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Abbreviations and definitions: 

AL: childhood acute leukemia 

ALL: childhood acute lymphoblastic leukemia 

AML: childhood acute myeloblastic leukemia 

DGBZ: Dose Based Geographic Zoning 

IGN: National Geographic Institute 

IRSN: National Institute of Radiological Protection and Nuclear Safety 

NPP: Nuclear Power Plant 

NRCH: French National Registry of Childhood Hematopoietic Malignancies 

O (resp. E): Observed (resp. expected) number of cases  

OR: Odds Ratio 

SIR: Standardized Incidence Ratio 

 

Submission for a research article 

The very good representativeness of our sample relative to the source population, the careful 

and precise geocoding, and the use of dose-based geographic zoning are the major assets of 

the study.  
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Abstract 

 

To study the risk of childhood acute leukemia (AL) around French nuclear power plants 

(NPPs). 

The nationwide Geocap case-control study included the 2,753 cases diagnosed in mainland 

France over 2002-2007 and 30,000 contemporaneous population controls. The last addresses 

were geocoded and located around the 19 NPPs. The study used distance to NPPs and a dose-

based geographic zoning (DBGZ), based on the estimated dose to bone marrow related to 

NPP gaseous discharges. 

An odds ratio (OR) of 1.9 [1.0-3.3], based on 14 cases, was evidenced for children living 

within 5 km of NPPs, compared to those living 20 km or further away, and a very similar 

association was observed in the concomitant incidence study (standardized incidence ratio 

(SIR) = 1.9 [1.0-3.2]). These results were similar for all the 5-year age groups. They persisted 

after stratification for several contextual characteristics of the municipalities of residence. 

Conversely, using the DGBZ resulted in OR and SIR close to one in all of the dose categories. 

There was no increase in AL incidence over 1990-2001 and over the entire 1990-2007 period. 

The results suggest a possible excess risk of AL in the close vicinity of French NPPs in 2002-

2007. The absence of any association with the DBGZ may indicate that the association is not 

explained by NPP gaseous discharges. Overall, the findings call for further refining the 

DBGZ, investigation for potential risk factors related to the vicinity of NPP, and collaborative 

analysis of multisite studies conducted in various countries. 
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1. INTRODUCTION 

 

The risk of childhood leukemia around nuclear power plants has given rise to considerable 

debate. Several epidemiological studies have analyzed the incidence of childhood leukemia 

around nuclear sites 1, 2 and, more specifically, nuclear power plants 3-7. Persistent localized 

excesses of childhood acute leukemia (AL) have been reported around the Sellafield 8-10 and 

Dounreay 11, 12 nuclear fuel reprocessing plants in the United Kingdom, and around the 

Krummel nuclear power plant 5, 13, 14 in Germany. Given the low radiation levels measured 

near the sites, the hypothesis that local population mixing might induce the spread of a 

leukemogenic agent was raised 15-17 and appeared consistent with some further observations 

18. In general, no excess risk had been evidenced by the multisite studies 2 before the 

publication of the German KiKK population-based case-control study that showed an 

association between leukemia in children less than 5 years old and living less than 5 km from 

a nuclear power plant (NPP) 19, 20. Following this publication, several studies demonstrated no 

excess risk in that specific population3, 6, 21. In France, a national geographic study of the 

period 1990-1998 was carried out6, 22 but found no association between the incidence of 

childhood AL and distance from nuclear sites. No association was demonstrated by an 

extended 1990-2001 study that used geographic zoning based on gaseous discharge dose 

estimates to assess radiation exposure in the municipalities near the sites 23 . 

The aim of the present study was to provide updated results on the risk of childhood leukemia 

near French NPPs, using a case-control design in addition to the usual geographic incidence 

approach. All the cases of childhood AL for the period 2002-2007 and a set of 

contemporaneous population controls were individually located and categorized in terms of 

their distance from the 19 French NPPs and dose-based geographic zoning (DBGZ). The 

updated incidence study (1990-2007) is also presented. 
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2. MATERIAL AND METHODS 

 

The Geocap case-control study, 2002-2007 

The case-control study included all the 2,753 French childhood leukemia cases aged up to 15 

years at the end of the year of diagnosis, diagnosed between 2002 and 2007, and residing in 

metropolitan France. The cases were obtained from the French National Registry of 

Childhood Hematopoietic Malignancies (NRCH)24.  

A set of 30,000 control addresses, 5,000 each year for the period 2002-2007, representative of 

the French pediatric population for those years, was randomly sampled from the pediatric 

population of mainland France, by the National Institute for Statistics and Economic Studies 

(INSEE) using the income and council tax databases. The sample was stratified on the 

Département administrative unit. The control sample was closely representative of its source 

population in terms of age and number of children in the household, and in terms of 

contextual socioeconomic and demographic variables: size of the urban unit, median income, 

proportion of blue-collar workers, proportion of subjects who successfully completed high 

school, and proportion of homeowners in the municipality of residence (table 1). 

The age available in the INSEE databases was the age at the end of the year (i.e. based on the 

year of birth) and that age variable was therefore also used for the cases. The INSEE database 

did not specify child gender. 

