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A total of 872 children aged up to 14 years, who were diagnosed with leukemia in Greece during the decade 1980-89,
were allocated by place of residence to the 601 administrative districts of the country. Evaluation of spatial clustering
was done using the Potthoff-Whittinghill method, which validly assesses heterogeneity of leukemia risk among
districts with variable expected numbers of cases. There was highly significant evidence for spatial clustering occurring
particularly among children living in urban and, to a lesser extent, semi-urban areas. The evidence was stronger
for children younger than 10 years old, applied also to children in different five-year age groups, and persisted
when cases of acute lymphoblastic leukemia were analyzed separately. These findings provide support to the hypothesis
that localized environmental exposures could contribute to the etiology of childhood leukemia, but they cannot
distinguish between exposures of physical or chemical nature, nor can they exclude socially conditioned patterns
of exposure to infectious agents. Cancer Causes and Control 1997, 8, 239-245
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Introduction
Spatial clustering can facilitate the study of disease etiol-
ogy in two ways: first, by documenting the operation of
non-random factors in determining the geographic
distribution of the disease under consideration; and
second, by linking geographic clusters to suspected rele-
vant exposures. With respect to childhood leukemia, these
exposures may be population mixing and the associated
disturbance of herd immunity,1,2 specific viral exposures,3

or environmental pollutants of physical or chemical
nature.4 In contrast to space-time clustering, spatial clus-
tering assumes that the factor(s) responsible for clustering
has remained in the same areas for a substantial part of
the study period.

An investigation of spatial clustering may be done
following the identification of an apparent cluster with
or without specification of the suspected exposure; or it
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may be undertaken in order to ascertain whether spatial
clustering occurs more frequently than could be expected
by chance alone. The second approach has the advantage
of being free from the possible biases and other problems
associated with the post hoc definition of geographic
boundaries and can prepare the ground for a systematic
effort to identify factors the presence, frequency, or
intensity of which may vary concomitantly with the
degree of observed clustering.4

Most studies concerning clustering of childhood
leukemia have focused on space-time clustering because
the viral etiology of this disease has been the dominant
hypothesis, and viruses, like other infectious agents, can
vary simultaneously in time and space.3 Among studies
that have examined spatial clustering, most were under-
taken in response to the identification of an apparent
cluster,5,6 whereas others were done in order to evaluate
specific etiologic hypotheses.1,7 Although these studies are
valuable, they face problems associated with the arbitrary
definition of cluster boundaries.8-10

We have evaluated whether cases of childhood leukemia
tend to form spatial clusters by studying the 872 cases
that occurred during the 10-year period 1980-89 in all
601 administrative districts of Greece. The urban areas of
Greece are characterized by intense population mixing
due to internal migration, whereas mountainous rural
areas are relatively isolated as well as economically less
developed.

Materials and methods

Children with leukemia who were diagnosed in Greece
during the decade 1 January 1980 to 31 December 1989
were identified through a detailed search of hospital
archives throughout Greece by a nationwide team of
collaborating childhood oncologists.11-13 A total of 872
incident cases were identified; gender, age, type of leuke-
mia, date of diagnosis, and parental residence at the time
of diagnosis were available for all. These data are reason-
ably reliable, as it is most unlikely for a child in Greece
to be treated for leukemia without involvement of a
pediatric oncologist, and all these professionals have
contributed to the network that conducted the study.12

The data were scrutinized to ensure that ‘parental resi-
dence’ had the same interpretation for the case series and
for the routinely generated data.

Greece is divided into 601 districts on the basis of
geographic location and degree of urbanization. Thus,
large metropolitan areas are divided into several districts,
whereas several small villages are usually aggregated into
one district. Districts adjacent to towns of more than
10,000 inhabitants are considered urban; districts
composed of towns with populations between 2,000 and
9,999 inhabitants are considered semi-urban; districts

composed of several villages each with fewer than 2,000
inhabitants are considered rural. For every district, the
mid-period childhood population was estimated on the
basis of data provided by the National Statistical Service
of Greece; these data are gender-specific and refer to age
groups 0-4, 5-9, and 10-14 years. The expected number
of cases in each district is calculated on the basis of the
gender- and age-specific person-years at risk and a set of
standard rates, adjusted by a multiplicative constant that
forces the sum of all expected values to equal the sum of
observed cases. Thus, if the total of expected cases is 16.4
and the total of observed cases 15, all expected values are
multiplied by 15/16.4.

