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SUMMARY

Introduction: The causes of leukemia are largely unclear.
The question whether leukemia rates are increased near
nuclear power plants is controversial. The German
Childhood Cancer Registry has published an epidemiological
case-control study on childhood cancer and nuclear power
plants.

Method: The study was based on the distance of children's
residences from nuclear power plants and addressed the
question whether children under age 5 with cancer live
closer, on average, to nuclear power plants than randomly
selected controls. 0dds Ratios (OR) for distance categories
and standardized incidence ratios (SIR) were calculated.

Results: An association was found between the nearness
of residence to nuclear power plants and the risk of
leukemia (593 cases, 1766 controls). Within the 5-km zone,
the OR for the development of leukemia in children under
5 years of age was 2.19 compared to the rest of the region,
and this elevation of the OR was statistically significant.
The incidence of leukemia in the overall study region was
the same as that in Germany as a whole (SIR=0.99; 95%
confidence interval 0.92-1.07).

Discussion: Based on the available information about
radiation emissions from German nuclear power plants,

a direct relation to radiation seems implausible. Many factors
may conceivably cause leukemia, possibly operating in
combination, and these factors may be present to a greater
extent in the vicinity of German nuclear power plants.
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E very year some 1800 children under 15 years of
age in Germany develop a malignant disease,
including around 600 who becomeill with leukemia(1).
The data of the German Childhood Cancer Registry
show that a high proportion (79.1%) of casesin thisage
group are accounted for by acute lymphoblastic leukemia
(ALL), followed by acute myeloid leukemia (AML;
14.0%) (1). Chronic leukemia is considerably less
frequent in children than in adults. The median age at
onsetis5years. Theincidenceof ALL in Germany is4.1
per 100 000, that of AML 0.7 per 100 000. European
data show a statistically significant increase in child-
hood leukemias in recent years (1978 to 1997: mean
0.6% per year) (2). This is confirmed by the German
data (3).

The higher incidence of childhood leukemias in
industrialized countries, together with repeated obser-
vations of temporally limited local clusters of leukemia
in rural areas, has led to the hypothesis that infectious
pathogens play a part (4). Children whose immune
system was inadequately modulated in infancy seem to
be at greater risk of leukemia when they later have
increased exposure to agents of infection (5). Environ-
mental influenceswerelong suspected of causing alarge
proportion of leukemiasin children; however, it hassince
emerged that only a small number of cases result from
such factors. The authors published areview of the pos-
sible causes of childhood leukemiain 2005 (6).

Despite the great number of large epidemiological
studies carried out, the causes of leukemiain childhood
remain largely unclear. Nevertheless, onefactor generally
accepted to represent arisk for leukemiais exposure to
ionizing radiation. The effect of low-dose radiation is
less clear. Therefore, the question frequently arises of
whether the risk of leukemiais greater in the vicinity of
nuclear power plants (NPP).

Leukemia, especialy in children, is usually a central
topic in the discussion of the possible consequences of
nuclear technology. Thisisrelated to therelatively swift
development of leukemia after exposure to ionizing
radiation and the fact that leukemiais the most frequent
malignant disease of childhood.

In 2007 the German Childhood Cancer Registry
published the findings of the Epidemiological Case-
Control Study of Childhood Cancer and Nuclear Power
Plants (KiKK study) (7-9). Earlier studieswere completed
and published in 1992 (10, 11) and 1998/1999 (12, 13).
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Materials and methods—background detail

For every case, three sex- and age-matched controls were randomly
selected from the same district in the year of diagnosis (total 4735
controls, including 1766 for children with leukemia). For both cases
and controls the residential address at the time of diagnosis (the
corresponding date for controls) was geo-coded and the distance r to
the outlet tower of the nearest nuclear power plant (NPP) established.

