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Review article

Leukaemia and Sellafield: is there a heritable
link?

E Janet Tawn

Abstract
The demonstration of a statistical as-
sociation between paternal preconcep-
tional irradiation and childhood leuk-
aemia appeared to provide a satisfactory
explanation for the excess of cases in the
village of Seascale, close to the Sellafield
nuclear installation, and became the basis
of two legal claims for compensation. In
the ensuing scientific debate the biological
plausibility of a causal interpretation of
this association focused on the heritability
ofleukaemia and a comparison ofthe gen-
etic risks implied by this finding with
current information on the induction of
genetic damage by irradiation. After a
wide ranging review of the mechanistic
issues it is concluded that there is no gen-
etic basis for a causal relationship and this,
together with recent appraisals of epi-
demiological studies, suggests that the as-
sociation between childhood leukaemia
and paternal preconceptional irradiation
exposure is most likely to be a chance
finding.

(JMed Genet 1995;32:251-256)
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In 1984 the Independent Advisory Group
chaired by Sir Douglas Black confirmed a

media report of an excess of childhood leuk-
aemia in Seascale, a village near the Sellafield
nuclear installation in West Cumbria operated
by British Nuclear Fuels plc. ' A leukaemia and
lymphoma case control study was re-

commended and in 1990 Gardner et al23 re-

ported the results on cases born and diagnosed
in West Cumbria while under 25 years of age

during 1950-1985. This became known as the
Gardner Report. The most notable finding was
a statistical association between relatively high
levels of paternal preconceptional irradiation
(ppi) received occupationally at Sellafield and
the incidence ofleukaemia (and leukaemia plus
non-Hodgkin's lymphoma (NHL)) in their
offspring. A 6 to 8-fold increased risk of child-
hood leukaemia was observed in the children of
fathers who had received either a total recorded
dose of external radiation before conception
>100 mSv, or > 10 mSv in the six months before
conception. Examination of the paternal pre-

conceptional doses associated with the five

Seascale cases in the study led the authors to
suggest that ppi could effectively explain the
excess of cases in the village and the case-
control study had therefore apparently achieved
its objective. The causal hypothesis put forward
to account for this association suggested that
childhood leukaemias were the result of radi-
ation induced sperm mutations which mani-
fested themselves in first generation progeny.
The implications of this hypothesis were com-
mented on at the time."' Attention was drawn
to the lack of evidence in support of leukaemia
having a strong heritable component and, in
contrast, to the considerable evidence in favour
of a somatic aetiology. Reference was also made
to the discrepancy between the implied genetic
risks derived from the Gardner Report and the
risks generated by the International Com-
mission on Radiological Protection (ICRP).1"

Previous examination of the somatic risks
associated with Sellafield discharges had not
been able adequately to explain the excess of
leukaemias'2 and, despite the misgivings ex-
pressed by many scientists in the fields of
human genetics and radiobiology, Gardner's
hypothesis apparently offered an attractive ex-
planation of the Seascale cases and became the
basis of two claims for compensation against
British Nuclear Fuels plc. The two cases, an
infant who died of acute leukaemia aged 10
months (patient A) in 1962 and a non-fatal
NHL diagnosed in a young woman at 23 years
(patient B) in 1988, were heard concurrently
before a single judge, with the court sitting for
90 days over the period October 1992 to June
1993. Evidence was held in five tranches; oc-
cupational dosimetry, environmental do-
simetry, medical, epidemiology, and genetics,
and took the form of oral evidence supported
by written reports which had been mutually
exchanged before the trial. The total pre-
conceptional occupational radiation doses of
both fathers were reassessed and agreed for the
purposes of the litigation as being 530 mSv and
233 mSv respectively. Doses received by the
fathers shortly before conception were also
agreed, but discussions centred upon the ac-
cumulative preconceptional dose because it was
with this dose that the epidemiological as-
sociation was stronger. The medical evidence
proved non-controversial and following a re-
view of the diagnostic details it was agreed
that patient A was a case of infant null acute
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lymphoblastic leukaemia (ALL) and patient
B a case of non-endemic (sporadic) Burkitt's
lymphoma. The genetics occupied ap-
proximately one third of the time in court.
A report of how the witnesses presented the
evidence in all the areas has been produced'3
and this review will concentrate only on the key
points generated by the issues loosely defined as
genetics.

