
As reported in this journal in 2009, the 2008 KiKK
study in Germany found a 60% increase in all cancers
and a 120% increase in leukemias among children
living within 5 km of all German nuclear power sta-
tions. The KiKK study has triggered debates as to the
cause(s) of these increased cancers. This article dis-
cusses the available evidence of leukemias near nuclear
installations around the world. Over 60 epidemiologi-
cal studies exist, the large majority of which indicate
increases in leukemia incidence. The article also out-
lines a possible biological mechanism to explain the
increased cancers. This suggests that doses from envi-
ronmental nuclear power plant emissions to embryos/
fetuses in pregnant women near the plants may be
larger than suspected, and that hemopoietic tissues
may be considerably more radiosensitive in embryos/
fetuses than in newborn babies. The article concludes
with recommendations for further research. Key words:
cancer; leukemia; radioactivity; radiation; nuclear
power stations; relative risk; radionuclides; tritium;
carbon-14; emissions; discharges; embryo; fetus; preg-
nancy outcomes; KiKK study; Germany.
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INTRODUCTION

In the late 1980s and early 1990s, increased incidences
of childhood leukemias were reported near several UK
nuclear facilities. Various explanations were offered for
these increases; however, the UK government’s Com-
mittee on the Medical Aspects of Radiation in the Envi-
ronment (COMARE) concluded in a series of reports
that the cause(s) remained unknown but was (were)
unlikely to involve radiation exposures.1–4 This was
mainly because official estimates for radiation doses
from these facilities were too low by two to three orders
of magnitude to explain the increased leukemias. 

As reported previously in this journal by Nussbaum,5

the 2008 KiKK study  (Kinderkrebs in der Umgebung
von KernKraftwerken [Childhood Cancer in the Vicin-

ity of Nuclear Power Plants])6,7 rekindled the child-
hood leukemia debate. The KiKK study found a 120%
increase in leukemias risk and a 60% increase in all
cancers among children under five years old living
within 5km of all German nuclear power plants
(NPPs). The web publication8 of the KiKK study
resulted in a public outcry and media debate in Ger-
many but not elsewhere. It is now officially accepted in
Germany that children living near nuclear power
plants develop cancer and leukemia more frequently
than those living further away. The German govern-
ment has stated: 

The present study confirms that in Germany there is a cor-
relation between the distance of the home from the near-
est NPP [nuclear power plant] at the time of diagnosis and
the risk of developing cancer (particularly leukemia)
before the 5th birthday. This study is not able to state
which biological risk factors could explain this relation-
ship. Exposure to ionising radiation was neither measured
nor modelled. Although previous results could be repro-
duced by the current study, the present status of radiobio-
logical and epidemiological knowledge does not allow the
conclusion that the ionising radiation emitted by German
NPPs during normal operation is the cause. This study
cannot conclusively clarify whether confounders, selection
or randomness play a role in the distance trend observed.9

The US Environmental Protection Agency (US EPA) and
US Nuclear Regulatory Commission (US NRC) have
remained silent on these remarkable findings to date. 

Other Studies of Childhood Leukemias near 
Nuclear Power Plants

It has been known at least since the late 1950s10  that radi-
ation exposures can result in increased leukemias and
that environmental exposures to radiation are a risk
factor for leukemia.11–13 In addition, several ecological
and case-control studies14–16 in the past have suggested or
indicated an association between nuclear power plants
and childhood leukemia among those living nearby. 

In a little-noticed 1999 study,17 Laurier and Bard
examined the literature on childhood leukemias near
NPPs worldwide. They listed a startling total of 50 stud-
ies (29 ecological, seven case-control, and 14 multisite
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studies). The large majority revealed small increases in
childhood leukemia near NPPs although the results in
most of the ecological studies were not statistically sig-
nificant. The policy implications of this study were
apparently not discussed by official radiation protec-
tion agencies worldwide.

Then followed two studies18,19  indicating raised
leukemia incidences in France and Germany, but offi-
cial studies concluded the opposite. The 10th and 11th
reports of the UK Government’s COMARE20,21 and two
studies in France22,23 stated there was no evidence of
leukemia increases near NPPs. 

After the KiKK study was published in 2008, two
more government-sponsored studies found small
leukemia increases near NPPs. The Bithell et al.24 study
found an increase in child leukemias within 0 to 5km at
13 out of of 14 UK NPPs studied, and Laurier et al.25

found an increase within 0 to10km near French NPPs.
In both cases, the numbers were low and therefore not
considered statistically significant (that is, there was a
greater than 5% possibility that the observations could
have occurred by chance, or put another way, p-values
were > 0.05).

However, instead of reporting these increases, the
latter two studies concluded that there was “no sugges-
tion” or “no evidence” of leukemia increases near UK
and French nuclear reactors, respectively, simply
because their data lacked statistical significance. These
conclusions are incorrect because lack of statistical sig-
nificance only means that chance was not excluded as
an explanation, assuming no bias and assuming there
was no real effect. The authors should have reported
that small leukemia increases were found, but that
there was a > 5% probability they could have occurred
by chance. A p-value—that is, the probability that
observed effects may be due to chance—is affected by
both the magnitude of the effect as well as the size of
the study.26 This means statistical tests must be used
with caution since the use of a given cut-off for statisti-
cal significance (usually p = 0.05) can lead to incor-
rectly accepting the null hypothesis: that there is no
effect. This could dismiss a result merely because it is
not statistically significant.27 In statistics, this is termed
a type II error. This can occur in small studies due to
their small sample sizes rather than lack of effect.28

This is the case for both the Bithell et al. and Laurier et
al. studies, which have results which are statistically not
significant simply because they are too small. 