 

Incidence studies: 1990-2001, 2002-2007 and 1990-2007 

The incidence studies addressed the same period, 2002-2007, as the case-control study, the 

preceding period, 1990-2001, and the complete period, 1990-2007. The cases consisted in all 

children diagnosed with AL before the age of 15 years and registered in the NRCH during the 
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periods. The annual national incidence rates of AL estimated by the NRCH were taken as 

reference rates. 

The estimates of Commune (the smallest French administrative unit) populations by year of 

age were directly provided by the INSEE for the census years: 1990, 1999, 2006 and 2007. 

For the other years, the estimates were interpolated from the census data and the yearly 

estimates provided by the INSEE for the 96 French mainland Départements. Person-years and 

expected numbers of AL cases were then computed for each year of the 1990-2007 period by 

Commune and five-year age group. 

 

Geocoding of addresses, 2002-2007 

The addresses of the cases and controls were geocoded by the GEOCIBLE company using the 

geographic information system MAPINFO, the NAVTEQ street databases and detailed 

vectorized maps from the National Geographic Institute (IGN). The process resulted in the 

location of 96% of the addresses with an uncertainty of at most 100 meters, and of 80% with 

an uncertainty of 15 meters. Less than 2% of the children were only located by their 

Commune of residence, and were thus allocated the coordinates of the town hall of their 

Commune. The uncertainties were similar for the cases and controls. 

 

NPP characteristics 

There are 19 NPPs in France (additional table 1), all but two (Chooz and Civaux) having been 

commissioned before 1990. The majority of the NPPs are located near a river, but 4 of them 

are coastal. The NPPs Cattenom, Chooz and Fessenheim, are located less than 20 km from the 

border with Luxembourg, Belgium and Germany, respectively. The nuclear electrical power 

generated ranges from 1,800 to 5,400 MW.  
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Distance from the nearest NPP 

In the Geocap case-control study the distance between the residence and the nearest NPP was 

derived from the geocoding. The 32,753 subjects included in the case-control study were 

located in 5-km wide rings within 20 km of the NPP or outside of the area. In the incidence 

studies, the Communes were positioned by the coordinates of the town hall, and assigned to 

the areas defined above around the nearest NPP. 

 

Dose-based geographic zoning (DBGZ) 

DBGZ had been developed by the National Institute of Radiological Protection and Nuclear 

Safety (IRSN) for the authors' previous analysis 25. It used estimated bone marrow doses 

associated with gaseous radioactive discharges from the NPPs to classify the exposures at the 

town halls of the Communes located less than 20 km from the nuclear sites. The Communes 

close to more than one NPP or to another nuclear site included in the previous analysis were 

allocated the sum of the doses estimated for each of the neighboring installations. This was 

the case for the Flamanville NPP, which is close to the La Hague nuclear site, and for the 

Cruas and Tricastin NPPs, which are close to the Pierrelatte nuclear site. For the analyses 

stratified by NPP the Communes close to more than one NPP were assigned to the NPP for 

which the estimated dose was the highest.  

In the case-control study, the cases and controls were allocated the dose estimated at the town 

hall of the Commune of residence. The cutoffs were chosen so as to obtain the same 

distribution of expected cases as that obtained by dividing the area around the NPPs into rings 

5 km wide, i.e. approximately 10%, 20%, 30% and 40% of the expected cases. 

 

Statistical Analysis 
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All the statistical analyses were performed using the SAS software package (version 9; SAS 

Institute Inc., Cary, NC, USA). The analyses were conducted on all the NPPs and all the 

cases, and by age group (0-4, 5-9, 10-14 years), AL subtype: lymphoblastic (ALL) and 

myeloblastic (AML), NPP and year of study. 

In the case-control study, the odds ratios (OR) and their 95% confidence intervals (CI) were 

estimated by unconditional logistic regression adjusted for age (5-year age groups) and 

Département.  

In the incidence studies, the relative risk of AL was estimated by the standardized incidence 

ratio (SIR), defined as the ratio of the observed (O) and expected (E) numbers of cases. The 

95% CI was calculated using Byar’s approximation 26.  

The heterogeneity of the SIRs by year or NPP was tested using Pearson’s chi-square statistic, 

with external (national rates) and internal (rates within 20 km around NPPs) references. Since 

small numbers might have impaired the validity of the tests, the statistical significance levels 

of the tests were estimated by simulation. In all, 50,000 distributions of the cases in the 

Communes were generated under the null hypothesis of a Poisson distribution with the 

corresponding expected number of cases and the observed statistics were compared to the 

distribution of the 50,000 simulated statistics.  

Stratified analyses were conducted by NPP characteristic, i.e. electrical power, coastal 

location and border location. In order to account for potential confounders, the analyses were 

repeated after stratification or adjustment for several contextual variables in the models. The 

contextual variables were extracted from the 1999 census data and consisted in the urban 

status of the Commune (rural, semi-urban or urban), the median income of the households, the 

proportion of blue-collar workers and the proportion of baccalaureate holders. Additional 

analyses were also adjusted for the deprivation index computed by Rey et al.27. The data were 

also analyzed after exclusion of the cases and controls who lived less than 200 meters from a 
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high-voltage power line, since an association between the proximity of power lines and the 

risk of AL has been suggested 28, 29. Sensitivity analyses were performed by excluding, in 

turn, each year or each NPP, or by using a 6-year moving window over the 1990-2007 period. 

The analyses with dose estimates were replicated using cutoffs based on the quartiles of the 

distribution in the controls. 