In presenting their evidence the plaintiffs
contended that the statistical association be-
tween leukaemia and ppi was itself sufficient
for their purposes. The defendants, however,
were of the opinion that the proposed causal
mechanism had to be a biologically acceptable
explanation of the epidemiological findings be-
fore it could be applied to the two cases before
the court. In exploring the plausibility of Gard-
ner's hypothesis, evidence heard under the
broad heading of genetics covered human ge-
netics, leukaemia aetiology, virology, radio-
biology, and the development of genetic
risks. Details of the studies of the children
of the Japanese atomic bomb survivors were
included primarily in the section of evidence
covering epidemiology but will be mentioned
here. The evidence addressed two fundamental
issues: the heritability of leukaemia, and the
risks implied by the association of childhood
leukaemia with ppi in comparison with current
information on the induction ofgenetic damage
by radiation.

Evidence for a heritable component in leuk-
aemia was drawn from the recognition that
there exist a number of well defined recessively
inherited syndromes (for example, ataxia tel-
angiectasia and Fanconi's anaemia), char-
acterised by DNA repair deficiency and lack of
immunocompetence, in which leukaemia is one
of a number of clinical endpoints. In addition
leukaemia is one of a range of malignancies,
although not the most common, seen in families
with the Li-Fraumeni syndrome. Such cases
are rare and in any event the Seascale cases
identified by Gardner, and the two cases before
the court, did not fit the criteria of being part
of a wider syndrome. It was accepted that to
date no gene has been identified which having
undergone mutation can be inherited and pro-
duce leukaemia as the only endpoint.
Although evidence in favour of an inherited

component is sparse there is, in contrast, con-
siderable evidence which argues against an in-
herited predisposing gene in the vast majority
of leukaemias. Studies of childhood cancers in
different ethnic groups living in Britain have
shown that whereas racial incidence figures are
maintained for cancers with a known heritable
component, for example, retinoblastoma and
Wilms' tumour, the incidence of leukaemia is
associated with country ofresidence rather than
ethnic origin, indicating environmental rather
than heritable determinants.'4 Leukaemia in-
cidence in offspring of survivors of the dis-
ease'5 '7 and sibs8 provide little, if any, evidence
of heritability. The absence of any strong evid-
ence from consanguinity studies would suggest
that the vast majority of childhood leukaemias
are not associated with a single recessive gene
and the lack of a paternal age effect would

seem to rule out an inherited dominant gene,
at least, with any significant level of mutability.
Nevertheless a survey of registers and pub-
lications can produce family clusters. Felix et
all9 reported a series of such families in the
USA, in particular the occurrence of childhood
ALL in a mother and son. There was, however,
agreement that this was a not unexpected find-
ing given the size of the population.

Perhaps the most important data are those
relating to leukaemia in monozygotic twins.
Although concordance has been reported, in
the main this is confined to leukaemias in the
first year of life and is attributable, not to an
inherited mutation, but to events occurring in
one twin with the subsequent transfer to the
other twin in utero.20 For infant leukaemia all
steps toward malignancy occur in utero before
transfer, whereas for leukaemia in later child-
hood, where concordance is extremely rare, the
initiating genetic change may become es-
tablished in both twins but then be followed
by different postnatal events. Recently the
molecular nature of the genetic change has
been identified in three pairs of twins with
infant null ALL.2' The somatic change in the
HRX gene which characterises this type of
leukaemia was unique to each pair thus sup-
porting the theory of in utero origin in one twin
with subsequent transplacental transfer to the
other.

In exploring the possibility of an inherited
leukaemia predisposing gene, comparisons
were made with the known childhood malig-
nancies in which tumour suppressor genes have
been shown, for example, retinoblastoma and
Wilms' tumour. These mutations are highly
penetrant and the diseases exhibit well es-
tablished familial patterns. However, even dis-
orders associated with tumour suppressor genes
ofmuch lower penetrance, for example, familial
breast cancer, exhibit familial patterns, albeit
not as clear cut. The lack of familial patterns
in childhood leukaemia could only be explained
if the gene was invariably lethal and exhibited
100% penetrance. Even so, a high concordance
would be expected in monozygotic twins.