According to the United Nations Scientific Committee on the Effects
of Atomic Radiation (UNSCEAR), 1/r approximates the radiation expo-
sure as function of the distance r from a corresponding point source
(16). Therefore 1/r was included as a variable in the regression model
used in the study. Odds ratios (OR) and the 95% confidence interval (Cl)
were estimated by means of conditional logistic regression analysis. If
the lower limit of the Cl lies above 1, the result is termed "“statistically
significant" (5% level).

Also calculated were standardized incidence ratios (SIR = O/E), i.e.,
the ratio of observed cases of disease (0) to expected cases (E). In this
simple approach, commonly employed in analyses of regional data,
disease rates at administrative unit level (at community or district level
for example, i.e., not at individual level) are compared with the rate at
national level. E is calculated from the number of inhabitants under

5 years of age in the region under investigation and the national disease
frequency during the same time within the study period. The SIR is
always given together with the corresponding 95% Cl. SIR are presented
for

— the whole KiKK study region (including, in contrast to the KiKK

study, some cases for which name and address were unknown)
and

—all 15 groups of administrative districts assigned to the individual

NPP sites. It should be noted that some of the administrative
districts were assigned to two or more NPP and thus were included
in two or more SIR calculations (e.g., the administrative district of
Stade belongs to the NPP at Brunsbuettel, Brokdorf, and Stade).

The study period was defined individually for each NPP. (The year of
diagnosis had to be between 1980 and 2003, and the diagnosis had to
be made no less than 1 year after the commissioning date of the NPP
and no more than 5 years after the NPP ceased operation.)

The type of settlement in a community is divided by the German
Federal Office for Building and Regional Planning into 17 categories (as
of 31 December 2001), grouped into three classes : "urban," "mixed,"
and "rural." The classification applies to the whole community, so that
an outlying settlement defined administratively as part of a nearby town
will count as "urban," despite its possibly rural character.

The question the recent study sets out to answer was
whether children with cancer lived, on average, closer to
an NPPthan randomly selected healthy control children.
Specificaly, it was investigated whether there is a
connection between the distance from residenceto nearest
NPP and the occurrence of amalignant disease (formu-
lated statistically as aone-sided proposition).

In the KiKK study, as in the preceding studies, an
increased risk of leukemia was observed for children
under the age of 5 yearswho livewithin 5 km of an NPP.
In light of the available data on the radiation emitted by
German power reactors during normal operation, how-
ever, adirect link with the radiation seems implausible
on the basis of current knowledge.

In this article the authors report the results of a series
of analyses extending beyond the original evaluation
concept and the concluding report (tables 1, 2, 3), as
well as additional analyses solely on the basis of data
from the German Childhood Cancer Registry (tables4, 5).

Materials and methods

The methods of the KiKK study are described in detail
elsewhere and are therefore outlined only briefly here
(box) (7, 9). The KiKK study was a case-control study.
A total of 41 administrative districts (Landkreise) in
thevicinity of 16 NPPinwestern Germany were defined
as the study region (figure). Cases, as defined in the
study, were al the children under 5 years of age diag-
nosed with a malignant disease (definition: [14]) be-
tween 1980 and 2003 who lived in the study region at

the time of diagnosis and whose cases were notified to
the German Childhood Cancer Registry (15). Alto-
gether therewere 1592 children with malignant diseases,
including 593 with leukemia. Two NPP, Lingen and
Emsland, were built at the same site with different
operating periods; thus, the study region comprised 15
siteswith 16 NPP.

Results

KiKK study

The KiKK study showed that in Germany arelationship
can be observed between proximity of residence to an
NPP and the risk that a child will develop cancer before
reaching 5 years of age. This connection, statistically
confirmed inthisstudy, holdsonly for theleukemias; for
all other previously established diagnoses (brain tumors,
embryonal tumors), no statistically significant results
were found.