The Bithell and Laurier conclusions are regrettable
as they could mislead members of the public into think-
ing there are no increased leukemias near French or
UK nuclear power stations when in fact the question
remains open. Axelson pointed out29 that many nega-
tive and non-positive epidemiology studies (like the
Bithell and Laurier studies) are of questionable validity
because they may obscure existing risks. The stronger
evidence from the KiKK study suggests there may well
be such increases near nuclear power stations.This con-
clusion is supported by two meta-analyses that combine
the results of various national multisite studies in order
to achieve statistical significance. The first, by Baker
and Hoel,30 assessed data from 17 research studies cov-
ering 136 nuclear sites in the UK, Canada, France, the
US, Germany, Japan, and Spain (Table 1). In children
up to nine years old, leukemia death rates were from 5
to 24% higher and leukemia incidence rates were 14 to
21% higher. These findings were statistically signifi-
cant, and would have given considerable support to the
KiKK findings, but the study was not cited in the KiKK,
Laurier, and Bithell studies. The second, more recent,
meta-analyses31 covered  NPPs in Germany, France, and
the UK. This study also found a statistically significant
increased risk of child leukemias and relative risk of
leukemia deaths near NPPs (RR= 1.33;  one-tailed p-
value  = 0.0246).

Finally, in 2008 Laurier et al.32  reviewed epidemiolog-
ical studies on childhood leukemia in 198 nuclear sites
in 10 countries, including 25 major multisite studies.
They found that increased risks of childhood leukemia
near nuclear installations were a recurrent issue. The
authors, employees of the French government’s Institut
de Radioprotection et Sûreté Nucléaire (IRSN), con-
firmed that clusters of childhood leukemia cases existed
locally, but refused to generalize their findings.

The 2008 Laurier et al. study, taken together with
Laurier and Bard’s 1999 study, indicate that there have
been more than 60 studies worldwide on childhood
cancer near nuclear facilities, with the large majority
finding cancer increases. These findings are discussed
further by Körblein and Fairlie.33

This consistent pattern of association of childhood
leukemias worldwide with NPPs provides very strong
support for the KiKK study. Indeed, in view of the
above evidence, there is little scientific dispute about
the association of childhood leukemia incidence with
proximity to nuclear reactors: this association has been
clearly established, at least among scientists independ-
ent of nuclear policies. Our remaining arguments
focus on its causation and public policy ramifications.

NEED TO RELY ON BEST AVAILABLE
SCIENTIFIC EVIDENCE

Policy makers need to be guided by the best available sci-
entific evidence. It is preferable to rely on the larger
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TABLE 1 Leukemia Mortality Risks30

Age Group Proximity to Leukemia 
(years) Nuclear Facility Mortality

0 to 9 All distances 1.05
Under 16 km 1.24

0 to 25 All distances 1.02
Under 16 km 1.18



KiKK study than the Bithell and Laurier studies for a
number of reasons. First, the KiKK study found statisti-
cally significant cancer increases. The one-tailed p-values
in the KiKK study were 0.0034 for all cancers and 0.0044
for leukemias, both of which are  well below the usually
applied 0.05 value for statistical significance. Second, the
KiKK findings have been supported in two meta-analyses
and many other studies as mentioned above. Third,
KiKK was a case-control study (that is, it examined 593
with leukemia children under five years of age together
with 1766 controls, that is, children under five years old
who did not have leukemia. This  means its findings take
precedence over the Bithell and Laurier, which were
ecological studies and thus considered less reliable.
Finally, the KIKK study used very accurate distance
measures. It estimated distances between the homes of
cancer cases and NPPs to within 25 meters. This was the
first time in Europe that a study measured how far each
cancer case was from the nearest nuclear reactor. In con-
trast, the Bithell and Laurier studies measured the dis-
tances between NPPs and the population centroids of
irregularly shaped electoral wards and other administra-
tive areas. In other words, their findings are much less
reliable than the KiKK study.

Our conclusion is that the Bithell and Laurier stud-
ies, despite what their authors seem to imply, simply
have not invalidated the findings of the much more
sophisticated KiKK study.

DISCUSSION

What are the Cause(s) of Increased Cancers near
NPPs? 

Since the first leukemia cluster was discovered in 1984
near the Sellafield nuclear reprocessing plant in the
UK, many scientists have pondered the cause(s) for the
cancer increases; however, we are not much closer to
ascertaining them than we were in the 1980s. Many sug-
gestions have been put forward, including: coincidence;
a postulated virus from population-mixing (the Kinlen
hypothesis); an unusual response to infectious diseases
in children (the Greaves hypothesis); parental precon-
ception irradiation; genetic predisposition to cancer; or
a combination of these factors. Some of these sugges-
tions are farfetched and are unsupported by the find-
ings of the KiKK study. None of them addressed the cen-
tral finding of the KiKK study—that increased cancers
are directly associated with proximity to NPPs. Indeed,
most the above suggestions appear designed to do the
opposite, that is, to draw attention away from NPPs.

Aspects of the Normal Operation of NPPs

What aspects of the normal operation of NPPs might
result in increased risks? We suggest that the following
should be considered:

• direct radiation “shine” by gamma radiation and
neutrons from reactor cores;

• “skyshine” from core neutrons reflected back to
earth by nitrogen (N), carbon (C), and oxygen (O)
atoms in the air;

• electromagnetic radiation from power lines near
NPPs; 

• water vapor emissions from cooling towers at about
half of the German NPPs; 

• parental preconception irradiation of nuclear work-
ers; 

• radioactive contamination of nuclear workers’
homes (for example, by workers’ clothing); 

• chemical releases to the environment; and
• radioactive releases to the environment. 

