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Abstract (189 words)

Leukemia is the most frequent malignancy in children under the age of 15 years. The
guestion of whether childhood leukemia has a tendency for clustering or forms
clusters has been studied for several decades. The environmental risk factor
discussed most often is infection, which might result in spatial clustering and space-
time clusters. The German Childhood Cancer Registry provided data on 11 946
children with leukemia diagnosed during 1987-2007, as classified in the International
Classification for Childhood Cancer (third edition), aggregated by municipality. We
used the Potthoff-W hittinghill model to test for a general trend for clustering and the
spatial scan statistic to search for localized clusters. No evidence of global clustering
was found, neither for the whole study population nor in sub-groups by age, period or
population density, or for different types of leukemia. A similar result was found for
localized clusters. The analysis shows no evidence of a tendency to clustering,
however, aggregation of data at the municipality level might have diluted small
localized clusters. The results of this study do not provide support for the hypothesis

of an infectious or a spatial environmental etiology of childhood leukemia.
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Introduction

Leukemia is the most frequent malignancy in children under the age of 15 years, with
an incidence rate of 5.2 per 100 000 children per year in Germany during 1998—
2007. It is a disease of early childhood, with a distinct peak in incidence rate between
the ages of 2 and 5 years. The major morphological groups of childhood leukemia
are acute lymphoblastic leukemia (ALL) and acute myeloblastic leukemia (AML) [1].
The question whether childhood leukemia has a tendency to cluster has been studied

for more than 70 years [2].

It is important to distinguish between ‘clusters’ and ‘clustering’. Whereas a cluster
emerges in a small defined area and therefore consists of only a few cases,
clustering involves the overall propensity of cases to form clusters. Furthermore,
statistical tests on clusters and clustering can be classified as ‘focused’ or ‘general’.
A focused test covers the inclusion area around predefined foci, whereas a general

test is of the overall pattern in a study area [3].

In the early twentieth century, ALL was thought to be an infectious disease [4], and
clusters were interpreted as providing supporting evidence for this hypothesis.
Whether infections play a causal role in leukemogenesis is still unclear. There are
currently three hypotheses on the role of infections in the etiology of childhood
leukemia. (1) Kinlen’s hypothesis is based on an unusual type of population mixing in
isolated areas with low population density [5]. He proposed that the transiently higher
rates of childhood leukemia follows this type of population mixing, which leads to
infections in previously unexposed susceptible children by infected newcomers.
Leukemia of any kind in both populations would be a rare outcome as a reaction to
yet-unknown but mild infectious agents and reflects the immune naivety in both

populations. (2) Greaves’ ‘delayed-infection’ hypothesis sought to explain the peak



incidence of common B-cell precursor ALL in children aged 2-5 years by proposing
infections as a crucial second factor in the context of the ‘two-hit model’ of Knudson,
which postulates that cancer is the result of at least two mutations (hits) to a cell’s
DNA [6]. Greaves’ hypothesis postulates an aberrant response to infections as a
second necessary ‘hit’ after lack of exposure to infectious agents during infancy and
subsequent failure of modulation of the child’s immune system [1]. (3) Smith’s
hypothesis places the second essential hit during pregnancy, and not during infancy
[7]. The causative agent induces an infection in a pregnant woman, and the infection
is then transferred to the fetus and increases the child’s risk for ALL before the age of
5 years. All three hypotheses claim a possible role for infections in the etiology of
leukemia. If a general trend towards spatial clustering was observed the hypothesis
of an infectious etiology of childhood leukemia would be strengthened. If space-time

clusters would be detected this would be more in line with the hypothesis of Kinlen.

Since 1990, there have been to our knowledge 15 peer-reviewed publications on
studies of clusters, spatial clustering or space-time interaction of childhood leukemia
in different countries, in different age groups and with the use of various statistical
methods. Ten had their focus on clusters [8, 9, 10] and spatial clustering [11, 12, 13,
14, 15, 16, 17], two on space-time interaction alone [18, 19]. Three studies
investigated both [20, 21, 22]. Four found no spatial clustering and clusters at all [8-
11], four found statistically significant results for at least one subgroup [14, 16, 21,
22], and five found spatial clustering for the overall group of leukemia [12, 13, 15, 17,
20]. The five studies which investigated space-time interaction all found statistically
significant results [18, 19, 20, 21, 22]. However, in the explorative approach of Bellec
et al. [22] 140 Knox tests were carried out, which leads to problems due to multiple

testing.