Table 1 showsthe odds ratios (OR) for leukemiaas a
whole and its subgroups for the categories up to 5 km
and up to 10 km. Within the 5-km zone the risk of leu-
kemiaistwice that elsewhere in the study region (OR =
2.19); for the 10-km zone the OR = 1.33. For table 2 the
zone of the study region morethan 70 km from the nearest
NPP was selected for comparison (reference category).
An increased—albeit not statistically significant—OR
of 2.27 can be seen for the 5-km zone, whilein al other,
more distant zones of the study region the OR lies be-
tween 0.90 (50- to 70-km zone) and 1.11 (30- to 50-km
zone), with no distance trend discernible.
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Time-dependent odds ratios and the influence

of the "Kriimmel region"

The KiKK study embraced the period from 1980 to
2003. The first NPP study covered the years 1980 to
1990, while the second took place in the period 1991 to
1995. The current third study additionally included the
years 1996 to 2003; thus only some of the data are
"new."

Table 3 shows the OR for these three consecutive pe-
riods for the 5-km zone around the NPP (leukemia: OR
= 3.00 for 1980 to 1990, OR = 2.10 for 1991 to 1995
[both statistically significant], OR = 1.78 for 1996 to
2003).

Since 1990 considerably more children than would
be expected have devel oped leukemiaaround the NPPat
Krimmel, Schleswig-Holstein. Intensive investigations
have failed to identify areason. From 1990 to 2006, 16
cases of leukemia were detected in children under 15
years of age in the communities of Geesthacht and Elb-
marsch. Up to 2003 (the end of the KiKK study period)
there were 14 cases of leukemia. Eight of the children
affected were under 5 years old at disease onset and
living in the 5-km zone, and were therefore included in
the KiKK study (table 3). Altogether, 30 children under
the age of 5 from the study area around the NPP Kriim-
mel (administrative districts Duchy of Lauenburg, Har-
burg, and L ueneburg) were included in the KiKK study
("Kriimmel cases'). The result of dichotomous analysis
with the border at 5 km changes only little if these 30
cases are |eft out of consideration: OR = 2.19 for 1980
to 2003 for all 16 NPP; OR = 1.96 without Kriimmel
(table 3).

Standardized incidence ratios (SIR) for the whole study region
and individual NPP areas

Table 4 showsthe SIR for thewhole study region and for
the areas around the 15 NPPsites. Neither for the whole
study region nor for theindividual NPP areas was a sta-
tistically significant deviation from the national average
observed. The overall SIR for all 41 administrative
districts was 0.99 (CI 0.92 to 1.07). The SIR values
varied from 0.85 to 1.21 for the 15 groups of admin-
istrative districts around the individual NPP sites.

Table 5 shows SIR by distance from the center of the
community to the nearest NPP. The SIR value for the 5-
km zone was 1.41. The 95% CI spans 1, so thisSIR is
not statistically significantly increased. The SIR values
for communitieswhose centersare morethan 5 km from
the nearest NPP (5 to 10 km, 10 to 30 km, 30 to 50 km,
50to 70 km, over 70 km) were statistically insignificant;
they lay between 0.85 and 1.00.

Dividing the communities whose central points lay in
the 5-km zone by type of settlement, the SIRwas 1.81 (Cl
0.73 to 3.72, based on 7 cases of disease) for rura
locdlities, 1.18 (Cl 0.69t0 1.90, 17 cases) for mixed settle-
ments, and 1.71 (ClI 0.82t0 3.14, 10 cases) for urban areas.
None of these SIR values are datistically significantly
elevated, and no trend is discernible (data not shown).

Evaluation of the case-control study showed a clear-
cut increase in risk for cases from rura localities.
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Nevertheless, the estimator for the OR of the 5-km zone
varied hardly at all after adjustment for these variables
(2.21 vs 2.19). Thus the observed effect cannot be
explained by the fact that NPP are preferably located in
rural areas.