When spatial clustering for leukemia was evaluated in
specific age groups (0-4, 5-9, or 10-14) or the analysis was
restricted to cases of acute lymphoblastic leukemia (ALL),
different adjustment factors were used. The adjustment
factor is, as a rule, different for districts with different
degrees of urbanization (urban, semi-urban, rural). This
is necessary when the incidence of leukemia differs
between urban and rural areas because this difference
creates an apparent spatial clustering (in urban or rural
areas in general). To facilitate comparisons with results
from similar studies that could be undertaken in other
European countries rates for total Europe were used as
the standard.14

Evaluation of spatial clustering was done using the
Potthoff-Whittinghill (P-W) method.15,16 Th e  nu l l
hypothesis states that the number of cases in every district
is drawn from the same Poisson distribution with variance
in every district equal to the respective mean which
reflects the district-specific person-years at risk. The P-W
alternative hypothesis is that variation between districts
is greater than expected from the Poisson distribution
after accounting for the different person-time at risk. The
P-W test statistic (PW) is the sum over all districts under
consideration of the product of observed cases multiplied
by observed cases minus one and divided by the expected
number of cases in that district. This statistic is compared
with its expectation which equals the total number of
observed cases minus one. The variance σ2 of PW is

2 (m − 1) E (PW)
(O+)

where m is the number of districts, E(PW) is the expec-
tation of the P-W test statistic and O+ is the total number
of observed cases. Statistical testing is based on the values
of the approximate standardized normal deviance Z =
[PW-E(PW)]/σ. This approach is based on a large numbers’
approximation and requires large O+ and m; this condi-
tion certainly is satisfied when all districts and the
corresponding leukemia cases are considered collectively,
but the approximation is less satisfactory in sub-group

E. Petridou et al

240   Cancer Causes and Control. Vol 8. 1997



analyses that involve small numbers.
One-sided tests have been used throughout, since a

distribution which is more uniform than predicted by
Poisson variability is attributed to chance. This is standard
practice when spatial clustering is evaluated. Analyses are
reported separately for the whole country and for urban
and rural areas. The analyses for the whole country do
not adjust for observed differences in incidence rates
among the three types of area so that these will contribute
to any observed extra-Poisson variation.

In order to estimate the strength of the extra-Poisson
variation we used a specific model17 for the variance of
the case counts: 

variance (Oi) = Ei + βEi

where Oi and Ei are the observed and expected counts in
the i’th area. Then β = 0 corresponds to Poisson variability
and β > 0 to extra-Poisson variability and β is estimated
by:

β̂ = 2[PW-E(PW)] / σ2.

The standard error of β̂ is 2/σ. Then β̂ /SE( β̂ ) is
identical to the Potthoff-Whittinghill Z-statistic. For this
reason and since we only consider values of β ≥ 0 to be
meaningful, 90 percent confidence intervals (CI) for β̂
have been provided. This approach has been extended as
suggested by Muirhead and Butland.17 The components
of the variance of Oi may be distinguished: 

variance (Oi) = Ei + βwEi + (β - βw)Ei

where βwEi is the variance component attributable to
aggregation within smaller subgroups. This has been
applied to specific age-bands (0-4, 5-9, 10-14 years) so
that βw considers clustering in which children of the same
age have tended to aggregate in certain small areas and (β
- βw) estimates the extent to which proximity of cases
from different age-bands contributes to the overall clus-
tering. It also has been applied in the present analysis to
clarify the clustering which has been found in the urban
areas; many cities are represented by just a single small
area, but each of 15 cities includes more than one small
area. For these, βw can represent clustering within the
cities, whereas β - βw is heterogeneity between the cities.
The estimator of βw for the age-group analysis is 

β̂w = 
∑ [PW  (age) − E(PW (age))]

(m − 1) ∑ (O+ (age) − 1) O+ (age)

where the summation is over the age groups and

SE (β̂w) = √2 ⁄ ∑ (m − 1)(O+ (age) − 1) ⁄ O+ (age)  .

Corresponding formulae with obvious modifications
apply to the within, and between, city analyses.