Mutational changes associated with leuk-
aemia have been identified by the presence of
chromosomal rearrangements. It was re-
cognised, however, that these changes are
acquired somatic mutations seen only in the
malignant cells and are not constitutional
changes transmitted through the germline.
Many such changes are associated with onco-
gene activation. Since activated oncogenes in-
variably act in a dominant manner their
presence in the germ cell is most likely to be
too disruptive for normal fetal development.22
Genetically engineered constructs ofoncogenes
with specific promoters have been introduced
into the constitutional genome of transgenic
mice and viability maintained, but such studies
are aimed at studying the sequential in-
teractions oftumour development and not her-
itability.23 Indeed when the bcr-abl gene was
introduced together with its natural promoter,
no viable offspring were produced.24 However,
although it was agreed that the chromosome
changes associated with oncogene activation
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would not be passed through the germline, the
plaintiffs speculated on the existence of an
earlier event predisposing to specific oncogenic
rearrangements.
The issue of heritability concentrated on

leukaemia/lymphoma in general and in the
event it was recognised that any heritable com-
ponent outside the recognised syndromes, if it
exists at all, is extremely small, in the order of
5%. More specific attention was also given to
the aetiology of the diseases in the two cases
before the court. The confirmation of the in
utero origin of the rearrangement of the HRX
oncogene,21 and the recognition that this occurs
in the majority of cases of infant null ALL, was
ofparticular relevance to case A. With reference
to case B it was acknowledged that the hallmark
of Burkitt's lymphoma (BL), the t(8; 14) re-
sulting in myc oncogene activation, is a somatic
event arising as an accident of the normal
developmental process of immunoglobulin
gene rearrangement. The second event in en-
demic BL is mediated by Epstein-Barr (EB)
virus and although the co-factor fulfilling this
role in non-endemic or sporadic BL is unknown
it was agreed that this would also operate so-
matically. It was recognised that familial cases
of BL have been reported in males with X
linked immunodeficiency syndrome,25 a dis-
order characterised by a predisposition to EB
related disease. There was no evidence, how-
ever, that case B had this or any other im-
munodeficiency disorder.
During the course of the trial the Gardner

Report was subjected to considerable scrutiny
and reanalysis. It became apparent that the
association of ppi with leukaemia is essentially
confined to Seascale and is thus applicable to
only a small fraction of the children of the
Sellafield workforce. In fact, there is no general
excess of childhood leukaemia in the rest of
West Cumbria.26 This being so, if Gardner's
hypothesis provides the explanation for the
excess cases, it would be expected that ppi
doses would be concentrated in fathers of chil-
dren born in Seascale. The suggestion was
investigated and the results, now published,27
were made available to the court. All children
born in Cumbria between 1950 and 1989 to a
father employed at Sellafield by BNFL or the
United Kingdom Atomic Energy Authority
(UKAEA) before conception were identified
and ppi doses were obtained for each employee-
child pair. Eight per cent of the children were
born to a mother resident in Seascale, but only
7% of the collective total ppi dose (and 7% of
the collective dose of radiation received by
fathers in the six months before conception)
were associated with these Seascale births. The
774 births to Seascale residents had a total
collective dose of 38 person-Sv whereas the
8174 born elsewhere in West Cumbria were
associated with a total collective dose of 490
person-Sv. This dose distribution is not con-
sistent with ppi as a risk factor for leukaemia,
since on the basis of the association seen in
Seascale far too few cases have occurred among
the paternally exposed children in the rest of
West Cumbria.
The epidemiological analyses also showed

