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Previous studies have provided evidence that infections may play
a part in the aetiology of certain childhood cancers. The finding of
space-time clustering indicates the presence of an environmental
component to aetiology and is especially supportive of a role for
infections. Space-time clustering occurs when excess numbers of
cases of a disease are observed within small geographical locations
at limited periods of time and this cannot be explained in terms of
general excesses in those locations or at those times. To investigate
whether infections may be involved in the aetiology of childhood
cancer, we have analysed for space-time clustering using a large
set of national population-based data from Great Britain for the
period 1969–1993. Data were examined by a second-order proce-
dure based on K-functions, with fixed thresholds of closeness in
space (0.5–7.5 km) and closeness in time (0.1–1.5 years). Locations
were addresses at diagnosis. Tests were repeated, replacing geo-
graphical distances with distances to the 19th–33rd nearest neigh-
bours and this provided the primary result for each analysis.
There were a total of 32,295 cases of childhood cancer. The analy-
ses showed statistically significant evidence of space-time cluster-
ing for acute lymphoblastic leukaemia over the whole age range
(p 5 0.04), but especially for ages 1–4 years (p 5 0.03). There was
less statistically significant evidence for total leukaemia (p 5 0.048).
Significant space-time clustering was also evident for soft tissue
sarcomas (p5 0.03) and osteosarcomas (p5 0.02). Results support
other evidence suggesting a role for infections in the aetiology of
these particular diagnostic groups.
' 2005 Wiley-Liss, Inc.
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The aetiology of childhood cancer is unclear, but is likely to
include both genetic and environmental factors.1 There has been
much discussion concerning the role that infectious agents, includ-
ing both viruses and bacteria, may have in the aetiology of child-
hood cancers. A causal link has been established between certain
viruses and the development of leukaemia and osteosarcoma in
animals.2–4 There is substantial evidence indicating that several
viruses are causal in the aetiology of certain human malignan-
cies.5,6 Acute T-cell leukaemia/lymphoma (ATLL) in adults is
caused by exposure to the retrovirus human T-cell lymphotropic
retrovirus type 1 (HTLV1). A small percentage of those infected
with HTLV1 will subsequently develop ATLL.7 Epstein-Barr
virus (EBV) has been found in tumour tissue from cases of child-
hood Burkitt’s lymphoma (BL) in certain parts of sub-Saharan
Africa, where BL is common. Furthermore, the geographical dis-
tribution of BL matches that of endemic malaria.8 EBV viral
deoxyribose nucleic acid (DNA) has been found in the tumour
cells of about 30% of cases of Hodgkin lymphoma (HL) and it is
currently agreed that the virus plays a causal role for these cases.
However, most cases of HL in children aged 0–9 years are EBV-
negative, whilst only a small proportion in older children are
EBV-positive.9 Kaposi’s sarcoma is known to be caused by the
human herpes virus type 8 (HHV8), in the presence of human
immunodeficiency virus (HIV) infection.10 The Helicobacter pylori
bacterium is causally related to the occurrence of gastric carcinoma
in adults.11,12

Indirect evidence from case-control, ecological and clustering
studies suggests a role for infections in certain childhood can-
cers, especially leukaemia and central nervous system (CNS)
tumours.1,13–15 If infections that are neither ubiquitous nor en-
demic are involved in the aetiology of childhood cancers, then the
distribution of cases may be predicted to exhibit space-time clus-
tering. However, this would only happen when the lag time from
exposure to diagnosis is short or at least relatively constant. The
onset of cancer would occur as a rare response to infection.

Space-time clustering is observed when excess numbers of
cases are observed within small geographical locations over lim-
ited periods of time and this cannot be explained in terms of gen-
eral excesses in those locations or at those times. Hence, space-
time clustering may be described as �the irregular grouping of
cases of disease simultaneously in space and time�. These irregu-
larities might arise from various situations, for example, a small
number of locations with greatly increased incidence over short
(but distinct) periods of time, or a large number of limited time
periods with moderately increased incidence at limited locations.
The analysis controls for constant excesses at specific locations,
which occur at all times. It also controls for short temporal peaks
in incidence that are geographically widespread (occurring at all
locations).