Discussion
The strength of the KiKK study liesin its consideration
of all NPP regions of Germany collectively, enabling
conclusions based on the greatest available number of
relevant cases of disease. Notably, even after the pooling
of al data, in the 24-year study period only 37 cases of
leukemiain children under 5 within the 5-km zone were
included in the evaluation (out of atotal of 5893 cases of
leukemia). Separate analysis for each individual NPPis
therefore not meaningful with the selected study design.
The KiKK study has repeatedly been described as
"the most painstakingly designed and most exhaustive
survey worldwide" (e.g., press release of the Federal
Office for Radiation Protection, 10 December 2007).
Thisstatement isnot intended to conceal the fact that the
present study, in common with almost al empirical,
nonexperimental  investigations, features potential
distortions and limitations that can be clearly enumerated
and must be taken into consideration when evaluating
the findings. Some have already been described by
Schulze-Rath et a. (17). Compared with the earlier inci-
dence studies, the new case-control study has adifferent
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subgroups*1

All leukemias

Estimated odds ratios (OR) with lower limit of one-sided 95% confidence
interval (CI) for two distance classes: all leukemias and diagnostic

= 5km vs > 5-km zone
= 10 km vs > 10-km zone

Acute lymphoblastic leukemia

= 5 km vs > 5-km zone
= 10 km vs > 10-km zone

Acute myeloid leukemia

= 5 km vs > 5-km zone
= 10 km vs > 10-km zone

2.19%2 1.51 &
1.33*2 1.06 95
1.98*2 1.33 30
1.34*2 1.05 84
3.882 1.47 7
1.30 0.66 10

*1 Age under 5 years, according to (8)
*2 Significant at 5% one-sided

<5km

5t0 <10 km
10t0o <30 km
30 to < 50 km
50to <70 km
=70 km*2

Estimated odds ratios (OR) with lower limit of one-sided 95% confidence
interval (CI) and numbers of cases and controls by distance from nearest
nuclear power plant*1

2.27 0.80 37 54
1.09 0.40 58 173
1.01 0.38 332 1048
1.1 0.41 135 387
0.90 0.32 27 92
1.00 = 4 12

*1 Leukemias in children under 5 years, according to (8)
*2 Reference category

method with different disadvantages. Some important
limitations of the KiKK study are discussed below.

It must berealized that the data of the most recent study
are not independent from the data of the two preceding
studies by the German Childhood Cancer Registry and
do not constitute independent confirmation of the find-
ings of earlier German studies. Increased incidence in
the immediate vicinity of power reactors leads both to
an increased SIR for communitiesin the area concerned
(the approach of the first two incidence studies and the
new analysisin table 5) and to an increased OR in the
case-control design. Thus, the OR of 3.00 for 1980 to
1990 (table 3) correspondsto theamost identical relative
risk from the first NPP study (RR = 3.01) (8). The limi-
tation of the study to children under 5 years of age and
the determination of the predefined subsidiary issuesfor
investigation with regard to the 5-km zone and the

subgroup of leukemiawere based on the corresponding
findings of the first NPP study (10, 11). The OR values
in table 3 show a dlightly decreasing tendency for the
two periodsafter 1980 to 1990, to which theregion around
the NPP Kriimmel made an essential contribution.

In case-control studies the nonresponse problem can
lead to distortion of the results. Thus, in the most recent
study the authors depended on the assistance of local
authoritiesto recruit controls. Not al of them cooperated,
thewillingnessto help varying according to the distance
from the NPP. The consequences of thisincomplete and
sometimes error-prone recruitment of controls were, as
far as possible with the available data, described in
detall in sensitivity analyses in the concluding report
(9). These problems with control recruitment may have
led to slight overestimation of the effect.

The decision to base the study region on the bound-
aries of administrative districts led to anomalies. For
instance, any town that constituted its own administrative
unit rather than being part of adistrict was not included,
regardless of its proximity to the NPP concerned.
Administrative districts have irregular boundaries,
leading to inclusion of some communities very far from
an NPP and exclusion of other communities that were
much closer.

In none of the three NPP studies could confounders
be taken into account. In the incidence studies, only
the type of community was considered as potential
influencing factor. The most recent study stratified
individually by age, sex, year, and NPParea. A supple-
mentary analysis also examined the influence of
community type. Consideration of other potential
confounders (e.g., socia status) was categorically
excluded in the earlier studies, and they were also not
investigated in the KiKK study, for the reasons detailed
in the concluding report (9).