The increased cancers could also be due a combina-
tion of the above factors as there may well be interac-
tions between environmental exposures we are yet to
understand. For example, synergistic effects may exist
between radiation and chemicals which could act to
increase cancer risks.34,35 Unfortunately, none of the
above aspects was explored by the KiKK study (nor in
depth by any other study known to the author) but the
estimated risks from most of them individually are con-
sidered to be small or non-existent, with the major
exception of NPPs releases—which are examined
below. The KiKK study clearly had these releases in
mind when it was set up. All distances to cancer cases
were measured from the station chimneys and the geo-
graphical areas monitored specifically included areas
downwind from the stations. 

Radioactive Releases from Nuclear Power Plants

Radioactive releases from NPPs occur through emis-
sions to air and discharges to rivers in Germany (and to
the sea in other countries). Air emissions are more
important, as they cause most of the radiation dose to
humans, including in the case of German reactors. For
whatever reason, radiation risks from NPP nuclide
releases are rarely discussed in the literature. A rare
exception is the 2006 study by Evrard A-S et al., which
concluded there was no association. However, this
study suffered from the same type of weaknesses noted
in the studies considered above, as well as from its
reliance on “dose” estimates, which may contain signif-
icant uncertainties.36

The largest emissions from German nuclear power
stations are

• radioactive noble gases, including Krypton (Kr),
Argon (Ar), and Xenon (Xe) isotopes;

• H-3 (tritium) as radioactive water vapor; and
• C-14 as radioactive carbon dioxide gas.

These emissions result in elevated nuclide concen-
trations in vegetation and foodstuffs near NPPs, as
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shown in Figure 1, which shows tritium concentrations
in vegetation and food moisture near Canadian NPPs.
This graph is log-log scale and indicates that (at least
for distances under 20 km) the risk-proximity relation-
ship is proportional to 1/r2 as the slope of the line is
about minus 2. This tritium concentration/distance
relationship is very similar to the risk/distance rela-
tionship revealed by the data of the KiKK study.

Although tritium emissions from Canadian heavy
water nuclear reactors are much larger than from
German PWR and BWR reactors, the same pattern of
raised concentrations in vegetation and food is
expected to occur near German reactors.

Uncertainties in Dose Estimates

Nuclear power plant releases are often discounted as a
possible cause for elevated cancer prevalence because
current official estimates of their resulting radiation
doses are too low, typically by three or more orders of
magnitude, to result in the cancer risks observed by the
KiKK study. But how reliable are these dose estimates?
Unfortunately this question is rarely examined: it was
not examined for example by any of the various
German, UK, and French studies on KiKK, nor was it
considered in the KiKK study itself.

Published radiation doses from exposures to NPP
releases are invariably very low (10–2 to 10–4 mSv per
year). However, these are estimates not measurements.
How these estimates are derived is not widely under-
stood by scientists, and not at all by members of the
public. In fact, the methodology is quite complicated,
as they are derived using at least four computer models
in sequence:

• models for the generation of fission/activation prod-
ucts in reactor cores; these generate the emission
data published by utilities for most nuclides;

• environmental transport models for radionuclides,
including meteorological models;

• human metabolism models which estimate nuclide
uptake, retention, and excretion; and

• dose models which estimate radiation doses from
internally retained nuclides.

Each model derives a range of probabilistic results log-
normally distributed (such as in Figure 2); that is, they
are skewed to the right. This means that, although the
real value could be larger or smaller than the median
value, some very high values could result. However, only
the median value is used in official dose estimations.

The problem is that the “correct” value from each
model may not be the median value: in scientific terms,
the “correct” value is uncertain. Furthermore, the dose
uncertainties from each model have to be combined to
gain an idea of the overall uncertainty in the final dose
estimate.39 More uncertainties are introduced by radi-
ation weighting factors and tissue weighting factors in
official dosimetry models.40 The result is that the
cumulative uncertainty in official dose estimates could
be very significant or in other words, official dose esti-
mates may be unreliable. This was the main conclusion
of the report of the UK government’s Committee
Examining the Radiation Risks of Internal Emitters
(CERRIE)41 on the risks of internal radiation in 2004. 

This does not mean that official dose estimates are
always incorrect. But it does mean they contain
unquantified uncertainties which could be large and
which render them unreliable where evidence exists to
the contrary. In other words, when we try to ascertain
the reasons for the wide gulf between small estimated
doses and large observed risks, we should not dismiss
radiation exposures as a possible cause just because
official dose estimates are very low.

Uncertainties in Risk Estimates

In addition, there are uncertainties with estimated risks
as well as estimated doses. This is because a risk model has
to be used to estimate the likely level of cancers, but
large uncertainties could exist in this model as well. For
example, current official risks derive mainly from the
Japanese survivors of the atomic bomb blasts in 1945.
However, many scientists have worried that these risk
estimates (from a sudden external blast of high-energy
neutrons and gamma rays) are not really applicable to
the risks that arise from environmental releases resulting
in chronic, slow, internal exposures to low-range beta
radiation. Uncertainties in official risk model also derive
from the application of risks from a Japanese to a Euro-
pean population, from its application to adults only
(excluding babies and infants), from its application of
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FIGURE 1—Tritium concentrations in vegetation/food
moisture near Canadian NPPs. Reproduced with per-
mission from Ranasara Consultants and Richard
Osborne37 using data from Health Canada.38



age- and gender-averaged risks, and from the practice of
arbitrarily halving risks to take account of cell studies
suggesting lower risks from low doses and low dose rates. 