A number of previous studies from parts of Europe, Australia
and the USA have demonstrated statistically significant space-time
clustering amongst cases of childhood leukaemia and especially
among cases of acute lymphoblastic leukaemia (ALL) in the child-
hood peak.16–32

Statistically significant evidence for space-time clustering amongst
cases of certain CNS tumours, especially astrocytoma and ependy-
moma, soft tissue sarcoma and Wilms tumour, has been found in
North West England.13,33 Other studies did not find any evidence
of space-time clustering amongst cases of childhood cancer.1,34

However, many of the earlier studies have used small data sets
and lack statistical power.

A number of statistical methods have been developed to test for
space-time clustering.35–41 Recent analyses have adopted im-
proved methodologies and larger data sets. The earlier methods
have been criticised because they rely on an arbitrary choice of
the critical values to define �close in time� and �close in space�.
A more recent method partly overcomes this problem because it
uses a large number of different pairs of critical values, rather than
just 1 pair.41

The aim of the study was to test predictions of space-time clus-
tering, which might arise as a result of infectious agents. The study
has 3 major strengths: (1) it is the largest study of space-time clus-
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tering to date, analysing 32,295 cases of childhood cancer; (2) it
uses high quality population-based national incidence data on all
childhood cancers, diagnosed within a 25-year time period with
almost complete ascertainment; and (3) it uses more up-to-date
statistical methodology, which overcomes the main criticisms of
earlier methods.

Material and methods

Patients

All cases diagnosed with a childhood cancer between the 1st
January 1969 and the 31st December 1993 and registered by the
National Registry of Childhood Tumours (NRCT) were analysed.
The NRCT is a population-based registry covering the whole of
England, Wales and Scotland.42 It includes records for nearly all
children, aged 0–14 years, diagnosed with cancer from 1962 to the
present day. The data set analysed here was restricted to the period
1969–1993 because: (i) reliable small area population data
required for the analyses by population density were not available
prior to 1969 and (ii) at the time of preparation (1999), the data set
was only complete up to the end of 1993.

Diagnostic groups

Cases were classified into diagnostic groups according to the
International Classification of Diseases for Oncology (ICD-O).43

The following diagnostic groups were specified a priori for analy-
sis: (i) leukaemia; (ii) ALL; (iii) acute non-lymphocytic leukaemia
(ANLL); (iv) lymphomas; (v) HL; (vi) non-Hodgkin lymphoma;
(vii) CNS tumours; (viii) astrocytoma; (ix) primitive neuroecto-
dermal tumours; (x) soft tissue sarcomas; (xi) bone tumours; (xii)
osteosarcoma; (xiii) sympathetic nervous system tumours; (xiv)
Wilms and other renal tumours; (xv) germ cell and related
tumours; (xvi) retinoblastoma; (xvii) hepatic tumours; (xviii) car-
cinoma; (xix) all cancers except leukaemia and lymphoma and
(xx) all cancers.

Grid references

The Ordnance survey (OS) produces grid-based maps for the
whole of England, Wales and Scotland. For each case of child-
hood cancer, OS 4-digit Easting and 4-digit Northing grid referen-
ces were allocated to the centroid of the post-code of the address
at the time of diagnosis. This allowed spatial referencing of both
the Easting and the Northing co-ordinates of the address at diagno-
sis to �0.1 km. Grid references have had their origin shifted and
they have been rotated. This preserved confidentiality of locations
without detriment to the analysis.

Prior hypotheses

The following hypotheses were tested. Space-time clustering
will be present in and confined to cases in specific diagnostic
groups, notably leukaemia, ALL (especially the �childhood peak�),
CNS tumours (especially astrocytoma and ependymoma), soft
tissue sarcoma and Wilms tumour. These prior hypotheses were
mainly derived from the positive clustering within these groups
found from other studies.17,30–33

Statistical analyses

The space-time interactions between times and places of diag-
nosis were examined. The analyses presented are based on K-func-
tions. K-function analysis may be regarded as a generalisation
of the Knox test.37 For this reason, the Knox test is outlined first
of all.

