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Summary
If there is a major error in the assessed risk of childhood leukaemia following exposure to radioactive material discharged from nuclear installations then there must be a strong expectation that this would be manifest as a notable elevation in the occurrence of leukaemia in children exposed to the pronounced peak of exposure to fallout from atmospheric nuclear weapons testing, given the very similar radionuclide composition of effluent and fallout.  Investigation of the risk of childhood leukaemia from weapons testing fallout is complicated by the falling rate of mortality during the 1960s when any effect would have been greatest, and the scarcity at this time of reliable incidence data from cancer registries.  Studies of mortality and registered incidence in Great Britain and, more convincingly, of incidence in the Nordic countries found no evidence of a serious underestimation of the risk of childhood leukaemia from fallout.  In this paper I examine published childhood leukaemia registration data from the cancer registries in Connecticut, Saskatchewan and New Zealand, and utilise the incidence datasets based on registrations in Denmark, Sweden, Norway, Finland and Great Britain that have been made available to CERRIE.  All eight of these registries possess reliable incidence data covering the period following the sharp peak of weapons testing fallout.  When the registration rates for young children under five years of age during 1950-1990 are plotted a striking consistency across the eight rates is found, and there is no evidence of the notable increase in childhood leukaemia in the mid and late 1960s that would be predicted if the risk of exposure to fallout radionuclides had been greatly underestimated.  Further, the doses from fallout are materially lower in the Southern Hemisphere than in the Northern Hemisphere, and yet the incidence rate of childhood leukaemia in New Zealand is very similar to the rates pertaining in the Northern Hemisphere after the peak fallout exposures.  Consequently, the incidence rates of leukaemia in young children in the period following the sharp peak of fallout doses provide powerful evidence against a gross underestimation of the risk of childhood leukaemia from exposure to the radionuclides that make up the radioactivity in weapons testing fallout and discharges from nuclear installations.  It is difficult to see how the proposition of a serious error in the risk of childhood leukaemia from intakes of radionuclides in radioactive fallout and effluent can be maintained in the face of this epidemiological evidence.

Introduction
Excesses of childhood leukaemia have been found near certain nuclear installations, those at Seascale near Sellafield and at west Thurso near Dounreay being of particular note (Wakeford, 2003).  Detailed radiological assessments have been conducted to determine whether these excess cases might be caused by exposure to radioactive material discharged into the environment from the installations (e.g. Simmonds et al., 1995).  These assessments found that radiation doses from discharges are generally less than those received from natural background radiation and are much too small to be able to account for the observed excesses.  However, it has been suggested that the risk of childhood leukaemia from exposure to radionuclides in discharges has been underestimated (e.g. Crouch, 1986).  This underestimation of risk would have to be severe to account for the large discrepancy between the observed number of cases and the number predicted to be induced by exposure to these radionuclides.  For example, the discrepancy between the observed number of cases in Seascale and the predicted number induced by radioactive effluent from Sellafield is a factor >100, and this factor is even greater for Thurso.  No evidence for such a large discrepancy has been found despite extensive investigations (Wheldon, 1989; Stather et al., 1988; Simmonds et al., 1995).  

To examine the possibility of a gross underestimation of the risk of childhood leukaemia from the intake of radionuclides discharged from nuclear installations, Darby and Doll (1987) studied childhood leukaemia trends in Great Britain during 1950-1984.  This period encompasses the sharp peak of radioactive fallout from atmospheric nuclear weapons testing during the early 1960s.  Darby and Doll noted that the radionuclide composition of discharges and fallout is very similar (since they arise from the same physical processes).  They reasoned that if the risk of childhood leukaemia from exposure to the radionuclides in material discharged from nuclear installations had been seriously underestimated then a signal of this substantial error should be present in the childhood leukaemia rate in the period immediately following the pronounced peak of doses from weapons testing fallout.  They examined the annual leukaemia mortality and incidence rates in Scotland and England and Wales among young people (0-24 years of age) during 1950-1984 to investigate this possibility.  However, the background risk of childhood leukaemia mortality was falling from around 1960 due to increasing treatment success and, at the time the analysis was conducted, the degree of completeness of the national cancer registration data could be considered to be acceptable only for the years from around 1971.  This complicates the interpretation of temporal trends during this period.  Nonetheless, from their study Darby and Doll believed they were able to exclude a large underestimation of the risk of childhood leukaemia from exposure to radionuclides present in fallout from atmospheric nuclear weapons testing.

