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IS NATURAL BACKGROUND OR RADIATION FROM NUCLEAR POWER
PLANTS LEUKEMOGENIC?*
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Life originated on this planet and evolved in a
radiation field that was more intense than today. Despite
pollution, man-made radiation sources in aedicine and
industry, human beings in developed countries are living
longer (up 4 years since 1970) are healthier and have more
productive lives in general than ever before. The quest of
many activists, well-doers, and environmentalists for a
risk-free environment is an illusion. Radiation-free is an
impossibility. Tha major exposure of human beings is
natural radiation. Radiation exposure froa generation of
electricity by fossil and nuclear fuels vill inevitably
increase radiation exposure as the world's population
expands and underdeveloped countries deserve and demand a
higher standard of living through the use of more
electricity. Solar <md geothermal energy are attractive,
aust be expanded, but produce their own environmental
problems.

The question of whether very low-level exposure to
radiation is leukemogenic or carcinogenic is foremost in
the minds of many because of the morbid fear of radiation
that has permeated society. On the other hand, no one
seems concerned about 3 aillirea received froa a
transatlantic flight (voluntary) but 3 aillirea caused by
the fallout frca Chernobyl caused great anxiety in Western
Europe (Gonzalez and Anderer, 1989). The objective in thi*
reviev is to provide soae facts about normal heaopoietlc
cell proliferation relevant to leukemogenesis, physical,
chemical, and biological facts about radiation effects
with the hope that each person will be &h\t to decide for
themselves whether background radiation or emissions from
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nuclear power plants and facilities significantly add to
the spontaneous leukemia incidence. A very simplistic
approach will be used.

Berenblum and Shubik (19A9) demonstrated that
cutaneous carclnogenesis consists of two phases. First is
initiation, in which a genetic change is induced in the
target cells and then there is a long period during which
the initiated cells are promoted to a diagnosable cancer.
In modern parlance, a protooncogene is activated by
mutation, translocation, adduct formation or by the
inactivation of a suppressor gene. Promotion takes place
over a prolonged period of time as a result of Internal
physiological processes that are not clearly defined.

Leukemia is a monoclonal disease. This was first
demonstrated for chronic granulocytic leukemia when the pH
1 chromosome was found to be present in erythrocytic
megakaryocytic and granulocytic precursors (Novell and
Hungerford, 1960). Since this initial observation many
studies with G6DP, irnnuno- globulins, immunoglobulins,
restriction fragment polymorphism of x-linked genes, and
IgG rearrangement have demonstrated the monoclonality for
almost all human leukemia. In other words, a specific
lesion is induced somewhere in the human genome of 3.0 x
10* base pair which initiates the leukemic process.

Through rhe studies of Cronkite et al. (I960), and
Fliedner et al. (1960, 1964) on the kinetics of
granulocytopoiesis and determination of the time for DNA
synthesis in granulocytic precursors by Stryckaans et al.
(1967), and an analytical review on granulopoiesi* by
Cronkite and Vincent (1969), one can calculate the number
of base pairs that oust b* replicated per ainuts in the
cours* of granulocyte production.

Vincent (1989) has calculated base pair replication
during granulopoiesls and suggested that acut*
myeloblastic leukemia may be the result of an error in
base substitution or deletion in the appropriate exon.
Analogous calculations follow.

Neutrophil production rate in average human being is
7.92 x 107 per minute
Average number of base pairs per genome, 3.0 x 10*
DNA synthesis time in giranulocytic precursors, 12
hours



Therefore, the production of 7.92 x 107 neutrophils
per alnute requires a replication of 3.0 x 101* base pairs
per ainute. The fidelity with which polymerases accomplish
this enormous task is remarkable, but It Is likely that
some errors in substitution may occur spontaneously.