In summary there is no clear evidence for or against spatial clustering. It is
remarkable that most of the studies conducted in the UK show a trend towards
spatial clustering, especially in the age group of the incidence peak of childhood
leukemia of ages 2 to 5 years and also for ALL, in line with the infectious hypotheses
(see above). The populations in these studies partially overlap, and the results are
therefore not independent. The most comprehensive study from the UK is
summarized in the eleventh report of Committee on Medical Aspects of Radiation in
the Environment (COMARE) and here a trend for spatial clustering was found,
although the effect was small [23]. Studies in other countries show a more diverse
picture, although the use of various methods makes direct comparison difficult. The
largest study to date, which included more than 13 000 children in several mainly
European countries, the so-called EUROCLUS project, showed a statistically
significant trend to spatial clustering, although, again, the trend was weak [15]. For a

detailed review, see McNally and Eden [24].

As infections and most of the environmental agents possibly related to the risk of
childhood leukemia, like ionizing radiation due to domestic exposure to radon [25], air
pollutants [26] or pesticides [27], are spatially heterogeneously distributed, it is
conceivable that childhood leukemia also shows a tendency to spatial clustering with
a temporal component. Thus, spatial and space—time analysis of the distribution of
childhood leukemia might give a hint to environmental agent(s), possibly infections,

which are involved in the etiology of the disease.

Our study on clustering of leukemia in Germany is based on data from the German
Childhood Cancer Registry, covering a population of approximately 13.2 million
children aged 0-14 years per year. The presence of clusters and clustering was

investigated at municipality level.



Material and Methods

Cases
We included all children up to the age of 14 years with primary leukemia diagnosed
in the period 1987-2007 and registered in the German Childhood Cancer Registry,
yielding 11 946 cases. We excluded 36 cases (0.3%) as they were either
anonymized (n = 9) or information on the municipality of residence at the time of
diagnosis was missing (n = 27). The German Childhood Cancer Registry is estimated
to be at least 95% complete [28,29]. Cases are coded according to the International
Classification of Childhood Cancer, third edition (ICCC-3) [30]. Contrary to earlier
versions of the ICCC, myeloproliferative diseases are now part of the first class,
‘Leukemias, myeloproliferative and myelodysplastic diseases’, of the ICCC-3, which
has been in use at the registry since 2006. Actually 2.9% of the cases have these
diseases which represent preleukemic stages. Furthermore, the two subgroups
separately analyzed in the result section include only cases with leukemia (ALL and
AML). Data from the former German Democratic Republic have been included in the

registry since 1991, i.e. shortly after the reunification of Germany.

Study population
Germany consists of 12 500 administrative units, of which 238 are not inhabited,
leaving 12 262 inhabited areas with a total of 82 217 658 inhabitants on an area of
353 044.1 km3. Children under the age of 15 years represent 13.7 % of the
inhabitants of Germany (all data are for 31 December 2007, from Bundesamt flr
Kartografie und Geodéasie, Statistisches Bundesamt).
The average population under 15 years in the municipalities ranged from 1 to
438 554 (data on inhabitants in each municipality of each year of the study period

1987-2007 were collected from the statistical offices of each Federal state, for the



federal states of the former German Democratic Republic for the years 1991-2007).
Children under 15 years accounted for on average fewer than 1 000 inhabitants in

9 847 municipalities (80.3 %), for 1 000—10 000 in 2 286 municipalities (18.6 %), for
10 000-100 000 in 125 municipalities (1.0 %) and for > 100 000 in four municipalities
(0.03 %). Therefore the expected number of cases in the municipalities varied from
3.3 x 10™ to 437. Latter is found in Berlin which is a single administrative unit, which

has more than 3.4 million inhabitants.