Later, in a similar study, Darby et al. (1992) examined the impact of radioactive fallout from nuclear weapons testing upon childhood leukaemia registration rates in the five Nordic countries.  The Nordic countries have co-operated to maintain high quality cancer registries for many years and so incidence data from these registries largely overcome the difficulties faced by Darby and Doll (1987) in using childhood leukaemia data from Great Britain.  Darby et al. (1992) found no significant variation between the registration rates for the five countries during 1948-1987, although they noted that prior to 1958 reliable data were available for Denmark only.  When the registration data for the five countries were appropriately combined and analysed, there appeared to be an increasing trend of incidence rate in the later years of the study, which was more evident among young children under five years of age at diagnosis.  Darby et al. constructed categories of low, medium and high exposure to weapons testing fallout and grouped registration years according to the level of fallout doses experienced by the children.  The highest fallout doses occurred during the years 1962-1965.  No association with exposure category was found when registration rates were considered by year of birth, but marginally significant associations were discerned when the data were classified by calendar year of diagnosis.  When the risk of childhood (0-14 years of age) leukaemia in the high exposure category was compared with that for the combined two adjacent medium exposure categories, an excess relative risk of 0.07 (95% confidence interval (CI): 0.00, 0.14) was found.  For young children (0-4 years of age), this excess relative risk was found to be 0.11 (95% CI: 0.00, 0.24), so the association with fallout dose is concentrated in children less than five years of age.  Darby et al. calculated that, using the BEIR V leukaemia model, the excess relative risk of childhood leukaemia predicted to be produced by fallout doses of ~1 mSv to the red bone marrow was about 0.03(, so that, although the point estimates of the excess relative risk found in the Nordic study were greater than those predicted, the confidence intervals contain the predicted excess.  As a consequence, Darby et al. (1992) concluded that their findings for childhood leukaemia incidence in the Nordic countries following the highest levels of exposure to weapons testing fallout were consistent with the assumptions underlying radiological protection, and that there was no evidence from their study of the gross underestimation of risk that would be the result of a serious error in the assessment of the impact of radionuclides in effluent from nuclear installations upon childhood leukaemia incidence.

Further Childhood Leukaemia Registration Data

Childhood leukaemia incidence data from a number of additional cancer registries encompassing the period of peak fallout from weapons testing are now available.  These registries are those covering incident cases in Connecticut (Heston et al., 1986; Connecticut Tumor Registry, 2001; Polednak, 2001, 2003), Saskatchewan (Wang and Haines, 1995), New Zealand (Dockerty et al., 1996) and Great Britain (Vincent, 2003).  Since Darby et al. (1992) found a marginally significant association between year of diagnosis and fallout dose for childhood leukaemia incidence in the Nordic countries, which was concentrated in young children under five years of age, I have extracted from the data available from these additional registries the incidence rates for leukaemia in the 0-4 year age group.  (The smallest age group for young children available for the Connecticut, Saskatchewan and New Zealand datasets is, in any event, the 0-4 year grouping, so a further division of the data into the <1 year and 1-4 year age groups is not possible.)  The incidence rates that may be derived from the data available from the Connecticut, Saskatchewan and New Zealand registries are by year of diagnosis rather than year of birth; but Darby et al. (1992) found an association with the former rather than the latter, so these rates are appropriate for the analysis reported in this paper.  

Further, the childhood leukaemia registration data from the individual Nordic countries that formed the basis of the study of Darby et al. (1992) have been made available to CERRIE members by Sarah Darby (Darby, 2003).  I have used the childhood leukaemia incidence data for the 0-4 year age group from Denmark, Sweden, Norway and Finland (Iceland being too small to contribute meaningful data by itself).  Consequently, childhood leukaemia registration rates from the 1950s (or, for Sweden, 1961) are available for eight countries, states or provinces.  The incidence rates for Connecticut, Saskatchewan and New Zealand may be derived for (in general) five-year periods only.  Consequently, for those registries where annual incidence data are available (the Nordic countries and Great Britain) I have combined the registration data into five-year groupings to make the resulting rates more compatible with the remaining incidence rates, and to reduce the level of statistical fluctuations in the rates.

Results

The leukaemia incidence rates for the 0-4 year age group from the individual eight cancer registries are shown in Figures 1 to 8.  A slight upward trend in the incidence rate with time is apparent in most of the datasets, although this may be partly due to incomplete registration in some data from earlier years.  The possible influence of underascertainment in the 1940s and 1950s is notable for the Connecticut registry (Figure 5) and, in particular, the Saskatchewan registry (Figure 6).  However, there are no abrupt persistent changes in the registration rates from 1950 and so I have concentrated on the incidence rates for the period 1950-1990.