Results

Table 1 shows the incidence of childhood leukemia per
106 person-years over a 10-year period by type of leuke-
mia, gender, age, and residence at diagnosis.12 The patterns
are not unlike those found in other populations: most
leukemia cases are of the acute lymphoblastic type; the
incidence of the disease is higher among boys than among
girls; there is a clear early childhood peak; and the disease
is generally higher in urban than in rural areas, with the
semi-urban areas occupying an intermediate position.

Table 2 assesses spatial clustering of childhood leukemia
in Greece during the 10-year period 1980-89 using the
P-W procedure. In this table, the results for total Greece
over all childhood years are highly significant; however,
this finding could be a simple reflection of the higher
incidence of childhood leukemia in urban rather than
rural districts (‘urban clustering’). Examination of spatial
clustering among districts classified as urban, semi-urban,
or rural is not affected by differences in the incidence of
childhood leukemia by urban, semi-urban, or rural status
since these analyses condition on the total observed
numbers in each stratum. Spatial clustering is evident
among urban and semi-urban districts, but not in rural
areas. When the age groups were considered separately,
the strength of the clustering, in both urban and semi-
urban districts, was higher for 0-4 years than 5-9 years.
The 10-14 year age data showed no evidence of extra-
Poisson variation. Table 3 indicates that ALL generates a
pattern similar to that for all childhood leukemias,
although the strength is slightly weaker. Separate exami-
nation of other childhood leukemias for evidence of
spatial clustering through the P-W procedure is not
appropriate because data are sparse.

Table 4 gives estimates of the extra-Poisson variation
parameter for clustering within age bands (i.e., within 0-4
years, 5-9 years, 10-14 years, assuming one parameter
applies for these three). These analyses are not applied
for the group of rural areas since no evidence of clustering
was seen there. In general, the between-age-group com-
ponent of extra-Poisson variation (β - βw) is stronger and
statistically significant, or approaching significance. These
data indicate that case aggregations within small areas
tend to involve cases from more than one age stratum.

The results for the urban areas are difficult to interpret.
Fifteen cities contain at least two small areas. For these,
the overall strength of clustering is almost identical to
that for all urban areas. However, this can be attributed
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to variation between small areas – within cities, since the
estimate of the strength for the within-city component
of extra-Poisson variation is generally larger. It remains
somewhat doubtful whether this should be referred to as
‘clustering.’ Much of this heterogeneity is generated by
extremely high incidence rates in the 10 ‘small’ areas which
are the largest (e.g., central Athens is a single ‘small’ area
containing 94 of the 872 cases).

Discussion
Examination of spatial clustering of diseases is an intui-
tively appealing way of studying disease etiology but it
has not been particularly fruitful in identifying causes of
chronic diseases, including cancer.6 There are several
reasons for this failure. Post hoc examination of clusters
is hampered by the inability to evaluate accurately the
role of chance through standard statistical procedures.4

Moreover, the long latency of many chronic diseases,
movements of population at risk, and mobility of infec-
tious organisms (if these are indeed etiologic agents)
reduce the statistical power of tests evaluating spatial

clustering. Combination of these problems has led to
many nonproductive investigations6,18,19 and, occasionally,
to misleading conclusions.9,10

Recently, a number of tests that do not depend on
setting arbitrary boundaries have been proposed20-23 but
they are complex or computationally demanding. A test
proposed several years ago by Potthoff and Whitting-
hill15,16 evaluates heterogeneity of disease risk among
geographic regions with built-in adjustment for variabil-
ity in size of population at risk. We have decided to use
this test on theoretical grounds before any examination
of the data, because the test does not depend on setting
arbitrary boundaries, is computationally simple, and is
sufficiently powerful against the specified alternative.
Other suitable statistical procedures have not been applied
in these data, and we cannot comment on their relative
performance.

We have used the Potthoff-Whittinghill test to evaluate
spatial clustering of childhood leukemia across the 601
administrative districts of Greece with stratification by
five-year age groups, urban, semi-urban, or rural resi-
dence, and leukemia type (acute lymphoblastic, other).