Statistical methods
Usually, a binomial distribution with parameter p of the chance for being a case in a
population of size n should be used for incidence data aggregated at municipality
level. As for rare diseases like childhood leukemia p is very small and n is usually
very large, a Poisson distribution with intensity parameter A = n p can be used as an
approximation of the binomial distribution. The major assumption of Poisson
distribution is the equality of variance and mean. A greater variance than the mean is
called ‘overdispersion’, which is associated with heterogeneity in the data and hence
with clustering. The Q statistic is obtained by dividing the empirical variance by the
empirical mean [31]; if the observed cases follow a Poisson distribution, the mean
and the variance should be equal and the statistic should be close to 1. This method
was used in a previous investigation of clustering with data from the German
Childhood Cancer Registry [9]. The major drawback of this test is that it does not
include the number of inhabitants in each municipality. Therefore, municipalities were
classified into 100 groups by the number of expected cases to make the variation in
the groups comparable.
The Potthoff-W hittinghill statistic is more often used and tests for spatial

heterogeneity or a trend for clustering. Under the null hypothesis, the number of



cases in each municipality follows a Poisson distribution, as explained above. The
alternative to overdispersion is described by a negative binomial, for which the
variance of the mean ratio is 1 + 8 [32-34]. This method expresses overdispersion in

relation to the mean by a single parameter 8, and B = 0 is tested in a score test.

Analyses were conducted overall and in subgroups by age (0—4, 5-9, 10-14 years),
by morphology (all leukemia, ALL, AML) and by time period (1987-1997, 1998—

2007). R software was used for analysis [35].

The Potthoff-W hittinghill method disregards spatial relations among municipalities. In
order to use this additional information, the Kulldorff spatial scan statistic was also
used for investigating clusters [36]. This method involves drawing all possible circles
in the study region with municipalities’ centroids as the centers and determining
whether there were more cases inside the circle than expected. The most likely
cluster is found by a likelihood ratio test. This method can be expanded to include the
time dimension (space—-time cluster), whereby the two-dimensional circles drawn in
the area can be interpreted as cylinders in a three-dimensional version. We used this
approach in order to find space-time clusters. SaT Scan software was used for the

Kulldorff spatial scan statistic [37].

Results

Table 1 shows the distribution of the leukemia cases by diagnostic subgroup, as

defined by the ICCC-3.



Figure 1 shows the mean and the variance for each of the 100 groups of
municipalities based on increasing number of expected cases. The scatter plot
covers only 96 of the 100 groups, as three groups were omitted as no cases were
observed, and the group with the largest number of expected cases was excluded as
its variance was an outlier owing to large differences in the number of inhabitants.
The figure shows that the variance and the mean are close in each group, indicating
that the observed cases per municipality follow a Poisson distribution. The variance
was greater than the mean only in the last group, due to greater variation in the

numbers of children in the largest cities of Germany.

The Q statistic confirms this observation. If the observed cases follow a Poisson
distribution, the statistic is expected to be 1. The minimum of the statistic for groups
1-99 was 0.74 and the maximum was 1.81; and for three of these 99 groups, a Q
statistic could not be calculated, as no cases were observed. For group 100, the
variance was large (72.73), because of the large variation in the number of
inhabitants in the municipalities in this group. If Q is greater than 1, this indicates a
tendency to overdispersion. This would be expected for half of the groups due to

chance; however, this was the case in only 36 of the 97 groups studied.

The score test based on the Potthoff-W hittinghill model (Table 2) showed no
statistically significant results overall or for any of the subgroups. Furthermore,
classification into former German Democratic Republic (East Germany) and former
Federal Republic of Germany (West Germany) and into municipalities with low

population density (< 50 persons per 50 km?) did not alter this overall result.

The municipalities were also aggregated into 459 units in order to achieve equal area

size (900 kmz, which is the area of Berlin, Figure 2). The result based on these 459



units was not statistically significant for overall childhood leukemia (8 = —0.057, SE(B)

= 0.066, p value = 0.77, not calculated for subgroups).

Using the spatial scan statistic (Table 3) we did not find evidence for clusters, neither
overall nor in any of the subgroups. This was true for both the purely spatial and for

the space-time analysis.

Discussion

This study is based on a large data set from an international highly reputed cancer
registry. With 11 946 cases of childhood leukemia, it is one of the largest
investigations of spatial clustering of childhood leukemia. None of the analyses
showed any evidence for a general tendency to clustering of cases of childhood
leukemia. Neither localized clusters nor a tendency to spatial clustering were found in
the data. Further, the results of analyses of subgroups by age, morphologic type of
leukemia and study period were in line with this overall finding; in particular, there
was no evidence of clustering of ALL cases or of cases in children aged 2-5 years,

two subgroups of a priori interest on the basis of previous research.