The coherence of the incidence rates during 1950-1990 obtained from the eight registries is apparent from Figure 9, which shows registration rates obtained from all eight registries.  The consistency over time is striking.  Much of the variation between rates is likely to be attributable to statistical fluctuations due to limited numbers of registrations, and this may be seen from Figure 10 where 95% confidence intervals on the rates are displayed.

The average annual individual doses from atmospheric nuclear weapons testing are shown in Figure 11.  Average annual doses from fallout in the Northern and Southern Hemispheres, as presented in the UNSCEAR 2000 Report (Volume I, Annex C), are displayed.  The sharp peak of fallout doses in the early 1960s is readily apparent.  Accordingly, peak doses from fallout to the fetus and young child would be expected to be manifest as a raised rate of leukaemia among children under five years of age during the mid and late 1960s.  However, the marked increase in the incidence rate of leukaemia in young children that would be predicted if a serious underestimation of the risk from exposure to radioactive fallout exists is notably absent from Figures 9 and 10.  It is difficult to envisage how the proposition of a gross underestimation of the risk of leukaemia in young children from intakes of radionuclides in fallout can be maintained in the absence of any indication a such a serious error in any of the eight datasets.

Further, it will be seen from Figure 11 that the Southern Hemisphere fallout doses were considerably less than those received in the Northern Hemisphere, where the great majority of the atmospheric weapons tests took place.  It might be expected, therefore, that if the risk of leukaemia in young children from exposure to fallout radionuclides had been grossly underestimated the effect would be most pronounced in the rates in the Northern Hemisphere.  Yet an inspection of Figures 9 and 10 reveals that the incidence rate for New Zealand is not discernibly different from the rates obtained from registries in the Northern Hemisphere.  Indeed, given the statistical uncertainties, the New Zealand incidence rate agrees very well with the pattern of incidence experienced elsewhere.  Patently, this is incompatible with the proposition that exposure to radionuclides from fallout led to a risk of leukaemia in young children that has been seriously underestimated.

Conclusions
Examination of the rates (by year of diagnosis) of leukaemia incidence in children less than five years of age obtained from eight cancer registries with reliable data covering the pronounced peak of doses from atmospheric nuclear weapons testing fallout provides no evidence to support the suggestion that the risk from intakes of radionuclides is substantially greater than that predicted by standard models.  This conclusion supports that of Darby et al. (1992) in their detailed analysis of childhood leukaemia registration data from the combined Nordic countries.  

In summary, data from the eight cancer registries do not support the propositions that:

i) the risk of childhood leukaemia from exposure to radionuclides present in fallout from nuclear weapons testing is much greater than that predicted from the assumptions underlying radiation protection; and

ii) exposure to radionuclides present in effluent discharged from nuclear installations poses a risk of childhood leukaemia that has been substantially underestimated in radiological assessments.
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Incidence Rates of All Leukaemias among Children Aged 0-4 Years, 1950-1990.

Incidence Data from Eight Cancer Registries.
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Incidence Rate of All Leukaemias among Children Aged 0-4 Years in Sweden, 1961-1987. 

Error Bars show 95% Confidence Intervals for Rates.
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[image: image3.wmf]Figure 3

Incidence Rate of All Leukaemias among Children Aged 0-4 Years Norway, 1958-1987. 

Error Bars show 95% Confidence Intervals for Rates.
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Incidence Rate of All Leukaemias among Children Aged 0-4 Years in Finland, 1958-1987. 

Error Bars show 95% Confidence Intervals for Rates.
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Incidence Rate of All Leukaemias among Children Aged 0-4 Years in Great Britain, 1953-1997. 

Error Bars show 95% Confidence Intervals for Rates.
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[image: image6.wmf]Figure 6

Incidence Rate of All Leukaemias among Children Aged 0-4 Years in Connecticut, 1935-1999. 

Error Bars show 95% Confidence Intervals for Rates.
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Incidence Rate of All Leukaemias among Children Aged 0-4 Years in Saskatchewan, 1932-1991. 

Error Bars show 95% Confidence Intervals for Rates.
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[image: image8.wmf]Figure 8

Incidence Rate of All Leukaemias among Children Aged 0-4 Years in New Zealand, 1953-1990. 

Error Bars show 95% Confidence Intervals for Rates.
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Incidence Rates of All Leukaemias among Children Aged 0-4 Years, 1950-1990.

Incidence Data from Eight Cancer Registries.
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Incidence Rate of All Leukaemias among Children Aged 0-4 Years, 1950-1990.

Incidence Data from Eight Cancer Registries. 