The central question is whether the above uncertain-
ties in official dose estimates taken together with the
uncertainties in official radiation risk models are suffi-
ciently large to explain the 103 to 104 discrepancy
between estimated KiKK doses and observed KiKK risks?
Interestingly, a recent article by Richardson42 went part
way in explaining the discrepancy. Richardson pointed
out that the “hazard” (the product of dose times risk)
from internal radiation exposures increased consider-
ably the younger a person was. In particular, hazards to
neonates were greater than to infants (less than one year
old) and greater in infants than in children (one to 15
year old) and adults (more than 15 years old). 

Richardson indicated that, for a number of meta-
bolic reasons, radionuclide dose coefficients for infants
were approximately 10 times greater than those for
adults. For example, official International Commission
on Radiological Protection (ICRP) dose models inex-
plicably did not account for human growth. Richard-
son added, mainly from the evidence of the Japanese
bomb survivors, that radiation risks were also about 10
times greater for infants than for adults. This meant
that radiation hazards in infants were about 100 times
greater than in adults. Richardson’s helpful discussion
went some of the way to providing an explanation for
the discrepancy between the official estimated doses
and observed risks in the KiKK study, but we still need
to explain an additional factor of 100 or so to fully
account for the discrepancy between estimated and
observed risks. In my view, this may be provided by the
added radiosensitivity of embryos and fetuses which
the Richardson paper did not specifically address. 

Hypothesis: In utero Exposures from 
Environmental Releases

We hypothesize that “spikes” in NPP releases may result
in the contamination of embryos and fetuses of preg-
nant women living nearby in high concentration areas.
These concentrations could be long-lived and could
result in large exposures to radiosensitive tissues and
subsequent cancers. This suggestion was first made by
the late Professor Edward Radford, the former chair-
man of the Committee on the Biological Effects of Ion-
izing Radiation (BEIR)  in the US. Radford made the
suggestion 30 years ago during testimony to the Ontario
Select Committee on Hydro Matters43 which then was
examining the possible health effects of tritium dis-
charges from nuclear facilities near Toronto in Canada. 

Spikes in the emissions of radioactive carbon and
hydrogen (as carbon dioxide and water vapor) occur at
NPPs when they are opened (approximately once a
year) to replace nuclear fuel. Figure 3 indicates 14C air
concentrations resulting from nuclide releases from a

German PWR nuclear power station in recent years.
Tritium and noble gases were released at the same time
as 14C. It can be seen that air concentrations (gaseous
releases) were episodic, with spikes occurring about
once per year on average.

In order to assess our hypothesis, we discuss below a
number of further considerations,  including: 

• the nature of the emissions from NPPs, including
carbon (14C) and hydrogen (3H);

• the bio-accumulation of 3H and 14C in embryos and
fetuses;

• the increased radiosensitivity of embryos and
fetuses; and 

• the increased radiosensitivity of prenatal hematopoi-
etic cells.

Major Emissions: Carbon ( 14C) and Hydrogen ( 3H)

As stated above, the largest nuclide emissions from
NPPs are radioactive carbon (14C), hydrogen (3H), and
a number of noble gases. 3H and 14C exist in the forms
of water, water vapor, and carbon dioxide. These iso-
topes rapidly exchange with stable hydrogen and
carbon and recycle in all biota. Figure 1 indicates the
relationship between tritium concentrations in food /
vegetation and distance from NPPs. A similar relation-
ship is expected for 14C.

Organically bound tritium (OBT) and organically
bound carbon (OBC) are formed by embryos and
fetuses taking up radioactive hydrogen and carbon
atoms during new cell production. The result is that
embryos and fetuses near NPPs may be contaminated
at the levels of ambient (environmental) 3H and 14C
concentrations. This means that mothers living near
NPPs may give birth to babies with enhanced concen-
trations of these nuclides 

Bioaccumulation of  3H and 14C in Embryos and Fetuses

Stather et al.45 estimated that, following tritium intakes
by a mother during pregnancy, tritium concentrations
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Figure 2—Log-normal distribution with x axis = probabil-
ity of occurrence (arbitrary units) and Y axis = dose
value (arbitrary units).



in her fetus were 60% higher than in herself. As a
result, the UK government’s Health Protection Agency
(formerly NRPB) now estimates 46 that doses in embry-
onic and fetal tissues are raised by factors of 1.5 to 2
compared to adult tissues following exposures to air
releases of tritiated water vapor. Both studies showed
similar increases for 14C. 

The Radiosensitivity of Embryos and Fetuses

The best data on the radiation risks of in utero expo-
sures, that is, on the radiosensitivity of embryos and
fetuses, are from the UK Oxford Survey of Childhood
Cancer (OSCC) carried out by the pioneering epi-
demiologist, Alice Stewart, from the 1950s to 1980s.47

Recently, Wakeford 48 comprehensively reviewed the
OSCC and more than 30 similar studies worldwide. The
latter studies confirmed the presence and size of the
risks of in utero radiation initially found by Stewart.
Wakeford and Little49 estimated from OSCC and other
data that the relative risk (RR) of leukemia in children
aged under 15 was 52 per Gy (95%CI, 28-76) from
abdominal exposures to x-rays. 