The findings of the present study are in contrast to those of the EUROCLUS project
[20], in which significant evidence for clustering of all leukemia was found in small
administrative units in Europe (p = 0.03). In arecent publication from the UK [22], the
authors reported a statistically significant result for overdispersion, providing
evidence for spatial clustering for all leukemia and ALL, although the effects were

small (overall: B = 0.045 (90 % CI: 0.02; 0.07), ALL: B8 = 0.05 (90 % CI: 0.025; 0.07)).



There are several possible explanations for these contrasting results. One is that the
smallest administrative unit in the United Kingdom, a ‘ward’, usually has about 6 000
inhabitants. Therefore, any variation in environmental exposure within each
administrative unit is likely to be small. In Germany, administrative units vary from
those containing only a few people to metropolitan areas like Berlin, with more than 3
million people. Areas with few inhabitants, and therefore with no or one case, are to
contribute no information to the statistic based on the Potthoff-W hittinghill model. In
cities with many inhabitants, the variations in exposure may be too great to reveal
clustering across the city. The last problem cannot be addressed, i.e. large cities
cannot be subdivided into smaller units, but small municipalities can be aggregated
to obtain areas with larger numbers. This was done by laying a grid with a pixel size
of 900 km? (size of Berlin) over a map of Germany and combining the municipalities
with centroids in each grid, resulting in 459 artificially created areas (Figure 2). The

result of the test did not, however, change the overall finding of no clustering.

Our results are in line with those of a study in France [16]; however, French
administrative units show similar diversity in the numbers of inhabitants to that in

Germany.

By using the approach of Potthoff-W hittinghill, a test with reasonable statistical power
in a variety of overdispersion models was chosen [33]. It is an appropriate approach
to find a general trend of clustering, but not appropriate to locate specific clusters. To
locate specific clusters we used the spatial scan statistic as complimentary approach.
This approach has most statistical power in detecting localized clusters appearing in
a circular shape [38] in a variety of different assumptions of clusters in urban, rural or
mixed settings. This method was also used finding space-time clusters; however, no

statistically significant results were found.



Strengths of our study are the large sample size, the long observation period and the
virtually complete case ascertainment based on an established population-based
cancer registry. Moreover, the denominator for the calculations, i.e. the population
sizes in each municipality, is highly accurate due to the German system of
compulsory resident registration. One limitation of our study is that it is based on data
aggregated at municipality level. This might have diluted any effect in two ways. First,
clustering might occur across the borders between municipalities. This would be
blurred by the arbitrariness of the demarcation and therefore could not be identified.
Secondly, it is possible that clustering exists within large municipalities, which have a

large number of inhabitants, and hence cannot be discerned.

At first glance, our findings appear to be in contrast to the statistically significant
results of a German study that showed a decreasing risk for childhood leukemia by
distance from a nuclear power plant [39, 40]. There are two possible explanations for
this. First, clusters around the nuclear power plants may be too small to be found at
the aggregated municipality level used in this study. Secondly, it is possible that local
investigation of a cluster leads to statistically significant results, even though it is still

in the range of expectation at the global (or national) scale.

The results of this study do not provide support for the hypothesis of an infectious
etiology of childhood leukemia. The clusters found with the spatial scan statistic were
not statistically significant. However, it might be that in an albeit large, still relatively
homogeneous population like that of Germany, the amount of contact with infectious
agents depends more on the individual than on the area, so that no strong space—

time effect is to be expected.