To test for the existence of a trend in the incidence of AL with the distance from a NPP, the 

inverse distance function was considered. A test for linearity based on a log-likelihood ratio 

statistic was performed, considering the categorical variable derived from the 2-km-wide 

rings. The inverse distance was then included in the regression model as a continuous 

independent variable. The significance of the regression parameters was evaluated using 

10,000 replications of the datasets. For the case-control analysis, 10,000 permutations of the 

case-control status of all the children were made, by Département and independently of the 

distance from the NPPs. In the incidence studies, the 10,000 replicated datasets were built 

under the hypothesis of a Poisson distribution of the cases in the Communes. 

 

Power of the studies 

For the Geocap study, using a one-sided test at the 5% level, the power to detect an OR of two 

was equal to 40% for the 0-4 year age group and 70% for the 0-14 year age group. For the 

incidence studies, using an exact one-sided Poisson test at the 5% level and the approximation 

suggested by Breslow and Day 26, the power to detect a SIR of two was very close to that of 

the Geocap study for the period 2002-2007 and greater than 80% for the 1990-2001 and 1990-

2007 periods . 

 

 3. RESULTS  
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Childhood AL risk and proximity of NPP 

Geocap case-control study (2002-2007) 

Among the 2,753 cases included in the case-control study, 99 were living less than 20 km 

from a NPP. AL was significantly associated with living less than 5 km from a NPP (OR = 

1.9 [1.0-3.2]) and odds ratios close to unity were observed for all the areas farther from the 

sites (table 2). When the cases and controls were located in rings 2 km wide instead of 5 km 

wide, the logarithm of the odds ratio tended to increase slightly with the inverse of the 

distance from the nearest NPP (additional figure 1), although this trend was not statistically 

significant in the continuous regression model (pone-sided = 0.18). For children less than 5 years 

old, the OR observed in the closest area was of the same order of magnitude as that for the 

whole group, although not significant (OR = 1.6 [0.7- 4.1]). Very similar patterns were 

obtained for the 5-9 and 10-14 year age groups (data not shown).  

 

The cases living in each of the 5 km rings around the NPPs presented with the usual age, 

gender and neoplastic cell characteristics (table 3). The number of AML cases was very small 

(17 cases within 20 km, none within 5 km). The results for ALL were very similar to those for 

all AL, the OR associated with living less than 5 km from a NPP being 2.4 [1.3-4.2]) 

(additional table 3). 

 

 

Incidence study, 2002-2007 

Over the same period, 2002-2007, the incidence study included 2,831 AL cases less than 15 

years old. The SIRs were very close to the OR of the contemporaneous case-control study for 

all the age groups and distance categories (table 2). The logarithm of the SIR increased 
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slightly with the inverse distance from the nearest NPP (additional figure 1), but this trend 

was not statistically significant in the continuous model (pone-sided = 0.25).  

 

For the 1,060 controls who lived within 20 km of the nearest NPP, the distances from NPP 

based on the coordinates of the Commune town hall used in the incidence study, and on the 

individual coordinates used in the case-control study, were closely correlated (r = +0.98). This 

finding is connected to the fact that most French NPPs are located in rural areas in which 

most of the dwellings are located close to the town hall.  

 

Incidence study, 1990-2001  

In the preceding period, 1990-2001, already covered by a previous analysis 23, 5,356 AL cases 

less than 15 years old were registered in the NRCH. Among the cases, 173 lived less than 20 

km from a NPP (table 2). The SIR did not differ from one for any of the four 5-km rings 

around the NPPs. 

 

Incidence study 1990-2007  

Over the whole period, 1990-2007, 272 of the 8,187 cases registered by the NRCH lived less 

than 20 km, and 24 less than 5 km, from a NPP. The SIR were 1.0 [0.9-1.1] and 1.1 [0.7-1.7], 

respectively (table 2). The SIR for the closest area was slightly but not significantly higher for 

the 0-4 year age group (1.4 [0.8-2.3]; pone-sided = 0.15). 

 

Subgroup analyses, control of confounders and sensitivity analyses 

The stratified analyses showed that the association between AL and living within 5 km of a 

NPP did not vary substantially with the power of the NPP, with location on a coast or border, 

or with the urban/rural status of the Commune (table 4). The increased risk with living less 
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than 5 km from a NPP appeared more marked, although not significantly so, in Communes 

with the lowest median income or lowest proportion of baccalaureate holders than in other 

Communes.  

Adjustments for the contextual variables and for the deprivation index did not change the 

estimates. Excluding the cases who lived within 200 meters of a high-voltage power line did 

not substantially modify the estimates. Using the distance between the municipality and NPP 

rather than individual distances led to very similar OR and SIR.  

 

The small numbers hampered the detailed analyses by NPP or year. No specific association 

with living less than 5 km from a given NPP was evidenced. When each NPP was excluded, 

in turn, from the case-control and incidence analyses, the OR/SIR estimated on the 18 

remaining NPPs was very similar to that for the 19 NPPs (additional table 2). There was no 

heterogeneity of the SIRs estimated by NPP (p = 0.13) and the test of the hypothesis that they 

were all equal to one was on the borderline of statistical significance (p = 0.07).  

