus might be obtained if some con-
ventional demonstration of in vitro cel-
lular transformation could be achieved.
Although it has long been known that
EB virus cannot be made to infect any
of a wide variety of monolayer test tis-
sue cultures by standard techniques (7),
it was thought that some special manip-
ulation might allow infection to take
place. Experiments have therefore been
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