Analysis in the whole of Germany over a 20-year period showed no evidence for a

tendency for clustering of childhood leukemia. Thus, although localized clusters



might exist and be significant, these might be in the expected range of the global
pattern. The results of our study do not provide support for the hypothesis of a spatial

environmental factor or an infectious etiology of leukemia in children.
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Table 1. Cases of childhood leukemia among children under 15 years in the German

Childhood Cancer Registry (1987—-2007), classified according to the International

Classification of Childhood Cancer, third edition (ICCC-3)

Classification n %

| Leukemia, myeloproliferative and myelodysplastic diseases 11 946 100.0
l.a Lymphoid leukemia 9638 80.7
I.b Acute myeloid leukemia 1642 13.7
I.c Chronic myeloproliferative diseases 145 1.2
I.d Myelodysplastic syndrome and other myeloproliferative diseases 417 3.5
l.e Unspecified and other specified leukemia 104 0.9



Table 2. Results of the score test on spatial heterogeneity based on the Potthoff-Whittinghill model for the incidence of childhood leukemia overall,
in leukemia subgroups, by population density groups and by east and west Germany, Germany 1987—-2003

All cases

ALLY

AML%

All cases

West Germanyt
East Germanyt

Whole study period

1987-1997

1998-2007

No. Cases

5, [SE A, (p value)

No. cases

5, [SE A, (p value)

No. cases j, [SE /], (p value)

0-14 years
0-4 years
5-9 years
10-14 years
0-14 years
0-4 years
5-9 years
10-14 years
0-14 years
0-4 years
5-9 years
10-14 years

<50 Inhabitants per km*
>50 Inhabitants per km*

9 acute lymphoblastic leukemia,
T acute myeloblastic leukemia,
T West Germany includes the federal states of the former Federal Republic of Germany (Schleswig-Holstein, Hamburg, Lower Saxony, Bremen, North Rhine-
Westphalia, Hesse, Rhineland-Palatinate, Saarland, Baden-Wirttemberg, the Free State of Bavaria, Berlin), East Germany includes the federal states on the
territory of the former German Democratic Republic (Mecklenburg-Western Pomerania, Brandenburg, Saxony-Anhalt, the Free State of Thuringia, the Free State

of Saxony)

11 946
6 103
3 407
2 436
9 638
5080
2 846
1712
1642

760
381
501

360
11586

—0.000 [0.013] (0.52)
~0.007 [0.013] (0.67)
~0.027 [0.013] (0.93)
~0.006 [0.013] (0.74)

0.003 [0.013] (0.39)

0.005 [0.013] (0.33)
~0.021 [0.013] (0.88)
~0.014 [0.013] (0.98)
~0.020 [0.013] (0.77)
~0.018 [0.013] (0.69)
~0.023 [0.013] (0.77)
~0.001 [0.013] (0.43)

0.017 [0.025] (0.20)
—0.005 [0.015] (0.65)

5832 0.005 [0.013] (0.37)

4779 0.010 [0.013] (0.30)

833 —0.018 [0.013] (0.77)

* was only analysed in the second study phase (1988-2007) as East Germany is included in the registry since 1991

6114 0.000 [0.013] (0.50)

4859 0.007 [0.013] (0.29)

809 0.010[0.013] (0.26)

5332 0.004 [0.015] (0.37)
782 —0.014 [0.023] (0.64)



Table 3. Result of use of spatial scan statistic on detection of clusters of childhood leukemia

in Germany in the period 1987-2003; purely spatial and space—time analyses

1987-2007 1987-1997 1998-2007

0-14 years 0-4years 5-9years 10-14 years 0-14 years 0-14 years

Spatial  Radius (km) 107.7 20.9 27.0 68.4 25.0 46.8
Observed 1092 69 35 170 48 168

Expected 956 39 17 120 25 120

p value 0.28 0.39 0.91 0.25 0.54 0.57

Space—time Period* 1998-2007 1988-1990 2003 2006-2007 1990-1991 2005-2007
Radius (km) 121.3 9.6 7.1 5.8 4.4 324

Observed 539 8 3 5 5 53

Expected 423 0.6 0.02 0.15 0.11 25

p value 0.15 0.32 0.72 0.56 0.09 0.70

* Defined by the cluster with the lowest p value



Figure legends

Figure 1. Mean and variance on logarithmic scale for 100 groups formed from 12 262
municipalities sorted by increasing estimated number of cases of childhood leukemia.
Group 100, with the largest estimated number of cases, is not included as it is an
outlier, because of to varying numbers of inhabitants. The first three groups were

also excluded, as no case was observed.

Figure 2. Aggregation of 12 262 German municipalities into 30 x 30 km? squares by

centring around centroid of the municipality of Berlin (459 areas)
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