Table 1 . Distribution of 872 cases of childhood leukemia by type of leukemia, age, gender, residence at diagnosis and incidence
rates per 1,000,000 person-years (Greece, 1980-89)a 

Area Gender Age
(yrs)

Type of leukemia

Acute lymphoblastic (ALL)    Other type        Total     

Number Incidence Number Incidence Number Incidence

Urban 
(10,000+ 
inhabitants)

Boys 0-4 145 65.9 20 9.1 165 75.0
5-9 89 40.3 11 5.0 100 45.3

10-14 38 16.9 12 5.3 50 22.2

Girls 0-4 118 56.5 19 9.1 137 65.6
5-9 71 33.9 15 7.2 86 41.1

10-14 25 11.7 10 4.7 35 16.4
Semi-urban 
(2,000-9,999 
inhabitants)

Boys 0-4 22 45.3 5 10.3 27 55.6
5-9 27 55.2 2 4.1 29 59.3

10-14 10 19.7 4 7.9 14 27.6

Girls 0-4 19 42.5 3 6.7 22 49.2
5-9 12 26.2 1 2.2 13 28.4

10-14 7 14.9 0 0.0 7 14.9
Rural 
(< 2,000 
inhabitants)

Boys 0-4 43 42.2 2 2.0 45 44.2
5-9 20 18.9 6 5.7 26 24.6

10-14 19 17.0 10 9.0 29 26.0

Girls 0-4 45 46.4 5 5.2 50 51.6
5-9 20 19.9 4 4.0 24 23.9

10-14 9 8.5 4 3.8 13 12.3
Total Boys 0-4 210 56.7 27 7.3 237 64.0

5-9 136 36.2 19 5.1 155 41.3
10-14 67 17.3 26 6.7 93 24.0

Girls 0-4 182 52.0 27 7.7 209 59.7
5-9 103 28.9 20 5.6 123 34.5

10-14 41 11.2 14 3.8 55 15.0

a  Ref. 12.
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Our data indicate that spatial clustering is evident in urban
and also in semi-urban areas and it is limited largely to
children less than 10 years old. It is evident also for ALL
alone. These results should be contrasted with those from
a place-time clustering analysis of the same data12 in which
clustering was evident only for leukemia cases among
children less than five years old.

Space-time clustering suggests an etiology involving
exposure to infectious agents followed by a short, or
relatively constant latent period. Spatial clustering may
be attributable either to fixed environmental sources or
to infectious agents – especially agents causing prolonged
or repeated epidemics in single areas or involving variable
latent periods. The combined results can be interpreted
readily as either evidence that childhood leukemia aggre-
gations, especially beyond the childhood peak, may be
influenced by fixed environmental sources or as further
evidence of an infectious etiology with longer and more
variable latent periods applicable to the older cases.

Whereas many studies have examined real or perceived
clusters with or without reference to a suspected cause,3,18,19

few investigations have attempted to document the exist-
ence of clusters to an extent incompatible with chance
expectation.23-25 Most of these studies did observe a ten-
dency of spatial clustering and, in some investigations,24-25

the authors have proposed data derived etiologic
hypotheses – notably, population density25 or use of fossil
fuels.24 It appears that spatial clustering may be a genuine
phenomenon in childhood leukemia but the factors
generating the clustering remain elusive. It is possible that
intense population mixing in dense urban centers of popu-
lation groups with variable levels of herd immunity would
explain the observed pattern of spatial clustering.
However, generation of clusters from localized sources
of chemical or physical nature cannot be excluded. A
study is now in progress26 to assess whether the degree
of spatial clustering tends to co-vary with the likelihood
of exposure to factors or conditions that have been

Table 2 . Evaluation of the place clustering of childhood leukemia in Greece, 1980-89, through the Potthoff-Whittinghill (PW) test

All ages 0-4 yrs 5-9 yrs 10-14 yrs

Urban districts (n = 169)
Observed PW 626.5 333.2 207.7 76.5
Expected PW 572 301 185 84
Za 2.98 1.76 1.24 -0.41
P-value 0.001 0.04 0.11 —
β̂ b 0.32 0.19 0.14 -0.41

(CI)c (0.14-0.50) (0.01-0.37) (-0.04-0.32) (-0.20-0.16)

Semi-urban districts (n = 286)
Observed PW 170.4 88.8 65.1 14.1
Expected PW 111 48 41 20
Za 2.5 1.73 1.02 -0.25
P-value 0.006 0.04 0.15 —
β̂ b 0.21 0.15 0.09 -0.02

(CI)c (0.07-0.35) (0.01-0.29) (-0.05-0.23) (-0.16-0.12)