Over the period, 2002-2007, AL cases living less than 5 km from a NPP were mostly 

diagnosed in 2003, 2006 and 2007 (table 4). However, the results remained similar when each 

year of observation was excluded, in turn, from the case-control and incidence analyses. For 

the whole period, 1990-2007, no significant heterogeneity of the annual SIRs was evidenced 

(p = 0.12), but the test of the hypothesis that the SIRs were all equal to one was on the 

borderline of significance (p = 0.06). When the incidence analyses were restricted to 

successive 6-year periods over the whole 1990-2007 period, 2002-2007 was the only period 

for which an association with living less than 5 km from a NPP was observed. The use of 

simulations resulted in similar values of the statistics and the same conclusions.  

 

Childhood AL and DBGZ 
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The estimated bone marrow doses related to radioactive gaseous discharge did not result in 

the same categorization of the cases and controls (table 5): 40% of the controls in the highest 

exposure category (> 0.72 µSv) were in the 0-4.99 km ring, 44% in the 5-9.99 km ring, 11% 

in the 10-14.99 km ring and 4% in the 15-19.99 km ring.  

 

No association between AL and DBGZ was observed in the case-control study or in the 2002-

2007 incidence study (table 6). The SIRs and ORs were close to one for all the DBGZ 

categories. The results were the same when the DBGZ categories were based on the quartiles 

of the control exposure distribution (not shown). Exclusion of the NPPs close to other nuclear 

sites did not change the results. There was no association between AL and DBGZ for the 

whole period, 1990-2007 (table 6).  
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4. DISCUSSION 

 

The Geocap case-control study evidenced an association between childhood AL and living 

less than 5 km from a NPP for the 2002-2007 period. The association was also observed in the 

contemporaneous incidence study, but not for the previous period, 1990-2001. Using the 

DBGZ yielded very different results, with SIRs and ORs close to one for all the DBGZ 

categories. The association observed for 2002-2007 was not specific to any age group, NPP or 

year.  

 

One strength of the study resides in the fact that the cases were identified by the NRCH, 

which has covered the entire country with a high degree of exhaustiveness since 1990 30. A 

further strength consists in the fact that the controls were selected from the nearly exhaustive 

database of taxpayer households with children. As illustrated by table 1, the controls in the 

Geocap study were highly representative of the source population. Another strength of the 

Geocap study is the precise geocoding of the cases' and controls' residences. The two 

approaches, case-control and incidence, may have resulted in different potential biases, but 

the fact that both approaches resulted in almost identical findings is a strong argument in 

favor of the validity of the ORs and SIRs.  

Adjustment for, and stratification on, age and the socioeconomic and demographic 

characteristics of the Commune of residence were assumed to cancel out a number of potential 

contextual confounders. A limitation of the present study is that the data did not enable 

adjustment for individual potential risk factors such as birth order, breastfeeding, day-care 

attendance, or pesticide exposure. However, there is no obvious reason for these factors to 

differ within and outside the 5 km rings close to the NPPs conditionally on rural/urban status 
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or other socioeconomic or demographic variables, which were taken into account. Also, the 

Geocap study allowed adjustment on the proximity of high-voltage power lines. Population 

mixing could not be evaluated in this study.  

Like most studies of childhood leukemia in the neighborhood of NPPs, the Geocap study did 

not have access to complete residential histories, which is an important limitation for the 

evaluation of the true exposure to radiation or any factor related to the proximity of NPPs. 

Restricting the analyses to children aged less than 5 years, who are less likely to have moved 

house since birth than older children, resulted in similar ORs and SIRs. Three NPPs are 

located close to a French border, but only the French part of the 20-km radius was considered. 

However, excluding the three NPPs did not markedly change the results. None of the NPPs in 

neighboring countries was less than 20 km from the French border. 

 

The method used to estimate the dose of radiation delivered to bone marrow by the NPPs was 

based on the average annual gaseous discharge levels, discharge composition and local 

meteorological parameters. Due to the lack of data on real discharge rates, the discharge rates 

for carbon 14 were based on the regulatory limits. The contribution of carbon 14 to the 

radiation dose may therefore have been overestimated. However, the method was the same for 

all the NPPs. In consequence, the Communes are likely to have been correctly ranked within a 

given NPP area in terms of exposure despite the potential errors in dose estimates. Contrary to 

a classic assumption 30, table 5 clearly illustrates that the distribution of the population in 

terms of the dispersion of radionuclides released into the atmosphere cannot be represented by 

a simple function of the distance from the NPP. The use of the innovative DBGZ appears to 

be one step toward overcoming the limitations of studies using conventional circular zoning 

31. The model did not take into account liquid discharges, although their contribution to the 

total radiation exposure related to NPP activity may have been of the same order of 
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magnitude as that of the gaseous discharges. The radiation doses due to liquid discharges are 

mainly determined by individual behaviors (food consumption and water use) and are 

therefore not expected to comply with geographic zoning around NPPs. Furthermore, in many 

situations the doses are not expected to decrease smoothly with distance from the NPP. In 

addition, although the NPPs located on a coast or river may be expected to differ with regard 

to doses from liquid discharges, in the stratified analyses the associations with AL were 

similar. Overall, the estimated doses due to NPPs were very low compared to the doses due to 

natural radiation sources. Such doses are not expected to result in an observable excess risk on 

the basis of the available evidence 32. 