Error Bars show 95% Confidence Intervals for Rates.
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[image: image11.wmf]Figure 11

Average annual effective dose in the Northern and Southern Hemispheres from 

radionuclides produced in atmospheric nuclear weapons testing (UNSCEAR, 2000)
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( The associated 95% credibility interval for the excess relative risk of childhood leukaemia calculated from the BEIR V leukaemia model is (0.004, 0.26), and this uncertainty must be borne in mind.
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Incidence Rates of All Leukaemias among Children Aged 0-4 Years, 1950-1990.

Incidence Data from Eight Cancer Registries.
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Incidence Rate of All Leukaemias among Children Aged 0-4 Years in Sweden, 1961-1987. 

Error Bars show 95% Confidence Intervals for Rates.
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Incidence Rate of All Leukaemias among Children Aged 0-4 Years Norway, 1958-1987. 

Error Bars show 95% Confidence Intervals for Rates.
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Incidence Rate of All Leukaemias among Children Aged 0-4 Years in Finland, 1958-1987. 

Error Bars show 95% Confidence Intervals for Rates.
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Incidence Rate of All Leukaemias among Children Aged 0-4 Years in Great Britain, 1953-1997. 

Error Bars show 95% Confidence Intervals for Rates.
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Incidence Rate of All Leukaemias among Children Aged 0-4 Years in Connecticut, 1935-1999. 

Error Bars show 95% Confidence Intervals for Rates.
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Incidence Rate of All Leukaemias among Children Aged 0-4 Years in Saskatchewan, 1932-1991. 

Error Bars show 95% Confidence Intervals for Rates.
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Incidence Rate of All Leukaemias among Children Aged 0-4 Years in New Zealand, 1953-1990. 

Error Bars show 95% Confidence Intervals for Rates.
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Average annual effective dose in the Northern and Southern Hemispheres from 

radionuclides produced in atmospheric nuclear weapons testing (UNSCEAR, 2000)
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Incidence Rate of All Leukaemias among Children Aged 0-4 Years in Denmark, 1948-1984. 

Error Bars show 95% Confidence Intervals for Rates.
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Incidence Rate of All Leukaemias among Children Aged 0-4 Years, 1950-1990.

Incidence Data from Eight Cancer Registries. 

Error Bars show 95% Confidence Intervals for Rates.
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Figure 6
Incidence Rate of All Leukaemias among Children Aged 0-4 Years in Connecticut, 1935-1999. 
Error Bars show 95% Confidence Intervals for Rates.
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Figure 5
Incidence Rate of All Leukaemias among Children Aged 0-4 Years in Great Britain, 1953-1997. 
Error Bars show 95% Confidence Intervals for Rates.
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Figure 9
Incidence Rates of All Leukaemias among Children Aged 0-4 Years, 1950-1990.
Incidence Data from Eight Cancer Registries.

48.9

49.3

66.3

69.1

55.8

66.2

79.2



Sheet1

		1950

				66.5								63

														56.9				48.1

		1955														48.9

				67.5								61

																		51.3

								53.5		57.2

														50.4

		1960														49.3

				72.8				69		59.8		79

						52.3

																		51.6

														57.4

		1965														66.3

				78.1		59.6		68.2		75.8		45

																		52.4

														42.9

		1970														69.1

				74.6		62.5		74.1		63.7		81

																		60.4

														104.4

		1975														55.8

				58.2		69.9		67.1		66.5		74

																		61.5

														56.7

		1980														66.2

				65.3		73.4		75.8		69.7		65

																		60.4

														67

		1985														79.2

						86.1		57.2		85.3

												80

																		65.7

														83.6		79.2

		1990





Sheet2

		





Sheet3

		






_1136097655.xls
Denmark 0-4 Leukaemia

		1950		1950		1950		1950		1950		1950		1950		1950		11.4		11.4		12		12		12.6		12.6		12.5		12.5		12.5		12.5		11.4		11.4		12.9		12.9																10		10		9		9		9.4		9.4		10.4		10.4		11.1		11.1		15.4		15.4																		18.6		18.6		13.4		13.4		13		13		13.5		13.5		13.8		13.8		15.4		15.4		17.2		17.2																		16.5		16.5		11		11		12.7		12.7		12.7		12.7		13		13		13.2		13.2		18.8		18.8																				18		14		16		12		17		14		20		16		20		16		19		14		20		15		13		11																				22		20		20		18		23		18		21		16		34		30		27		23		28		23		28		27																				4		4		3.3		3.3		3		3		3		3		3.5		3.5		3.8		3.8		3.8		3.8		3.8		3.8																				14.2		11.1		13.3		10.5		14.5		12		15.1		12.4		13.7		11.1		16		13		17.6		14.4		22.8		17.9