Rural (n = 148)
Observed PW 176.5 86.3 39.7 56.3
Expected PW 186 94 49 41
Za -0.55 -0.45 -0.55 0.90
P-value — — — 0.18
β̂ b -0.06 -0.05 -0.06 0.11

(CI)c (-0.26-0.12) (-0.25-0.14) (-0.25-0.13) (-0.09-0.31)

All areas (n = 603)
Observed PW 1001.25 521.4 337.6 146.5
Expected PW 871 445 277 147
Za 3.76 2.20 1.75 -0.01
P-value 0.0001 0.01 0.04 —

β̂ b 0.22 0.13 0.10 -0.0008

(CI)c (0.13-0.31) (0.035-0.22) (0.006-0.20) (-0.09-0.09)

a Z = [PW - E(PW)]/σ.
b β̂ = 2[PW - E(PW)]/σ.
c CI = 90% confidence interval.
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Table 3 . Evaluation of the place clustering of acute lymphoblastic leukemia in Greece, 1980-89, through the Potthoff-Whittinghill
(PW) test

All ages 0-4 yrs 5-9 yrs 10-14 yrs

Urban districts (n = 169)
Observed PW 528.5 301.4 184.4 53.3
Expected PW 485 262 159 62
Za 2.38 2.15 1.39 -0.48
P-value 0.01 0.02 0.08 —
β̂ b 0.26 0.24 0.15 -0.05

(CI)c (0.08-0.44) (0.06-0.42) (-0.03-0.33) (-0.23-0.13)

Semi-urban districts (n = 286)
Observed PW 147.1 65.9 60.5 17.4
Expected PW 96 40 38 16
Za 2.15 1.04 0.95 0.06
P-value 0.02 0.15 0.17 0.48
β̂ b 0.18 0.09 0.08 0.005

(CI)c (0.04-0.32) (-0.05-0.23) (-0.06-0.22) (-0.14-0.15)

Rural (n = 148)
Observed PW 135.4 80.4 30.9 8.5
Expected PW 155 87 39 27
Za -1.15 -0.39 -0.48 -1.10
P-value — — — —

β̂ b -0.13 -0.05 -0.06 -0.13

(CI)c (-0.33-0.06) (-0.23-0.15) (-0.25-0.13) (-0.32-0.06)

All areas (n = 603)
Observed PW 839.5 458.8 304.4 82.1
Expected PW 738 391 238 107
Za 2.93 1.96 1.92 -0.72
P-value 0.002 0.02 0.03 —
β̂ b 0.17 0.11 0.11 -0.04

(CI)c (0.08-0.26) (0.02-0.21) (0.02-0.20) (-0.13-0.05)

a Z = (PW - E[PW])/σ.
b β̂ = 2[PW - E(PW)]/σ.
c CI = 90% confidence interval.

Table 4 . Magnitude of within and between age-group clustering effects, Greece

District type

Urban Semi-urban All areas

Total leukemia

Within age-groups (β̂ w) 0.095 0.071 0.076

 (CI)a (-0.009-0.20) (-0.01-0.15) (0.02-0.13)

Between age-groups (β̂ - β̂ w) 0.225 0.14 0.14

 (CI)a (0.02-0.43) (-0.02-0.30) (0.03-0.25)

ALLb

Within age-groups (β̂ w) 0.11 0.06 0.06

 (CI)a (0.008-0.22) (-0.02-0.14) (0.005-0.11)

Between age-groups (β̂ - β̂ w) 0.15 0.12 0.11

 (CI)a (-0.06-0.36) (-0.03-0.28) (0-0.22)

a CI = 90% confidence interval.
b ALL = acute lymphoblastic leukemia.
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proposed to be linked causally to childhood leukemia,
including population mixing,1 population density,25 and
extremely-low-frequency electromagnetic fields.27

The finding in this study that spatial clustering was
more evident in large cities is intriguing but needs to be
interpreted with caution, particularly in view of the
British data in which any evidence for spatial clustering
was restricted to sparsely populated areas.28 It is certainly
possible for certain aspects of herd immunity and specific
physical or chemical pollutants to have dissimilar spatial
distribution patterns in different countries. However,
independent evidence is needed for singling out a
particular exposure as more relevant and for dispelling
residual concerns about methodologic artifacts.
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