The Knox test

The Knox test regards a pair of cases as being in �close proxim-
ity� if they are both diagnosed at addresses which are close both in
space (less than s km apart, where, e.g., s 5 5) and at times which
are close (less than t months apart, where, e.g., t 5 12). These lim-
its are arbitrary, but have been used in a number of other space-

time clustering studies in parts of Great Britain.30–33,44 The num-
ber of pairs of cases that are in close proximity is calculated [O].
The number of pairs of cases that are close in space [D] and that
are close in time [T] are calculated. From these, and assuming that
spatial and temporal proximity are independent, we have the
expectation of O, the number of pairs of cases close both in time
and space, given by D3 T / N, where N is the total number of case
pairs. In the absence of space-time clustering, an assumption is
made that O should follow a Poisson distribution with mean equal
to E. If O exceeds E, there is space-time clustering and statistical
tests can determine whether this excess is statistically significant.
The magnitude of the excess is estimated by S 5 [(O 2 E)/E] 3
100. The variability of S depends on E. A related quantity whose
variability does not depend on E is R 5 (O-E) /

p
E.

The K-function method

There are 2 problems with the Knox approach. First, boundary
problems may be important, since it can be difficult for a case near
a geographical boundary or the end of a time interval to be close
to as many cases as if it occurred near the centre. The second prob-
lem is the arbitrariness of the critical values (s and t). A simplifica-
tion of a procedure due to Diggle et al. is used to overcome the
problem of arbitrary critical values.40 We use here a set of 225
Knox-type calculations to obtain values of R, where the critical
values are varied over a pre-specified set of values (for close times,
t 5 0.1, 0.2, . . . , 1.5 years and for close points in space, s 5 0.5,
1, 1.5, . . . , 7.5 km). The test is based on the observed value of the
K-function, [K0], which is formed by summing R over the pre-
specified values of s and t. The distribution of the K-function is
unknown and so must be estimated by simulation. For each simu-
lation, the dates of diagnosis were randomly re-allocated to each
of the cases in the analysis and a value of the K-function [KS] was
then calculated from the simulated data. This was repeated for
a total of nSIM simulations. The observed value of the K-function,
K0, was then compared with the simulated values, Ks (where
s 5 1, . . . , nSIM). P-values were estimated by calculating the
proportion of the total number of simulations, nSIM, for which
KS > K0. Hence, statistical significance was assessed.

Strength of clustering

The K-function analysis yields no measure of the magnitude of
the effect. The P-values depend both on the magnitude and on the
statistical power, which in turn depends on the number of cases.
Therefore, in this article, S, obtained from the Knox test (with crit-
ical values taken as 5 km and 1 year), is provided as some indica-
tion of the magnitude. However, a small value of S may occur
when the true effect is large if the clustering occurs at a scale cor-
responding to critical values different from 5 km and 1 year.

Nearest neighbour analyses

It is possible that geographical distance may be inappropriate as
a measure of closeness, especially when both urban and rural areas
are included in the study. Any specified distance between 2 cases
may have different meanings in urban and rural areas where, for
example, sizes of school catchment areas differ. We therefore feel
that it is appropriate to examine the influence of population den-
sity on any clustering effect. For a specific �index� case, the other
cases, which were in closest proximity, were termed �nearest
neighbours� (NN). These NN cases were ranked by their distance
from the index case: 1, 2, 3, . . . . This was done for every case in
the data set in turn by treating it as an �index� case.
On inspection of the whole set of NN distances, it was observed

that the average distance to the 26th NN was about 5 km (though
these distances varied greatly, between 245.3 km for a very iso-
lated location to 0.7 km in a very densely populated location). The
distances to the �N�th NN (where �N� took the values 19, 20,
21, . . . , 33) were used instead of the distances previously consid-
ered (namely 0.5–7.5 km). To allow for the effect of varying
population density, a second analysis (analysis �using the NN
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thresholds�) was undertaken, in which cases were taken to be
�close in space� if either was within the distance to the �N�th NN of
the other, N 5 19, 20, . . . , 33. All other details of this second anal-
ysis correspond to those described for the first analysis. An analo-
gous concept to the NN approach was originally used by Jac-
quez.45 The NN threshold method provided the primary results for
each analysis.