 

In the authors' previous multisite incidence studies22, 23 no association between proximity to 

NPPs and AL was observed. This was in line with most multisite studies1-3, 6, 21, and is also in 

line with the results of the authors' incidence analysis over the whole period, 1990-2007. In 

Germany, the KiKK case-control study of children aged less than 5 years evidenced an 

association between AL and NPP proximity19. However, there are several important 

differences between those results and the results of the present study. The German incidence 

study showed that incidence rates were higher specifically in the 0-4 year age group 33, which 

was not the case in this study. Also, in the German study, the risk estimates obtained in the 

incidence analysis 34 appeared to be lower than those obtained with the case-control approach 

19, while in this study, the estimates obtained with the two approaches were very similar. In 

the German study, the estimated risk in the 5 km ring was highly sensitive to whether or not  

the Krummel NPP was included 3, while no noteworthy difference between the NPPs was 

observed in this study. A reassessment of the KiKK results showed the marked impact of the 

urban/rural status of the residence area on the estimated risk 35, while no noteworthy 

difference was observed in the present study. In the KiKK study, an increasing trend with the 
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inverse distance from the sites, considered as a continuous variable, was reported; the trend 

was not detected when the distance was categorical19. In the Geocap study, a slight but non-

significant increasing trend of the OR and SIR with inverse distance was observed.  

 

Overall, the results suggest a possible excess risk of AL in the close vicinity of French NPPs 

in 2002-2007. The increased incidence observed at less than 5 km from the NPPs in the 

Geocap study only partially supports the recent German findings since the increase was 

limited to recent years and was not specific to the youngest children. The absence of any 

association with DBGZ may indicate that the association observed with distance <5 km over 

2002-2007 is not explained by NPP gaseous discharges. Overall, the results suggest a 

potential excess risk over 2002-2007 that may be due to unknown factors related to the 

proximity of NPPs. Among the potential factors are population mixing and exposures to 

physical agents, including natural or man-made exposures to radiation not modeled by the 

DBGZ. Overall, the findings call for further refining the DBGZ, investigation for potential 

risk factors related to the vicinity of NPP, and collaborative analysis of all the evidence 

available from multisite studies conducted in various countries. 
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Table 1: Comparability of the Geocap controls with their source population by individual and contextual 

socioeconomic and demographic variables – 2002-2007, metropolitan France. 

  Source population Geocap sample 

  % % 

Individual characteristics   

Age at the end of the year   

0 6.2% 6.1% 

1 6.6% 6.3% 

2 6.7% 6.9% 

3 6.7% 6.7% 

4 6.7% 6.4% 

5 6.7% 6.9% 

6 6.7% 6.7% 

7 6.7% 6.8% 

8 6.6% 6.5% 

9 6.6% 6.9% 

10 6.6% 6.6% 

11 6.7% 6.7% 

12 6.7% 6.8% 

13 6.8% 6.9% 

14 6.9% 7.0% 

Number of children in the household   

1 29.7% 29.4% 

2 42.9% 43.1% 

3 19.8% 20.0% 

≥ 4 7.7% 7.5% 

   

Contextual variables   

Size of the urban unita of the Commune of residence   

Rural unit 26.1% 25.8% 

< 5,000 inhabitants 6.3% 6.3% 

5,000-9,999 inhabitants 5.5% 5.5% 

10,000-19,999  inhabitants 5.0% 5.0% 

20,000-49,999  inhabitants 6.0% 6.0% 

50,000-99,999 inhabitants 6.6% 6.5% 

100,000-199,999 inhabitants 5.0% 5.1% 

200,000-1,999,999 inhabitants 21.7% 21.9% 

Paris urban unit 17.9% 17.9% 

Median annual income of the Commune (€)   

<12,850 25.0% 24.5% 

12,850 – 14,329 25.0% 25.5% 

14,330 - 16,448 25.0% 24.5% 

>16,448 25.0% 25.5% 

Proportion of blue-collar workers in the Commune   

< 20% 25.0% 26.3% 

20-26.5% 25.0% 24.6% 

26.6-34.2% 25.0% 24.0% 

>34.2% 25.0% 25.1% 

Proportion of baccalaureate holders in the Commune   

< 19.2% 25.0% 24.6% 

19.2-24.4% 25.0% 24.9% 

24.5-30.7% 25.0% 25.3% 

>30.7% 25.0% 25.1% 

Proportion of homeowners in the Commune   

<42.5% 25.0% 25.1% 

42.5-59.4% 25.0% 24.8% 

59.5-75.5% 25.0% 25.1% 

>75.5% 25.0% 25.1% 
aThe urban unit is defined by the INSEE (National Institute of Statistics and Economic Studies) as a group of 

Communes in which the distance between dwellings is not more than 200 m.  
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Table 2: Distance to the nearest French nuclear power plant (NPP) and childhood acute leukemia - Geocap case-control study and incidence studies. 