The amplification of the sten cell input Is equal to
or greater than 16. Thus, the base pair replication In
unidentifiable precursor cells, the putative target cell
for leukeraogenesis, is equal to or less than 1.9 x 1013

per minute. If one assumes that 10*5 of the DNA codes for
regulatory genes, then 1.9 x 10* base pairs are replicated
per minute in these genes and annually 9.9 x 1013 base
pairs are replicated in these genes. One can make an
argument that most leukemia is the result of deletion or
substitution in a regulatory gene during normal cell
prolifaration thus Initiating the leukemic process. An
interesting question Is whether acute myeloblastic and
chronic granulocytic leukemia are due to spontaneous
mutation resulting from an error in base insertion during
hemopoiesis. The incidence of acute myeloblastic leukemia
in the United States is three cases per 105 persons per
year (Ellis and HcCredie, 1989). It can be calculated
assuming amplification of stem cell input Into neutrcphil-
dividlng compartment of 16 that there are a maximum of 2.6
x 1017 stea cell mitoses per year in 10s persons. This is
an upper limit. The number of base pair replications in
progenitor cells are 7.8 x 1028, an enormous number
indeed. It has been shown that in about 25X of persons
with acute myeloblastic leukemia that there is a single
base substitution in a codon of the N-ras oncogens (Bos et
al., 1985; Shen et al., 1987). In view of the enormous
number of base pair replications per annua, it Is
conceivable, perhaps likely that an error will on occasion
be aade in a vulnerable spot In DNA by chance alone,
suggesting that aost acute myeloblastic leukemia may be
spontaneous. Of course, many factors may increase the
incidence of leukemia, of which ionizing radiation Is one.

The best documented example of radiation-Induced
leukemia is the exposure of the Japanese to the atomic
bomb. In this case the exposure was very short, only a few
seconds. There was a long latent period of 18 months to 20
or more years before the Initiated cell was promoted to
proliferate and be expressed as a dlagnosable leukemia
(Ishimaru et el., 1979). The maximum incidence occurred
at about 7 1/2 years after exposure to the bomb radiation.



Radiation induction of leukemia is an extremely
infrequent cellular event. This was first demonstrated by
Mole (1975). The incidence of leukemia in the Japanese
reached a maximum at exposure of 200 rad. Of 283,498
survivors with an average dose of 16.1 rad, the total
leukemia through 1978 was 387 with an estimated excess of
190.6. All estimates of dose-effect relationships are
basically based on these 190 excess cases. Since leukemia
is monoclonal and 200 rad produces IX of excess leukemia,
one can estimate the frequency of initiation in the bone
marrow cells. The average adult has about 1013 bone marrow
cells. Only one cell in 100 persons is Initiated and
promoted to leukemia, that is one cell in 10" bone marrow
cells by induction of gene rearrangement, translocation,
deletion, mutation, adduct formation to activate a
protooncogene or inactivate a suppressor gene. This is
truly a very rare event at the cellular level.

Simplistically, ionizing radiation produces its
deleterious effects by a photon hitting an orbital
electron and knocking It out of its orbit. This Compton
electron does the damage directly and Indirectly. First by
the production of chemical bond breaks and second by the
production of free radicals, activated oxygen species and
peroxides. Direct and indirect effects may produce a loss
of base or base exchange at the rate of about S per rad
exposure, single-strand breaks at about 5 per rad, double-
strand at about 0.2. Thus these lesions occur at random in
DNA. It is of interest to calculate the number of Compton
electrons per cell volume as function of dose of 100 KeV X
ray as has been done by Feinendegen et al. (1985). The one
rad exposure results In an average of 10 Compton electrons
per average cell volume. With higher energies, for
example, NCo (1.2 MeV 7) there would be about 20
electrons per cell. Leukemia incidence is known to be
statistically increased by single doses in excess of 25
rad, which gives a shower of 250 electrons per cell about
125 base changes, 125 single strand breaks, and 5 double
strand breaks. The maximum incidence of leukemia Is after
a single dose of 200 rad which produces a shower of 2000
electrons per cell producing 8 times as many aberrations
in DNA. It is evident from the studies of Feinendegen et
al. (1985) that 10 mrad results in results in an average
of 1 electron per 10 cells. In other words, 9 of 10 cells
are not affected at all. With the low doses of
environmental interest, many cells are not hit. The
probability of a single electron hitting the leukemogenic
spot In 3.0 x 10* base pairs appears vanishingly small.