If we apply this risk estimate to the KiKK situation, we
need to make three corrections. First, the leukemia risk

in children under five years old (as in KiKK) is greater
than in those under 15 years old because the peak years
for leukemia diagnoses are in children aged two to three
years. This would result in the average RR being greater
by a factor of perhaps ~1.5. Also, most ( > 90%) OSCC
exposures were in the last trimester, and it has been esti-
mated50 that risks from exposures in the first trimester
are perhaps five times greater than those from exposures
in the last trimester. The OSCC  risks arose from exter-
nal x-rays, whereas the KiKK risks are hypothesised to
arise from internal exposures to radionuclides. While
there are few estimates of the risks arising from internal
in utero exposures, Fucic et al.51 have recently suggested
that in utero risks from internal nuclides were four to
five times greater than from in utero x-rays. Summing
these factors, we postulated that the RR of child
leukemia in 0 to 5 year olds from internal nuclides in the
first trimester near NPPs would be as follows:

RR = 52 per Gy (OSCC) � 1.5 (0 to 5 yr-olds)
� 5 (1st trimester) � 5 (internal exposure vs 
x-ray exposure) = ~2 per mGy

This suggests that human embryos and fetuses are much
more radiosensitive than currently acknowledged. It also
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Figure 3—Quarterly 14C air concentrations near the Neckarwestheim 2 nuclear power plant in Germany. (Repro-
duced with permission from Bundesamt für Strahlenschutz).44



seems to suggest that background radiation of about 1
mGy per year (excluding radon doses) could be a major
cause of naturally-occurring childhood leukemia, a sug-
gestion which has already been proposed.52 

If we were to apply the relative risk of 2.2 found by
the KiKK study for childhood leukemia, it would sug-
gest in utero doses to embryos in pregnant women
near German NPPs of about 1 mGy. It is not possible to
compare this with official estimates of exposures to
embryos near German NPPs as these were not carried
out, although that should be done. Nevertheless, such
doses, although very low, are still about 1000 times
higher than the official estimated annual doses of a few
µGy to adults from NPP emissions. 

Increased Radiosensitivity of Prenatal 
Hematopoietic Cells

Finally, we need to consider the different radiosensitivi-
ties of various embryonic tissues. Since we are primarily
concerned with leukemia, our attention is focussed on
the hematopoietic system, that is, on the blood-forming
cells in bone marrow and lymphatic tissues. These tis-
sues contain stem cells (cells which are self-renewing).
When they divide, some daughter cells remain stem
cells, so the number of stem cells stays about the same.
Radiation-caused mutations to stem cells would clearly
be damaging to hematopoietic system and could result
in increased malformation rates of white blood cells
(that is, in increased leukemia risks).

Bone marrow contains a high proportion of stem
cells compared to other organs and it is likely to be
among the most radiosensitive of embryonic / fetal tis-
sues. This radiosensitivity has been hinted at previously
on at least three occasions. In 1990, after the Gardner
team53 had published their hypothesis that paternal pre-
conception irradiation caused the observed leukaemia
increase, the British Medical Journal published letters
questioning aspects of the hypothesis. One letter54 by J.
A. Morris stated that, assuming radiation-caused muta-
tions were the cause of the observed 10-fold increase in
leukemia incidence observed by Gardner’s team, a 100-
to 1000-fold increase in the radiation-induced mutation
rate would be required if the radiation were acting on
the germ cell; a 10-fold increase would be required if
the radiation were acting on lymphocytes during early
extrauterine life; but only a 1.8-fold increase would be
required if the radiation were acting on lymphocytes
throughout intrauterine life. He added the latter
seemed the most plausible mechanism even though the
exposure pathways were unclear.55

In 1992, Lord et al.56 suggested the same when they
stated that embryonic hematopoietic cells could be up
to 1000 times more radiosensitive than postnatal
hematopoietic cells. They added that different mecha-
nisms of inducing this damage operated at different
embryonic/fetal stages. 

More recently, the suggestion that prenatal
hematopoietic cells are highly radiosensitive was sup-
ported by Ohtaki et al.57 in their study of chromosome
translocation frequencies in the white blood cells of
Japanese  atomic bomb survivors irradiated in utero.
They found that precursor lymphocytes of the fetal
hematopoietic system may be highly radiosensitive, per-
haps 100 times more so than postnatal lymphocytes.
From this study, Wakeford48 surmised that radiosensitive
primitive cells, whose mutation may result in childhood
cancers, remain active throughout pregnancy, including
during the third trimester, but not after birth, although
it is not known at present why this is the case.

We conclude that the increased radiosensitivity of
hematopoietic cells before birth might prove to be a
major factor in explaining the discrepancy between
official dose estimates and the observed level of risks in
the KiKK study.

Why Were In Utero Exposures not Considered in the
1980s and 1990s?

In the 1980s and 1990s, the possible cause or causes of
the increased leukemia incidence near the Windscale
nuclear power plant in Sellafield, UK were much dis-
cussed. The explanation favoured by the Gardner
team,53 which reported that the increase was due to
paternal preconception irradiation of the sperm cells
of Windscale employees. Later this was discredited
partly because the fathers studied resided throughout
the region of Cumbria, but the leukemia excess was
restricted to the village of Seascale, which is only about
five kilometers from the Windscale complex.

It is difficult to recreate the situation prevailing more
than 20 years ago, but we propose three possible rea-
sons for discounting in utero exposures at the time.
First,  if in utero exposures were the cause of increased
leukemia incidence, then we should expect to see other
effects, such as increased congenital malformations,
stillbirths, and neonatal deaths; however, various studies
conducted at the time,59 as well as later studies,60 found
few adverse pregnancy outcomes. Now it is realized that
ascertaining these outcomes is fraught with difficulty
due to the reluctance (or refusal) to report these
effects, or due to the difficulty of distinguishing
between spontaneous abortions, stillbirths, and heavy
periods (see, for example, the 1993 discussion by Sara
Downs 61). Consequently, these epidemiological studies
could have reported false negative results.