 
  Geocap study, 2002-2007

a
   Incidence study, 2002-2007

b
   Incidence study, 1990-2001

b
   Incidence study, 1990-2007

b
 

  (distance: residence-nearest NPP)   
(distance: municipality-nearest 

NPP) 
  (distance: municipality-nearest NPP)   (distance: municipality-nearest NPP) 

  Cases Controls OR 95%CI p   O E SIR 95%CI p   O E SIR 95%CI p   O E SIR 95%CI p 

Age < 15 years
c
                                               

0-4.99 km 14 80 1.9 [1.0-3.3] *   14 7.4 1.9 [1.0-3.2] *   10 13.6 0.7 [0.4-1.4]     24 21.0 1.1 [0.7-1.7]   

5-9.99 km 17 213 0.9 [0.5-1.5]     19 20.6 0.9 [0.6-1.4]     40 39.2 1.0 [0.7-1.4]     59 59.8 1.0 [0.8-1.3]   

10-14.99 km 27 320 0.9 [0.6-1.4]     30 25.4 1.2 [0.8-1.7]     50 48.5 1.0 [0.8-1.4]     80 73.9 1.1 [0.9-1.4]   

15-19.99 km 41 447 1.0 [0.7-1.4]     36 42.4 0.9 [0.6-1.2]     73 81.5 0.9 [0.7-1.1]     109 124.0 0.9 [0.7-1.1]   

≥ 20 km 2654 28940 1.0                                         

                                               

<20 km 99 1060 1.0 [0.8-1.3]     99 95.7 1.0 [0.8-1.3]     173 182.9 0.9 [0.8-1.1]     272 278.6 1.0 [0.9-1.1]   

≥ 20 km 2654 28940 1.0                                         

                                               

Age < 5 years
c
                                               

0-4.99 km 6 27 1.6 [0.7-4.1]     8 3.6 2.2 [1.0-4.4] *   6 6.6 0.9 [0.3-2.0]     14 10.2 1.4 [0.8-2.3]   

5-9.99 km 7 55 1.0 [0.5-2.3]     10 10.2 1.0 [0.5-1.8]     21 19.3 1.1 [0.7-1.7]     31 29.5 1.1 [0.7-1.5]   

10-14.99 km 11 103 0.8 [0.4-1.4]     11 12.6 0.9 [0.4-1.6]     18 23.5 0.8 [0.5-1.2]     29 36.1 0.8 [0.5-1.2]   

15-19.99 km 17 136 1.0 [0.6-1.7]     18 20.8 0.9 [0.5-1.4]     39 39.7 1.0 [0.7-1.3]     57 60.6 0.9 [0.7-1.2]   

≥ 20 km 1248 9396 1.0                                         

                                               

Total <20 km 41 321 1.0 [0.7-1.4]     47 47.3 1.0 [0.7-1.3]     84 89.1 0.9 [0.8-1.2]     131 136.4 1.0 [0.8-1.1]   

≥ 20 km 1248 9396 1.0                                         
a Odds ratios (OR) and 95% confidence intervals (95%CI) estimated by logistic regression adjusted for age at the end of the year (5-year age groups for the 5-14-year-old children, 1-year age 

groups for the 0-4-year-old children) and  Département of residence; b Standardized incidence ratio (SIR) calculated as the ratio of the observed (O) to the expected (E) number of cases with 

Byar’s approximation of the 95% confidence interval (95%CI); c Age at the end of the year in the Geocap study; exact age in the incidence studies 

* pone-sided <0.5 
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Table 3: Description of the registered cases within 20 km of the nuclear power plants (NPP) over the 

period, 2002-2007. 

  Distance:  residence - nearest NPP 

 0-4.99 km  5-9.99 km  10-14.99 km  15-19.99 km   < 20 km  ≥ 20 km 

  n %   n %   n %   n %   n %   n % 

Gender 14   17    27   41    99    2654   

Female 7 50.0%  8 47.1%  13 48.1%  20 48.8%  48 48.5%   1202 45.3%  

Male 7 50.0%  9 52.9%  14 51.9%  21 51.2%  51 51.5%   1452 54.7%  

Age                  

< 5 years 6 42.9%  7 41.2%  11 40.7%  17 41.5%  41 41.4%  1248 47.0% 

5-9 years 5 35.7%  6 33.3%  11 40.7%  14 34.1%  36 36.4%  829 31.2% 

10-14 years 3 21.4%  4 23.5%  5 18.6%  10 24.4%  22 22.2%  577 21.7% 

Down's syndrome 0  0%  0  0%  0  0%  1 2.4%  1 1.0%  41 1.5% 

Acute leukemia type                  

ALL 14 100.0%  13 76.5%  23 85.2%  30 73.2%  80 80.8%  2179 82.1% 

B-cell precursor ALL 11 78.6%  10 58.8%  19 70.4%  26 63.4%  66 66.7%  1810 67.2% 

T-cell ALL 2 14.3%  3 17.6%  3 11.1%  4 9.8%  12 12.1%  249  9.4% 

AML 0 0.0%  4 23.5%  3 11.1%  10 24.0%  17 17.2%  407 15.3% 

Other AL 0 0.0%   0 0.0%   1 3.7%   1 2.0%   2 2.0%   68 2.6% 

AL: acute leukemia; ALL: acute lymphoblastic leukemia; AML: acute myeloblastic leukemia 
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Table 4: Distance to the nearest French nuclear power plant (NPP) and childhood acute leukemia –Geocap and incidence studies, 2002-2007, different stratified analyses. 