that the effect of ppi in Seascale is confined to
those with paternal doses > 100 mSv. Ofthe 112
Seascale cases in this category five developed
leukaemia and if all these were inherited, as
Gardner's hypothesis suggests, then this gives
a frequency of 1 in 20. When all 774 births in
Seascale associated with ppi are considered
then the frequency becomes 1 in 150. If the
heritable component of childhood leukaemia
in the general population is taken as 5% and
the population incidence as 1 in 1500 then
the background rate of inherited leukaemia
becomes 1 in 30 000. The implication is a 200-
fold increase in a dominantly inherited disorder
in the Seascale children associated with ppi,
and if the effect is confined to those with doses
>100 mSv the increase is 1500-fold. Such an
increase in heritable effects would be expected
to manifest itselfin a variety ofadverse obstetric
outcomes but no such effect has been observed
in the Seascale population.28 29 If this hy-
pothesised radiation induced effect were op-
erating and if the same rate of increase were
applied to other dominantly inherited dis-
orders, then an epidemic of genetic effects
should be seen in Seascale. Moreover, if the
children with ppi outside Seascale are con-
sidered then West Cumbria should be over-
whelmed with genetic disease. As an example,
a similar rate of increase applied to neuro-
fibromatosis, which has a spontaneous muta-
tion frequency of 1 in 10000,30 would result
in 15 expected cases in Seascale. In the rest of
West Cumbria with 13 times the collective
paternal preconceptional dose, and where 11
times the number of births are associated with
ppi, - 190 cases would be expected. The im-
plications of the genetic risk derived from the
findings of Gardner et at2 have been recognised
in the most recent report from the United
Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) on hereditary
effects of radiation.3' This concludes that since
no epidemic of genetic diseases has been re-
ported around Sellafield or other nuclear sites,
it is highly unlikely that Gardner's conclusions
are correct.

In support of a biological mechanism to
explain the association between ppi and leuk-
aemia, Gardner et al2 drew attention to a series
of experiments by Nomura on radiation in-
duced transgenerational carcinogenesis in
mice. Nomura has published a number of pa-
pers dating back to 1975, most of which are
referenced in a recent review.32 Although prin-
cipally concerning lung adenomas, a raised
incidence of leukaemia in the offspring of pa-
ternally irradiated mice has also been reported.
The methodology has been criticised,33 of par-
ticular concern being the selection of controls
and the apparent lack of independent matings
for the heritability experiments. A recent study
has failed to confirm Nomura's findings.34 In
addition a lifespan study undertaken in Oak
Ridge, USA in the 1960s but only recently
published showed no increase in tumour in-
cidence in offspring of irradiated mice.35

In over 40 years of studying the 70 000 off-
spring of the irradiated survivors of the atomic
bombings of Hiroshima and Nagasaki no sig-
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nificant radiation related increases in any of
the range of genetic endpoints have emerged.36
Because there is no direct evidence of the
adverse effects oftransmitted radiation induced
mutations in exposed human populations risk
estimates have been derived from mouse data.
The International Commission on Radiological
Protection (ICRP)'1 apply risk estimates gen-
erated by the United Nations Scientific Com-
mittee on the Effects of Atomic Radiation
(UNSCEAR)3137 using the doubling dose (in-
direct) method. This method relies primarily
on murine data from specific locus experiments
to derive a doubling dose of 1 Sv which is then
applied to human incidence data. Although no
adverse effects have been seen in Japan, recent
re-evaluation has shown that the data are con-
sistent with minimal doubling dose estimates
of between 1-7 and 2 2 Sv for acute irradiation
of the type experienced in Japan, and of 3-3 to
4-4 Sv for chronic irradiation.38 In noting this,
ICRP are of the view that the use of a doubling
dose of 1 Sv for determining genetic risks from
low dose rate low LET radiation in man is
conservative.39 For first generation effects the
risk for a reproductive population from 10 mSv
of low LET radiation for mendelian plus chro-
mosomal disorders 18 per 106 live births.
The background frequency of these disorders
is 16 300 per 106 live births (10 000 dominant,
2500 recessive, 3800 chromosomal).3137 Dur-
ing 1950-1989 a total of 9256 children were
born in Cumbria to fathers occupationally ir-
radiated at Sellafield.27 The collective ppi dose
for this group is 539 person-Sv giving a mean
dose of 58 mSv. Applying the current risk es-
timates gives an expectation of - 1 excess case
of mendelian plus chromosomal disorders in
this population in addition to the - 150 spon-
taneous cases. Any genetic effect in this popu-
lation or in the subgroup of 774 children born
to fathers with ppi in Seascale, where the dose
profile is similar, will not be discernible against
statistical fluctuations in the background rate.
The mutation rate implied by the Seascale