In both study types (incidence studies, case-control
study), only the residential address at the time of diag-
nosiswas used to determine distance; previous addresses
weredisregarded. Moreover, noinformationisavailable
astowhether or for how long the children actually resided
at that address before the onset of illness (extended
visits to grandparents, time spent in créches, with child
minders, in kindergarten, on holiday, etc.). However
accurate the individual distance determination, it may
therefore not reflect the true "exposure” to the NPP.

The problem of interpreting distance as a measure of
radiation exposureis shared by all three NPPstudies. No
data on radiation exposure were available; in particular,
the natural background exposure was not taken into
account. The variation in natural radiation exposure in
Germany is many times higher than the radiation expo-
surefrom an NPPin normal operation.

The modeling of a constant distance curve has statis-
tical advantages over categorical models (18, 19). On
the other hand, it carriesthe inherent risk that afunction
will befitted that only partly reflectsthetruetrend of the
data. Thisholds particularly when the distribution of the
exposed probands tends to be uneven. Furthermore,
certain basic assumptions cannot be disregarded in the
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0dds ratios (OR) with lower limit of one-sided 95% confidence interval (Cl) for leukemias
and assignment to the category of "Kriimmel cases," by period*1

Period*1 OR'3 OR3 without KiKK study patients KiKK study patients Cases forming
the 30 cases from the whole from the Kriimmel the known
from the Kriimmel Krlimmel area*4 5-km zone*s "Krimmel cluster"*s
area
1980-1990 3.00*2 (1.54) 2.78*2(1.42) 9 1 4
1991-1995 2.10"2(1.04) 1.79(0.76) 9 4 5
1996-2003 1.78(0.99) 1.52(0.81) 12 3 5
1980-2003 2.19*2(1.51) 1.96*2 (1.31) 30 8 14

*1 Analogous to the study periods of the three NPP studies carried out with data from the German Childhood Cancer Registry
*2 Significant at 5% level, one-sided

*3 Residential address within 5 km or over 5 km (in parentheses, lower limit of CI)

*4"Kruemmel cases" from the "KiKK administrative districts" (Duchy of Lauenburg, Harburg, and Lueneburg)

*5 From the communities of Geesthacht and Elbmarsch

modeling. It is particularly important to ensure that the
observed data, by definition, do not include any "non-
exposed" probands. In other words, the curve assigns an
"exposure-dependent risk" to every individual, regard-
less of distance. It therefore makes sense, for example,
to calculate attributable cases only for the range of
distance with agenuinely clear effect. Attributable cases
are cases that—assuming causality—could be put down
toresiding inthevicinity of an NPP. Derivation fromthe
complete fitted curve is mathematically feasible, but
implies the assumption that a quantitatively relevant
"effect" persists right to the outer margin of the study
area. This cannot be substantiated by the categorical
analyses. These aspectswere not taken into consideration
inthe critical discussion of the authors' eval uation of the
study, atheme also taken up in the pages of Deutsches
Arzteblatt (20).

Not unexpectedly, in view of thetopic, the public dis-
cussion has been heated and emotional (21). Thus, opin-
ions differ as to whether the results indicate a causal
relationship with the exposure to ionizing radiation
from NPP. Based on the findings of radiation research
such aconnection seemsimplausible, because theradia-
tion emitted by an NPP in normal operation is at least
1000 times lower than "background radiation,” i.e., the
1.4 mSv of natural radiation to which the average
German is exposed in a year (22). This comparison is
based on areport commissioned by the European Union
(23), which gives cumulative lifetime exposure of
0.0003200 to 0.0000019 mSv for a 50-year-old person
living within 5 km of a German NPP. In their interpreta-
tion of the data, the authors assume normal operation of
the NPP. The authors do not know to what extent inci-
dentsinvolving leakage of radiation may have occurred.
No major incidentsin Germany are known.
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In May 2008 an international workshop on the causes
of childhood leukemia, co-organized by the Federa
Office for Radiation Protection, was held in Berlin.
Participants emphasized that many different factors are
involved in the etiology and that a simple monocausal
interpretation of the present study's findings is not
permissible (6, 24). Unfortunately, it cannot currently be
ascertained whether several such factors occur together
in the vicinity of German NPPR, thus determining the
study's findings. The authors' analyses show that living
inarural areaisassociated with ahigher risk of leukemia,
but this has no decisiveinfluence on the main conclusion
of the study.