Second, although Stewart’s findings10 of increased
risks from low x-ray exposures in utero are currently
widely accepted as valid, this was less the case in the
1980s and 1990s. At that time, in utero exposures were
not widely considered to be unduly risky. Finally, but
perhaps most importantly, there was little awareness
then of the considerably increased radiosensitivity of
hematopoietic tissues in embryos and fetuses. In par-
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ticular, apparently little attention was given to Morris’s
letter on the increased radiosensitivity of lymphocytic
cells in utero.

What about the Increases in Solid Cancers?

The previous discussion might explain leukemia
increases, but what about the (smaller) increase in
solid embryonal cancers also observed by KiKK?
Although the increased numbers of solid cancers in the
KiKK study were not statistically significant, there are
good theoretical grounds for expecting increased solid
cancers as well. For example, the OSCC study10 also
found increased solid cancers from in utero exposures.
The numerical difference between leukemia risks and
solid cancer risks could be explained by the excep-
tional radiosensitivity of hematopoietic tissues com-
pared to other tissues in utero. This in turn could be
explained by the higher concentrations of stem cells in
hemopoietic tissues, as the majority of stem cells in
adults are found in hematopoietic tissues such as bone
marrow and lymph glands.

CONCLUSION

To summarize, a possible biological mechanism to
explain the KiKK observations is that NPP emission
spikes resulted in the radioactive labelling of embryos
and fetal tissues in pregnant women living nearby. Such
a concentration, factored over two to five years both
before and after birth, could result in the accumulation
of relatively high doses in radiosensitive organs of
embryos and fetuses, particularly in hematopoietic tis-
sues. Unfortunately, cumulative radiation doses and
risks to specific organs and tissues in embryos / fetuses
from nuclide uptakes during pregnancy are not specif-
ically considered in the publications of the ICRP.

In sum, the observed high rates of infant leukemias
in the KiKK study may be a teratogenic effect from
incorporated radionuclides. Teratogenic effects arise
from exposures of toxic substances to embryos and
fetuses in the womb. These effects, such as congenital
malformations, are often recognized at birth, but
infant leukemia is not. Such babies are born pre-
leukemic and full-blown leukemias are only diagnosed
after birth, perhaps after their bone marrows have
accumulated sufficient radioactive decays from incor-
porated nuclides.

Recommendations

Whatever the final explanation for the increases in
childhood leukemia reported in the KiKK study, its
findings continue to raise difficult questions, including
whether vulnerable people—in particular, pregnant
women and women of child-bearing age—should be
advised not to reside near nuclear facilities. Another

question is whether local residents should be advised as
to the anticipated dates of reactor openings so they can
move away on these days if they so wish. Finally, it
should be asked whether local residents should be
advised not to eat produce from their gardens or wild
foods, as the food pathway is the largest contributor to
local doses.

As a first step, we recommend that the following
should be estimated for NPPs:

• the radiation exposures and risks from episodic NPP
emissions (“spikes”);

• the radiation doses to the bone marrow of develop-
ing embryos;

• the subsequent risks of leukemia to infants and
young children; and

• confidence intervals associated with these dose and
risk estimates.

It is also recommended that in the US, a national
study of leukemias near NPPs be conducted using the
same methodology as the KiKK study, in particular,
using measurements of precise distances between
cancer cases and NPP stacks. Finally, a data analysis
comparing downwind and upwind cancer incidences
based on meteorological data for each NPP would be
useful.

References

1. Committee on the Medical Aspects of Radiation in the Environ-
ment (COMARE). The implications of the new data on the
releases from Sellafield in the 1950s for the possible increased
incidence of cancer in west Cumbria. First report. London:Her
Majesty’s Stationary Office;  2006

2. Committee on the Medical Aspects of Radiation in the Environ-
ment (COMARE). Investigation of the possible increased inci-
dence of childhood cancer in young persons near the Dounreay
nuclear establishment, Caithness, Scotland. Second Report.
London: Her Majesty’s Stationery Office; 1988.

3. Committee on the Medical Aspects of Radiation in the Environ-
ment (COMARE). Report on the incidence of childhood
cancer in the West Berkshire and North Hampshire area which
are situated the atomic weapons research establishment, Alder-
maston and Royal Ordnance Factory, Burghfield. Third report.
London: Her Majesty’s Stationery Office; 1989.

4. Committee on the Medical Aspects of Radiation in the Environ-
ment (COMARE). The incidence of cancer and leukemias in
young people in the vicinity of the Sellafield site, West Cumbria:
further studies and an update of the situation since the publi-
cation of the report of the Black Advisory Group in 1984.
Fourth report. London: Department of Health; 1996.

5. Nussbaum RH. Childhood leukemia and cancers near German
nuclear reactors: significance, context, and ramifications of
recent studies. Int J of Occup and Environ Health. 2009; 15(3)
:318-23.

6. Kaatsch P, Spix C, Schulze-Rath R, Schmiedel S, Blettner M.
Leukemias in young children living in the vicinity of German
nuclear power plants. Int J Cancer. 2008;122:721-726.

7. Spix C, Schmiedel S, Kaatsch P, Schulze-Rath R, Blettner M.
Case–control study on childhood cancer in the vicinity of
nuclear power plants in Germany 1980–2003. Eur J Cancer.
2008;44:275-284.