  Geocap case–control study
a
 (residence address)  Incidence study, 2002-2007

b
 (town hall address) 

  < 5 km vs. ≥ 20 km   < 20 km vs. ≥ 20 km   < 5 km   < 20 km 

  Cases Controls OR 95%CI p   Cases Controls OR 95%CI p   O E SIR 95%CI p   O E SIR 95%CI p 

Electrical power                                               

5200-5400 MW 3 22 1.4 [0.4-4.9]     28 303 0.9 [0.6-1.4]     3 1.8 1.7 [0.3-4.8]     27 26.2 1.0 [0.7-1.5]   

3600 MW 4 22 2.1 [0.7-6.3] *   28 325 1.0 [0.6-1.4]     3 1.9 1.6 [0.3-4.5]     27 31.6 0.9 [0.6-1.2]   

2600-2800 MW 6 29 2.1 [0.8-5.1] #   33 345 1.1 [0.7-1.5]     7 3.0 2.3 [0.9-4.8] *   34 30.8 1.1 [0.8-1.5]   

1800 MW 1 7 1.4 [0.2-11.6]     10 87 1.3 [0.6-2.6]     1 0.6 1.7 [0.0-9.3]     11 7.1 1.5 [0.8-2.8]   

Year                                               

2002 0 12 0.0       15 180 0.8 [0.5-1.5]     1 1.2 0.8 [0.0-4.5]     15 16.2 0.9 [0.5-1.5]   

2003 3 15 2.1 [0.6-7.5]     18 182 1.2 [0.7-2.0]     3 1.2 2.4 [0.5-7.1]     17 16.2 1.1 [0.6-1.7]   

2004 1 13 0.8 [0.1-6.4]     19 168 1.2 [0.7-2.0]     1 1.3 0.8 [0.0-4.4]     18 16.3 1.1 [0.7-1.7]   

2005 1 13 0.8 [0.1-6.6]     14 161 1.1 [0.6-1.9]     0 1.2 0.0 [0.0-3.1]     17 15.5 1.1 [0.6-1.8]   

2006 5 13 4.9 [1.6-14.8] *   18 175 1.1 [0.6-1.9]     5 1.2 4.1 [1.3-9.6] *   17 15.7 1.1 [0.6-1.7]   

2007 4 14 3.9 [1.2-12.9] *   15 195 0.8 [0.4-1.4]     4 1.2 3.3 [0.9-8.4] *   15 15.7 1.0 [0.5-1.6]   

Coastal location                                               

Yes 3 18 1.7 [0.5-6.0]     26 258 1.1 [0.7-1.3]     3 1.5 2.0 [0.4-5.9]     29 24.7 1.2 [0.8-1.7]   

No 11 62 1.9 [1.0-3.6] *   73 802 1.0 [0.8-1.3]     11 5.9 1.9 [0.9-3.4] *   70 71.1 1.0 [0.8-1.2]   

Border location                                               

Yes 4 19 1.9 [0.6-5.9]     17 187 0.9 [0.5-1.5]     4 1.3 3.0 [0.8-7.6] *   19 16.4 1.2 [0.7-1.8]   

No 10 61 1.8 [0.9-3.6]     82 873 1.1 [0.8-1.3]     10 6.0 1.7 [0.8-3.1] #   80 79.3 1.0 [0.8-1.3]   

Status of the Commune                                               

Rural 9 49 2.2 [1.0-4.7] *   49 445 1.2 [0.8-1.6]     9 3.9 2.3 [1.1-4.4] *   51 41.8 1.2 [0.9-1.6]  # 

Semi-urban 3 16 2.2 [0.6-7.9]     26 388 0.8 [0.5-1.3]     3 2.5 1.2 [0.2-3.5]     26 34.6 0.8 [0.5-1.1]   

Urban 2 15 1.5 [0.3-6.6]     24 227 1.3 [0.8-2.1]     2 0.9 2.1 [0.2-7.7]     22 19.4 1.1 [0.7-1.7]   

Median income of the Commune                                               

< median 11 51 2.3 [1.2-4.4] *   63 703 1.0 [0.8-1.3]     11 4.6 2.4 [1.2-4.3] *   63 64.7 1.0 [0.8-1.3]   

≥ median 3 27 1.1 [0.3-3.6]     35 352 1.1 [0.7-1.6]     3 2.8 1.1 [0.2-3.2]     36 31.0 1.2 [0.8-1.6]   

Proportion of blue-collar workers in the Commune                                            

< median 2 15 1.6 [0.4-7.3]     18 175 1.2 [0.7-2.1]     2 1.4 1.5 [0.2-5.2]     18 15.8 1.1 [0.7-1.8]   

≥ median 12 65 1.9 [1.0-3.5] *   81 885 1.0 [0.7-1.2]     12 6.0 2.0 [1.0-3.5] *   81 79.9 1.0 [0.8-1.3]   

Proportion of baccalaureate holders in the Commune                                            

< median 13 70 1.9 [1.0-3.6] *   79 819 1.0 [0.8-1.3]     13 6.0 2.2 [1.2-3.7] *   78 71.5 1.0 [0.9-1.4]   

≥ median 1 10 1.4 [0.2-11.6]     20 241 1.0 [0.6-1.6]     1 1.4 0.7 [0.0-4.1]     21 21.3 0.9 [0.5-1.3]   
a Odds ratios (OR) and 95% confidence intervals  (95%CI) estimated by logistic regression adjusted for age at the end of the year (5-year age groups for the 0-14-year-old children, 1-year age 

groups for the 0-4-year-old children) and Département of residence; b Standardized incidence ratio (SIR) calculated as the ratio of the observed (O) to the expected (E) number of cases with 

Byar’s approximation of the 95% confidence interval (95%CI) * pone-sided <0.05; # pone-sided <0.10 
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Table 5: Cross-classification of the 30,000 controls (2002-2007) by the distance to the nearest French NPP and 

by the Dose Based Geographic Zoning (DBGZ). 