In considering the possible effects of background
radiation, it is first important to recognize that the
unavoidable radiation to which human beings are exposed
vary substantially throughout the world from approximately
50 to 1000 mrea per annun (NCRP Report 94, 1987), it Is
interesting to estimate the number of cells that are hit
per year In the 70 kg person froa an average background
radiation of 100 arad/year or 0.27 mrad per day. The
fraction of cells hit per day is rounded out to 10"3 and
since the number of cells In a 70 kg person Is about 101*,
around 10 n cells will be hit per day, the nuclei will be
hit less frequently. The time to hit all cells Is
therefore about 1000 days. Considering Polsson statistics,
a few cells will have been hit nore than once and a few
spared.

The time between hits varies with the dose rate. For
example, at 100 mrad/day, the interval between hits Is
about three days. With 1 rad per day about 8 hours, 10 rad
per day about 50 minutes, and 100 rad per day 5 ainutes,
thus as the dose rate goes up the time for repair
decreases rapidly. At doses of environmental interest,
however, there is one more day between hits to allow
repair.

In addition to the above purely physical factors
concerned with radiation and its effect as a function of
dose rate, there are biochemical protective mechanisms
(Hall, 1988). The indirect effects of radiation can be
modified by scavengers for free radicals such as
glutathione and other glycols, superoxide dlsmutase that
inactivates superoxide, and the DNA repair enzymes which
excise and replace defective DNA with a generally high
fidelity.

The sparslty of hits by electrons in cellular DNA at
low-dose rates and the biochemical protective mechanisms
along with the DNA repair enzymes makes one wonder whether
there Bay be a dose rate at which inactivation of
radiation products and/or repair is totally complete. This
is in the realm of possibility but has not as yet been
shown to be the case.

Many analyses on the relationship between dose of
radiation and incidence of leukemia have been performed by
diverse groups (United Nations Scientific Committee, 1972)
analyzes these data exhaustively without experimental



proof ic has been assumed that the relationship fa linear
vith dose, there is no threshold and that a single dose of
one rad will induce 1-2 extra cases of leukemia for 10*

. persons exposed per year. This assumption errs on the
conservative side. There is no epidemiological
confirmation of this assumption. One can, then, using this
assumption, estimate how many cases of leukemia are being
induced in the United States by an average background of
100 mrem per year. The probability of inducing excess
leukemia is 2 x 10'6 per rad per year. Thus, background-
induced leukemia will be: 0.1 x 2x10** x 10* or 0.2 cases
of leukemia per year per 10° at risk. Since in the United
States about 60 cases of all types of leukemia are
observed per year per 10* population at risk, 59 cases are
therefore due to genetics, diet, drugs,chemicals, other
radiation, other diseases, smoking or most probably just
due to errors in replication of an enormous number of base
pairs during normal cell division.

In the United States about IS,000 cases of acute
myeloblastic, chronic granulocytic and acute lymphocytic
leukemia are observed. An additional 10 area to the entire
population of the United States would produce S additional
cases which for statistical reasons simply could not be
detected in a background of 15,000 cases.

The population exposure in the United States comes
from several sources. Background radiation accounts for
82Z. Man-made radiation accounts for 1SZ of which 111 is
from medical uses of radiation. Consumer products
contribute 31 and the residual by a combination of
occupational, fallout, and nuclear power (Gonzalez and
Anderer, 1989).

There are many epidemiologies! studies. Some show no
effect of high-level background. For example, in the Han
peasants in China 200 oG compared to 70 mGy, there is a
lesser Incidence of cancer in the high exposure (Luxin et
al., 1987). On the Colorado plateau with high natural
radiation, the cancer incidence is less than the low-level
natural radiation on the Vest Coast or East Coast. There
is also no detectable effect in the people living in high-
level Kerala India or aonazite sands in Brazil (United
Nations, 1972).