8. Weiss W. Background information on the KiKK study. [Inter-
net] 2007 [cited 2008 March 30]. Berlin: Federal Office for
Radiation Protection. Available from: http://www.bfs.de/en/
kerntechnik/papiere/kikk.html

348 • Fairlie www.ijoeh.com • INT J OCCUP ENVIRON HEALTH



9. Bundesamt fur Strahlenschutz (BfS). Unanimous statement by
the expert group commissioned by the Bundesamt fur Strahlen-
schutz (German Federal Office for Radiation Protection) on
the KiKK Study. [Internet] 5 Dec 2007 [cited 2008 March 30].
Available in English at: http://www.bfs.de/de/bfs/druck/Ufo-
plan/4334_KIKK_Zusamm.pdf

10. Stewart A, Webb J, Hewitt D. A survey of childhood malignan-
cies. Br Med J. 1958;1:1495-1508.

11. Committee on the Biological Effects of Ionizing Radiations,
Board on Radiation Effects Research, Commission on Life Sci-
ences, National Research Council.  Health effects of exposure
to low levels of ionizing radiations. BEIR V Report. Washington,
DC: National Academies Press; 1990.

12. Preston DL, Kusumi S, Tomonaga M, et al. Cancer incidence in
atomic bomb survivors. III. Leukaemia, lymphoma and multiple
myeloma, 1950–1987. Radiat Res. 1994;137(Suppl): S68-S97.

13. International Agency for Research on Cancer (IARC). IARC
Monographs on the evaluation of carcinogenic risks to humans.
I. X- and gamma radiation, and neutrons. Ionizing Radiat. Vol.
75. Lyon, France: IARC; 1999.

14. Forman D, Cook-Mozaffari P, Darby S, Davey G, Stratton I, Doll
R, Pike M. Cancer near nuclear installations. Nature. 1987; Oct
8-14;329(6139):499-505.

15. Gardner MJ. Father’s occupational exposure to radiation and
the raised level of childhood leukemias near the Sellafield
nuclear plant. Environ Health Perspect. 1991; 94:5-7.

16. Pobel D, Viel JF. Case-control study of leukemias among young
people near La Hague nuclear reprocessing plant: the environ-
mental hypothesis revisited. Br Med J. 1997;314:101-106.

17. Laurier D, Bard D. Epidemiologic studies of leukaemia among
persons under 25 years of age living near nuclear sites. Epi-
demiol Rev.1999;21(2):188-206.

18. Guizard AV, Boutou O, Pottier D, Troussard X, Pheby D,
Launoy G, Slama R, Spira A. The incidence of childhood
leukemias around the La Hague nuclear waste reprocessing
plant (France): A survey for the years 1978–1998. J Epidemiol
Community Health. 2001;55:469-474.

19. Hoffmann W, Terschueren C, Richardson DB. Childhood
leukemias in the vicinity of the Geesthacht nuclear establish-
ments near Hamburg, Germany. Environ Health Perspect.
2007;115:947-952.

20. Committee on the Medical Aspects of Radiation in the Environ-
ment (COMARE). The incidence of childhood cancer around
nuclear installations in Great Britain. Tenth report. London:
Health Protection Agency; 2005.

21. Committee on the Medical Aspects of Radiation in the Environ-
ment (COMARE). The distribution of childhood leukemias and
other childhood cancer in Great Britain 1969–1993. Eleventh
report. London: Health Protection Agency; 2006.

22. White-Koning ML, Hemon D, Laurier D, Tirmarche M, Jougla
E, Goubin A, Clavel J. Incidence of childhood leukemias in the
vicinity of nuclear sites in France, 1990–1998. Br J Cancer. 2004;
91:916-922.

23. Laurier D, Grosche B, Hall P. Risk of childhood leukaemia in
the vicinity of nuclear installations—findings and recent con-
troversies. Acta Oncol 2002;41(1):14-24.

24. Bithell JT, Keegan TJ, Kroll ME, Murphy MFG and Vincent TJ.
Childhood leukaemia near British nuclear installations:
Methodological issues and recent results. Radiat Prot Dosimetry
2008;45:1-7.

25. Laurier D, Hémon D, and Clavel J. Childhood leukaemia inci-
dence below the age of 5 years near French nuclear power
plants. J Radiol Prot. 2008;28:401-403.

26. Whitley E, Ball J. Statistics review 1: Presenting and summarising
data. Crit Care. 2002; 6:66-71.

27. Sterne JAC, Smith GD. Sifting the evidence—what’s wrong with
significance tests? Phys Ther. 200: 81(8):1464-1469.

28. Everett DC, Taylor S, Kafadar K. Fundamental concepts in sta-
tistics: Elucidation and illustration. J of Applied Physiol. 1998;
85(3):775-786.

29. Axelson O. Negative and non-positive epidemiological studies.
Int J Occup Med Environ Health. 2004;17:115-121.

30. Baker PJ, Hoel D. Meta-analysis of standardized incidence and
mortality rates of childhood leukemias in proximity to nuclear
facilities. Eur J Cancer Care. 2007;16:355-363.

xx. Körblein A. Neue Ökologische Studien zu Leukämien bei
Kleinkindern um Kernkraftwerke [New ecological studies on
leukemia in young children by nuclear power plants]. Strahlen-
telex. 2009; 528-529: 1-2.

31. Laurier D, Jacob S, Bernier MO, Leuraud K, Metz C, Samson E,
Laloi P. Epidemiological studies of leukaemia in children and
young adults around nuclear facilities: A critical review. Radiat
Prot Dosimetry. 2008; 132(2):182-90.

32. Körblein A, Fairlie I. Commentary on Laurier et al, 2008. Letter
to Editor. Radiat Prot Dosimetry. 2010:138: 87-88.

33. Koppe JG, Bartonova A, Bolte G, Bistrup ML, Busby C, Butter
M, et al. Exposure to multiple environmental agents and their
effect. Acta Paediat Suppl. 2006;95(453):106-13.