		66.5		66.5																																																																																																																																																																								63		63

																																																																																																																																																																																																																														56.9		56.9																																																48.1		48.1

		1955		1955		1955		1955		1955		1955		1955		1955																																																																																																																																																																																																																																																																																																																		48.9		48.9

		67.5				67.5																																																																																																																																																																						61				61

																																																																																																																																																																																																																																																																																51.3				51.3

																																																																																				53.5		53.5																																										57.2		57.2

																																																																																																																																																																																																																														50.4				50.4

		1960		1960		1960		1960		1960		1960		1960		1960																																																																																																																																																																																																																																																																																																																		49.3				49.3

		72.8						72.8																																																																												69				69																																								59.8				59.8																																								79						79

																																														52.3		52.3

																																																																																																																																																																																																																																																																																51.6						51.6

																																																																																																																																																																																																																														57.4						57.4

		1965		1965		1965		1965		1965		1965		1965		1965																																																																																																																																																																																																																																																																																																																		66.3						66.3

		78.1								78.1																																				59.6				59.6																																		68.2						68.2																																						75.8						75.8																																						45								45

																																																																																																																																																																																																																																																																																52.4								52.4

																																																																																																																																																																																																																														42.9								42.9

		1970		1970		1970		1970		1970		1970		1970		1970																																																																																																																																																																																																																																																																																																																		69.1								69.1

		74.6										74.6																																		62.5						62.5																																74.1								74.1																																				63.7								63.7																																				81										81

																																																																																																																																																																																																																																																																																60.4										60.4

																																																																																																																																																																																																																														104.4										104.4

		1975		1975		1975		1975		1975		1975		1975		1975																																																																																																																																																																																																																																																																																																																		55.8										55.8

		58.2												58.2																																69.9								69.9																														67.1										67.1																																		66.5										66.5																																		74												74

																																																																																																																																																																																																																																																																																61.5												61.5

																																																																																																																																																																																																																														56.7												56.7

		1980		1980		1980		1980		1980		1980		1980		1980																																																																																																																																																																																																																																																																																																																		66.2												66.2

		65.3														65.3																														73.4										73.4																												75.8												75.8																																69.7												69.7																																65														65

																																																																																																																																																																																																																																																																																60.4														60.4

																																																																																																																																																																																																																														67														67

		1985		1985		1985		1985		1985		1985		1985		1985																																																																																																																																																																																																																																																																																																																		79.2														79.2

																																														86.1												86.1																										57.2														57.2																														85.3														85.3

																																																																																																																																																																												80																80

																																																																																																																																																																																																																																																																																65.7																65.7

																																																																																																																																																																																																																														83.6																83.6																																																																																				79.2																79.2

		1990		1990		1990		1990		1990		1990		1990		1990



Denmark

Sweden

Sweden

Norway

Finland

Connecticut

Saskatchewan

Great Britain

New Zealand

Calendar Year of Diagnosis

Registration Rate of Leukaemia in the 0-4 Year Age Group, 
cases per million person-years

Figure 10
Incidence Rate of All Leukaemias among Children Aged 0-4 Years, 1950-1990.
Incidence Data from Eight Cancer Registries. 
Error Bars show 95% Confidence Intervals for Rates.
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Figure 1
Incidence Rate of All Leukaemias among Children Aged 0-4 Years in Denmark, 1948-1984. 
Error Bars show 95% Confidence Intervals for Rates.
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Figure 8
Incidence Rate of All Leukaemias among Children Aged 0-4 Years in New Zealand, 1953-1990. 
Error Bars show 95% Confidence Intervals for Rates.
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Figure 11
Average annual effective dose in the Northern and Southern Hemispheres from 
radionuclides produced in atmospheric nuclear weapons testing (UNSCEAR, 2000)
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Figure 7
Incidence Rate of All Leukaemias among Children Aged 0-4 Years in Saskatchewan, 1932-1991. 
Error Bars show 95% Confidence Intervals for Rates.
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Figure 3
Incidence Rate of All Leukaemias among Children Aged 0-4 Years Norway, 1958-1987. 
Error Bars show 95% Confidence Intervals for Rates.
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Figure 4
Incidence Rate of All Leukaemias among Children Aged 0-4 Years in Finland, 1958-1987. 
Error Bars show 95% Confidence Intervals for Rates.
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Figure 2
Incidence Rate of All Leukaemias among Children Aged 0-4 Years in Sweden, 1961-1987. 
Error Bars show 95% Confidence Intervals for Rates.
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