findings should also be examined in relation to
the considerable knowledge gained from the
study of radiation induced mutations in ex-
perimental studies. In vivo murine studies have
shown a mean mutation rate for the recessive
mutations in the specific locus assay of
7-3 x 10-6 per locus per Sv for low LET low
dose rate irradiation rising to 21-9 x 10-6 per
locus per Sv for acute exposure with a 35-
fold range in sensitivity across the seven genes
studied.4041 These genes, which may be par-
ticularly mutable,42 are 10 times more sensitive
than dominant cataract mutations.43 Studies of
somatic cells exposed in vivo and in vitro to a
wide range of doses and dose rates have in-
dicated mutation rates in the range of 1 to
65 x 10-6 per locus per Sv.43-5 Focusing on
Seascale, the collective ppi dose for the 774
children born to fathers with occupational ra-
diation exposure is 38 person Sv and if the five
leukaemia cases are attributed to this dose the
implied mutation frequency is 132 000 x 10-6
per locus per Sv. The difference cannot be
explained by postulating a number of genes
with typical radiosensitivity (that is, 1 to

10 x 10-6) since this would imply that the ma-
jority of the functional genes in man, estimated
as 50 000 to 100 000, could mutate in the
germline so as specifically to cause leukaemia
in the subsequent offspring.
The discrepancy between the mutation rate

implied by the Seascale findings and previous
studies cannot easily be reconciled. Attempts
to do this have focused mainly on new mech-
anisms of gene mutation which might respond
differently to radiation.46 Although an as-
sociation of fragile sites with leukaemia has
been postulated no functional relationship has
been shown.47 Furthermore, a study of cancer
in families of leukaemia patients with chro-
mosomal rearrangements in their malignant
cells at the same apparent location as heritable
fragile sites could find no evidence ofhereditary
predisposition.48 In any event diseases known
to be associated with amplification of repeat
DNA sequences at fragile sites, for example,
fragile X, show discernible, if irregular, familial
patterns. There is no evidence that radiation
can induce fragile sites in germ cells or pref-
erentially damage pre-existing heritable fragile
sites. Any such effect, particularly on the scale
needed to explain the Seascale findings, would
have been observed in the offspring of the
atomic bomb survivors. Transposon mediated
mutation and imprinting also came under scru-
tiny, but while there is increasing recognition
of the role of these mechanisms in spontaneous
genetic disease there is no evidence of a ra-
diation inducible effect. Further speculation
centred round the dose response for low dose
chronic irradiation. The influence of dose rate
has been widely studied (BEIR V).49 For low
LET radiation the effectiveness of a given dose
tends to decrease with decreasing dose rate
while for high LET radiation no dose rate effect
is observed. Recent studies, particularly on
somatic cells undergoing malignant trans-
formation in vitro, have pointed to an inverse
dose rate effect for high LET radiation. Results
in such studies are heavily influenced by cell
cycle kinetics50 and in any event do not provide
an explanation ofthe magnitude of the Seascale
findings. In contrast, in vivo experiments on
the irradiation ofmice spermatogonia5' indicate
that an inverse dose rate effect can only be
shown at high doses and can be explained by
a greater incidence of cell killing.

In exploring all these possibilities it is neces-
sary to postulate mechanisms ofgermline muta-
tion that are limited to certain leukaemia
specific genes and furthermore an effect con-
fined to only a subset of the offspring of Sel-
lafield workers, born and diagnosed while
resident in one village. Any suggestion, how-
ever, that the excess of leukaemia could be
explained by interaction between a germline
mutation and a specific "Seascale factor", pos-
sibly a virus, does not stand up to scrutiny.
Since the initial germline mutation is necessary
for the alleged second factor to interact with,
the limiting factor must be the mutation rate.
At the very least the incidence in Seascale must
represent the mutation rate of a dominant gene
with complete penetrance. If leukaemia only
arises in some proportion of those with the
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initial germline mutation who subsequently en-
counter the right postnatal conditions, then of
necessity this implies an even greater un-
derlying mutation rate.
The two cases before the court did not fall