After publication of the recent study, the authorswere
constantly approached by concerned citizenswanting to
know whether it was dangerousto live in the area of an
NPP and whether they should perhaps consider moving
away. The SIR calculationsfor theKiKK study, presented
herefor thefirst time, aretherefore of particular interest.
For the whole study region they show almost exact
agreement with the national incidence rate. The disease
rates in the individual NPP areas fluctuate randomly
above or below the national average, but the observed
SIR values al lie within the statistical range of fluctua-
tion. While one approach yields a striking result for the
5-km zone (OR = 2.19 [table 1]), the other approach
givesaresult which, though also increased, isnot statis-
tically significant (SIR = 1.41 [table 5]). Since the
determination of distance using the central point of the
community was much less exact than using individual
residential addresses, as in the case-control study, a
correspondingly less clear measure of effect was to be
expected. In this respect the two approaches are not
contradictory. Nevertheless, the disease rates, both for
the individual NPP sites in the KiKK study with their
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TABLE 4

Observed and expected numbers of cases of leukemia and standardized incidence ratios (SIR)

with 95% confidence intervals (Cl)—whole study region*'
Name of nuclear power plant 95% CI 95% CI
Whole study region 623.67 0.92 1.07
Administrative district groups
(15 NPP sites)
Brunsbiittel 33 38.16 0.86 0.60 1.21
Brokdorf 58 49.72 1.17 0.89 1.51
Krimmel 40 40.56 0.99 0.70 1.34
Stade 67 57.10 1.17 0.91 1.49
Unterweser 34 34.51 0.99 0.68 1.38
Lingen/Emsland 55 56.11 0.97 0.73 1.26
Grohnde 49 42.14 1.16 0.86 1.54
Wiirgassen 40 42.16 0.95 0.68 1.29
Grafenrheinfeld 24 21.26 1.13 0.72 1.68
Biblis 51 60.20 0.85 0.63 1.1
Obrigheim 31 33.96 0.91 0.62 1.30
Neckarwestheim 121 120.96 1.00 0.83 1.20
Philippsburg 111 104.95 1.06 0.87 1.27
Isar 31 25.54 1.21 0.82 1.70
Gundremmingen 38 42.00 0.90 0.64 1.24

*1 For the whole study region and for the 15 groups of administrative districts assigned to the individual NPP sites
(95% Cl corresponds to two-sided test at 5% level)

*2eukemias in children under 5 years old

*3 Expected incidence based on known incidence for whole of Germany
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Observed and expected numbers of cases of leukemia and standardized incidence ratios (SIR)

with 95% confidence intervals (Cl)—by distance to nuclear power plant*!

m Observed*2 Expected*2.3 SIR Lower limitof | Upper limit of

95% Cl 95% CI

<5km 34 24.09 1.4 0.98 1.97
5to <10 km 61 62.89 0.97 0.74 1.25
10to < 30 km 356 364.20 0.98 0.88 1.08
30 to < 50 km 140 140.39 1.00 0.84 1.18
50to <70 km 23 27.08 0.85 0.54 1.27
=70 km 5 5.02 1.00 0.32 2.32

*1By distance of central point of each community in the study region to nearest NPP

associated groups of administrative districts and for the
whole study region with all 16 NPP, were unremarkable
(table 4). The central 5-km zones represent only asmall
fraction (<5%) of thetotal study region.
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