There are many studies in smaller groups showing
effects or no effects such as American soldiers exposed at



the Nevada test site to 0.5 rad and followed for 22 years.
Four cases of leukemia were expected and 10 were observed,
giving a relative risk of 2.5 (Caldwell et al., 1980).
Relative risks may be misleading because of the statistics
of small numbers. Webster (1981) has used counting rates
of radioisotopes at low levels as an example to illustrate
the effect of Poisson statistics. The counting rates of
radioisotopes like cancer events follow Poisson
statistics. In his example, illustrated in Table 1, in 20
successive periods the counting rates varied froa zero to
8 per minute. The observed frequency is shown in the 2nd
column. The theoretical expected frequency Is shown in the
3rd column and the ratio of the observed to the expected
is shown in the 4th column. This ratio is analogous to
relative risk and varied from 0.6 to 2.8. Numbers greater
than unity imply an effect, and the numbers less than
unity no effect or perhaps a reduction in incidence.

Table 1. Poisson Statistics:* The Problem of Small Number
Observations

Actual counts
Observed
20 Consecutive
Accounting
Periods

Theoretical
Expectiona with

No.
Observed

6.3
2.2,
7.3,

6.2,
2.3,

Poisson Distribution

.5.4
,4.4
,8.6

,0,5.
,6,1

0
I
2
3
4
5
6
7
8

Actual
X

5.0
5.0

20.0
15.0
15.0
10.0
20.0
5.0
5.0

Prob.
Z

1.8
7.3

14.6
19.5
19.5
15.6
10.4
5.9
3.0

Occur.
Prob.

2.8
0.63
1.37
0.77
0.77
0.64
1.90
0.85
1.60

Modified froa Webster (1981)

It is possible that the sun of all relative risks of all
epidemiological studies on exposure of human populations
to less than 1 rad might well be unity. Lewis Thomas



(1983) has emphasized Chat epldemiologlc studies of non-
infectious disease have produced their own adverse side
effects in an "epidemic of apprehension" based on
questionable alarm in daily life. The non-scientific and
in part the scientific public is unable to distinguish
between alarms and the true hazards.

An incomprehensible paradox is the fact that the
public is relatively unconcerned about the major source of
population exposure, that is, natural unavoidable
radiation (82X) and medical uses of radiation are
prudently accepted (112) and radiation fron consumer
products (3X) is desired, whereas nuclear energy (<1X)
causes the most apprehension.

Since the world's population is expanding, there will
be an ever-increasing need for greater amounts of
electricity to meet the requirements of the developed and
developing countries. It is of some interest to compare
population radiation exposures froa burning fossil and
nuclear fuels. It may be a surprise that the population
exposure froa burning fossil fuels with its inherent
radioactivity is 8.5 man Sv per year per gigawatt year
compared to 3.973 man Sv froa nuclear fuels (Gonzalez and
Anderer, 1989).

The culprits in order of decreasing exposure of the
population to radiation are:

Natural radioactivity - unavoidable
Medical uses • beneficial
Consumer products • beneficial and desired
Fossil fuel generation of electricity - unavoidable
Nuclear generation of electricity - ultimately
unavoidable

It is postulated that at doses of radiation belov 1 rad
exposure radiation-induced leukenia or cancer In general
cannot be detected for statistical reasons or excess
cancer is not Induced.

SUMMARY AND CONCLUSIONS

In view of the enormous number of base pair
replications per annum In hemopoletic stem cells with the



likelihood of coding errors, the rarity of the
leukemogenic event at the cellular level after high doses
of radiation, the infrequent occurrence of radiation
events in cells at low-level exposure (large fraction of
cells uninvolved), biological protective mechanisms and
the realization that exposure of ht-snan populations to
radiation from nuclear power plants is a very small
fractior of natural radioactivity and will for the
foreseeable future remain small and that populations
exposed to high natural background radiation show no
detectable harmful effects, it is concluded that either
there is no effect, or for statistical reasons one cannot
detect an effect.
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