readily into the excess of leukaemias associated
with ppi in West Cumbria which analysis had
shown was confined to those born and dia-
gnosed in Seascale. Case A had been included
in the Gardner Report and was the one case
of leukaemia with a father having a ppi dose
>100 mSv out of a total of 1588 children born
in West Cumbria outside Seascale, a not un-
expected frequency. Case B was not part of
the Gardner Report having been diagnosed in
1988. Although resident in Seascale at the time
of diagnosis, she had been born about 3 km
away in a neighbouring village. It was therefore
a subject of some debate whether the as-
sociation seen in Seascale between ppi and
leukaemia in offspring born in the village could
be extended to her. In their original studies
Gardner et al" had carried out analyses for
leukaemia and leukaemia and NHL combined
but not for NHL alone. When this was done
in the course of the trial it became apparent
that the association with ppi was for leukaemia
alone and did not extend to NHL.
The Honourable MrJustice French delivered

his Judgement in the High Court of Justice,
London on 8 October 1993.52 Having reviewed
all the evidence he concluded "In my judge-
ment, on the evidence before me, the scales tilt
decisively in favour of the Defendants and the
Plaintiffs, therefore, have failed to satisfy me
on the balance of probabilities that ppi was
a material contributory cause of the Seascale
excess or, it must follow, of (a) the leukaemia
of -[case A] or (b) the NHL of -[case B]."
"In the result there must be judgement for the
Defendants."
The cause of the Seascale cluster remains

unresolved. A recently published study by the
Health and Safety Executive 354 confirmed that
the association of ppi with leukaemia was re-
stricted to the small minority of the children
of the Sellafield workforce who were born in
Seascale. This Seascale association is stat-
istically incompatible not only with the lack of
a significant relationship between leukaemia
and ppi for children born in the rest of West
Cumbria,5354 but also with the negative findings
of other studies using objectively determined
doses." Although confirming an association
with total preconceptional external irradiation,
the Health and Safety Executive study failed
to confirm the association between leukaemia
and the dose of radiation received by fathers
shortly before conception, either among Sea-
scale born children or among those born in
the rest of West Cumbria. This study also
showed that there is no association between
leukaemia and the cumulative preconception
dose owing to internally deposited radio-
nuclides, and that there is a negative as-
sociation between ppi and childhood cancers
other than leukaemia and NHL.

It has recently been shown that concentration
on the Seascale born cases ignores a statistically
significant excess of cases of leukaemia and

NHL diagnosed while resident in Seascale but
not born in the village.56 This excess cannot be
explained by paternal preconceptional oc-
cupational radiation exposure. Furthermore,
examination of the Seascale born cases with
ppi in the Gardner Report indicates two young
children with an unknown subtype of ALL,
one child with null ALL, one young child with
AML, and a young adult with CML.57 This
heterogeneity extends to the cases born outside
but diagnosed in Seascale and must raise ques-
tions in respect of a common aetiology and
causative mechanism. The association between
leukaemia and ppi appears most likely to be a
chance finding.20 The village of Seascale is
unusual, both in its high concentration of
people ofhigh socioeconomic class28 and in the
mobility of its population." This has led Doll58
to suggest that the most plausible explanation
for the increased incidence of leukaemia/
lymphoma in the village is the hypothesis put
forward by Kinlen59 which postulates an in-
fective basis brought about by an increase in
population mixing in previously isolated areas.

This review has concentrated on examining
the biological plausibility ofthe heritable mech-
anism which Gardner et at2 proposed to explain
the association between leukaemia and ppi.
Although not covered here, considerable effort
has also been spent in examining the epi-
demiological issues.55 In its most recent pub-
lication UNSCEAR reviewed the epidemio-
logical studies concerning the incidence
of leukaemia around nuclear sites,60 thus
adding to the previous assessment of the gen-
etic implications of Gardner's hypothesis.3'
This latest report concludes: "A tentative ex-
planation based on an association of childhood
leukaemia and paternal exposure has largely
been discounted following extensive in-
vestigations ofthe Sellafield area and elsewhere
and because there is no sound genetic basis for
this effect."

I wish to thank Dr R Wakeford for helpful discussions on
epidemiology and Mrs L Buckland and Mrs A Poyner for
preparing the manuscript. Additionally I acknowledge the con-
tribution of many geneticists and radiobiologists to this debate,
in particular Professor H J Evans, Professor J V Neel, Professor
E J Hall, and Dr P Selby.
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