34. Wheldon TE, Mairs R, Barrett A. Germ cell injury and child-
hood leukaemia clusters [letter]. Lancet. 1989;1:792–793.

35. Evrard A-S et al., (2006) Childhood leukaemia incidence
around French nuclear installations using geographic zoning
based on gaseous discharge dose estimates. Br J Cancer. May;
94(9): 1342-1347.

36. Ranasara Consultants and Richard Osborne. Tritium in the
Canadian environment: Levels and health effects. Report RSP-
0153-1. 2002. Prepared for the Canadian Nuclear Safety Com-
mission under CNSC contract no. 87055-01-0184.

37. Health Canada. Environmental radioactivity in Canada. Radio-
logical Monitoring Report. Ottawa: Government of Canada; 2001.

38. Fairlie I. Uncertainties in doses and risks from internal radia-
tion. Med, Conflict and Survival. 2005; 21:2: 111-126.

39. Fairlie I. RBE and wR values of Auger emitters and low-range
beta emitters with particular reference to tritium. J of Radiol
Prot. 2007; 27:157-168. 

40. Committee Examining Radiation Risks of Internal Emitters
(CERRIE). Report of the Committee Examining the Radiation
Risks of Internal Emitters. Chilton, Oxon, UK. Health Protec-
tion Agency; 2004.

41. Richardson RB. Factors that elevate the internal radionuclide
and chemical retention, dose and health risks to infants and
children in a radiological–nuclear emergency. Radiat Prot
Dosimetry. 2009;137:1-14.

42. Provincial Government of Ontario. Report of Ontario Select
Committee on hydro matters. Toronto, Ontario, Canada; 1978.
Available from: http://www.ccnr.org/tritium_2.html#scoha.

43. Bundesamt fur Strahlenschutz ([BfS] German Federal Office
for Radiation Protection). Jahresbericht (Annual Yearbook).
Berlin, Germany; 2007.

44. Stather JW, Phipps AW, Harrison JD, Eckerman KF, Smith TJ,
Fell TP, Nosske D. Dose coefficients for the embryo and foetus
following intakes of radionuclides by the mother. J. Radiol Prot.
2002; 22:7–24 PII.

45. Health Protection Agency Radiation Protection Division (HPA-
RP). Guidance on the application of dose coefficients for the
embryo, fetus and breastfed infant in dose assessments for
members of the public (RCE-5). Chilton, Oxon UK: HPA; 2008.

46. Stewart A, Webb J, Giles D, Hewitt D. Malignant disease in child-
hood and diagnostic irradiation in utero. Lancet. 1956; 271:447-
451.

47. Wakeford R. Childhood leukaemia following medical diagnostic
exposure to ionising radiation in utero or after birth. Radiat
Prot Dosimetry. 2008;132(2):166-74.

48. Wakeford R, Little MP. Risk coefficients for childhood cancer
after intrauterine irradiation: A  review. Int. J. Radiat. Biol. 2003;
79:293-309.

49. Monson RR, MacMahon B. Prenatal X-ray exposure and cancer
in children. In: Boice JD Jr, and Fraumeni JF Jr, eds. Radiation
carcinogenesis: Epidemiology and biological significance. New
York: Raven Press;1984. p. 97-105 

50. Fucic A, Brunborg G, Lasan R, Jezek D, Knudsen LE,  Merlo DF.
Genomic damage in children accidentally exposed to ionizing
radiation: A review of the literature. Mutat Res. 2008;658(1-2):
111-23.

51. Baverstock K. Childhood leukemias are caused by background
radiation. New Scientist. 2003 January 9. p 4.

52. Gardner MJ, Snee MP, Hall AJ, Powell CA, Downes S, Terrell JD.
Results of case-control study of leukemia and lymphoma among
young people near Sellafield nuclear plant in West Cumbria. Br
Med J. 1990;300:423-429.

VOL 16/NO 2, APR/JUN 2010 • www.ijoeh.com Explaining Childhood Cancer near Nuclear Power Plants • 349



53. Morris JA. Leukaemia and lymphoma among young people
near Sellafield. (Letter to editor). Br Med J.1990;300(6725):
676-678. 

54. Morris JA. A mutational theory of leukaemogenesis. J Clin
Pathol 1989;42:337-40.

55. Lord BI, Mason TM, Humphreys ER. Age-dependent uptake
and retention of 239Pu: Its relationship to haemopoietic
damage. Radiat Prot Dosim. 1992;41:163-167.

56. Ohtaki K, Kodama Y, Nakano M, Itoh M, Awa AA, Cologne J,
Nakamura N. Human fetuses do not register chromosome
damage inflicted by radiation exposure in lymphoid precursor
cells except for a small but significant effect at low doses. Radiat.
Res. 2004;161:373-379.

57. Gardner MJ. Father’s occupational exposure to radiation and
raised level of childhood leukemias near the Sellafield nuclear
plant. Environ Health Perspect.1991;94:5-7. 

58. Jones KP, Wheater AW. Obstetric outcomes in West Cumberland
Hospital: Is there a risk from Sellafield? J R Soc Med.1989 Sep;
82(9):524-7.

59. Dummer TJ, Dickinson HO, Pearce MS, Charlton ME, Smith J,
Salotti J, Parker L. Stillbirth rates around the nuclear installa-
tion at Sellafield, North West England: 1950–1989. Int J Epi-
demiol Feb;27(1):74-82.

60. Downs S. Hiroshima’s shadow over Sellafield: Who’s right about
radiation? New Scientist 1993 November 13. pp 34-39.

350 • Fairlie www.ijoeh.com • INT J OCCUP ENVIRON HEALTH