Dose Based Geographic Zoning a  Distance to 

the nearest 

NPP Reference ≤ 0.093 µSv 0.094-0.20 µSv 0.21-0.72 µSv > 0.72 µSv 

Total 

0-4.99 km 0 5 5 38 39 87 

5-9.99 km 0 33 50 93 43 219 

10-14.99 km 0 119 104 62 11 296 

15-19.99 km 1 260 158 20 4 443 

≥ 20 km 28,955 0 0 0 0 28,955 

Total 28,956 417 317 213 97 30,000 
a The "Dose Based Geographic Zoning" is based on the estimated bone marrow radiation dose related to NPP gaseous 

discharge at the location of the Commune town hall and expressed in µSv. By definition, the "Reference" geographic zone of 

the DGBZ is the same as that which is used for the distance based zoning, that is the Communes which town hall is located 

20 km or farther away from any NPP. 
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Table 6: Association between Dose Based Geographic Zoning (DGBZ a) around the French NPPS and childhood acute leukemia - Geocap case-control study and incidence 

studies. 

  Case-control study, 2002-2007
b
   Incidence study, 2002-2007

c
   Incidence study, 1990-2001

c
   Incidence study 1990-2007

c
 

  (distance: municipality-nearest NPP)   (distance: municipality-nearest NPP)   (distance: municipality-nearest NPP)   (distance: municipality-nearest NPP) 

  Cases Controls OR 95%CI   O E SIR 95%CI   O E SIR 95%CI   O E SIR 95%CI 

Age < 15 years
d
                                     

> 0.72 µSv a  8 97 1.0 [0.5-2.1]   8 8.3 1.0 [0.4-1.9]   13 16.4 0.8 [0.4-1.4]   21 24.7 0.9 [0.5-1.3] 

0.21-0.71 µSv 19 213 1.0 [0.6-1.6]   20 18.5 1.1 [0.7-1.7]   42 36.7 1.1 [0.8-1.6]   62 55.2 1.1 [0.9-1.4] 

0.094-0.20 µSv 29 317 1.0 [0.7-1.5]   31 30.0 1.0 [0.7-1.5]   54 56.8 1.0 [0.7-1.2]   85 86.7 1.0 [0.8-1.2] 

≤ 0.093 µSv 40 417 1.0 [0.7-1.4]   40 39.0 1.0 [0.7-1.4]   64 73.1 0.9 [0.7-1.1]   104 112.0 0.9 [0.8-1.1] 

≥ 20 km 2657 28956 1.0                                

                                        

<20 km 96 1044 1.0 [0.8-1.3]   99 95.7 1.0 [0.8-1.3]   173 182.9 1.0 [0.8-1.1]   272 278.6 1.0 [0.9-1.1] 

≥ 20 km 2657 28956 1.0                                

                                        

Age < 5 years
d
                                     

> 0.72 µSv a  4 28 1.1 [0.4-3.2]   5 4.0 1.2 [0.4-2.9]   7 8.0 0.9 [0.4-1.8]   12 12.0 1.0 [0.5-1.8] 

0.21-0.71 µSv 6 59 0.9 [0.4-2.0]   8 9.2 0.9 [0.4-1.7]   23 17.9 1.3 [0.8-1.9]   31 27.1 1.1 [0.8-1.6] 

0.094-0.20 µSv 15 88 1.3 [0.7-2.3]   16 14.9 1.1 [0.6-1.7]   29 27.9 1.0 [0.7-1.5]   45 42.8 1.1 [0.8-1.4] 

≤ 0.093 µSv 16 137 0.9 [0.5-1.5]   18 19.1 0.9 [0.6-1.5]   25 35.3 0.7 [0.5-1.1]   43 54.5 0.8 [0.6-1.1] 

≥ 20 km 1248 9396 1.0                                

                    

< 20 km 41 312 1.0 [0.7-1.4]   47 47.3 1.0 [0.7-1.3]   84 89.1 1.0 [0.8-1.1]   131 136.4 1.0 [0.8-1.1] 

≥ 20 km 1248 9405 1.0                                
a The "Dose Based Geographic Zoning" is based on the estimated bone marrow radiation dose related to NPP gaseous discharge at the location of the Commune town hall and expressed in 

µSv. By definition, the "Reference" geographic zone of the DGBZ is the same as that which is used for the distance based zoning, that is the Communes which town hall is located 20 km or 

farther away from any NPP. 
b Odds ratios (OR) and 95% confidence intervals  (95%CI) estimated by logistic regression adjusted for age at the end of the year (5-year age groups for the 0-14–year-old children, 1-year age 

groups for the 0-4-year-old children) and Département of residence; c Standardized incidence ratio (SIR) calculated as the radio of the observed (O) to the expected (E) number of cases with 

Byar’s approximation of the 95% confidence interval (95%CI); d Age at the end of the year in the Geocap study; exact age in the incidence studies 
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