Analyses by gender

Analyses by gender proceeded by examining �male:any� and
�female:any� clustering pairs. That is, for �male:any� clustering
pairs, whilst 1 case in a clustering pair was male, the other case
could be either male or female.

Analyses by population density

Addresses were classified as being located in a more densely
populated area, or being located in a less densely populated area.
Fifty percent of cases resided in a ward that had more than 21.26
persons per hectare and these cases were therefore classified as
being located in a more densely populated area. Conversely, 50%
of cases resided in a ward that had no more than 21.26 persons per
hectare and these cases were classified as being located in a less
densely populated area. Analysis by population density was under-
taken by considering pairs of cases including at least 1 from the
�more densely populated� category (�more densely populated:any�
clustering pairs) and pairs of cases including at least 1 from the
�less densely populated� category (�less densely populated:any�
clustering pairs). It should be noted that these analyses (especially
the analyses of �less densely populated:any� clustering pairs) are
potentially subject to a strong diluting influence from edge effects,
since neither the �more densely populated� areas nor the �less
densely populated� areas form a single spatially contiguous zone.

Choice of statistical significance level

Statistical significance in all analyses was taken as the conven-
tional level p < 0.05, chosen because of its wide-spread use and
consequent familiarity to readers. Twenty six significance tests
were performed. Under an assumption of independence, the proba-

bility that at least 4 tests will be significant at this level is 0.039
and the probability that at least 5 tests will be significant at this
level is less than 0.0085.

Results

The study included 32,295 cases of childhood cancer aged 0–14
years. In all analyses, twins have been excluded. Table I gives the
total number of cases for each analysis group, the number of
males, the number of females, the number of cases located in a
more densely populated area and the number of cases located in a
less densely populated area.

The primary result from each analysis was taken from the NN
threshold method. For statistically significant results, the strength
of clustering (S) from the Knox test was also given.

Table II presents the main results of the analyses obtained using
the NN threshold method. There was statistically significant
space-time clustering for cases of leukaemia, aged 0–14 years as a
whole (p 5 0.01, S 5 0.05% using the geographical distance
method and p5 0.048, S5 0.2% using the NN threshold method).
This was attributable to statistically significant space-time cluster-
ing for cases of ALL (p 5 0.04, S 5 1.3% using the NN threshold
method) but not for cases of ANLL (p 5 0.11 using the NN
threshold method). Furthermore, the space-time clustering was
only found for cases of ALL aged 1–4 years (p 5 0.03, S 5 4.1%
using the NN threshold method). The lack of clustering for leukae-
mias aged 1–4 years can be explained by the diluting effect of
non-clustering cases of ANLL. Table II also shows statistically sig-
nificant space-time clustering for soft tissue sarcomas (p 5 0.03,
S 5 9.8% using the NN threshold method) and osteosarcoma
(p 5 0.02, S 5 25.5% using the NN threshold method). Overall,
there were 5 statistically significant (p < 0.05) results using the
NN threshold method. Assuming independence, the probability of
obtaining at least 5 such statistically significant results is 0.0085.

There was statistically significant space-time clustering for leu-
kaemia, aged 1–4 years, bone tumours and the group comprising
all cancers except leukaemia and lymphoma. However, these
results were based on geographical distance and not on the NN
threshold.

TABLE I – NUMBERS OF CASES FOR ANALYSES OF SPACE-TIME CLUSTERING IN CHILDHOOD CANCER IN GREAT BRITAIN, 1969–1993

Diagnostic group and age (years) Total Males Females In more densely
populated area

In less densely
populated area

Leukaemia, ages 0–14 10,727 6,059 4,668 5,397 5,330
Leukaemia, ages 1–4 5,092 2,895 2,197 2,546 2,546
Leukaemia, ages 5–14 5,087 2,892 2,195 2,558 2,529
ALL, ages 0–14 8,439 4,841 3,598 4,227 4,212
ALL, ages 1–4 4,343 2,483 1,860 2,166 2,177
ALL, ages 5–14 3,810 2,216 1,594 1,910 1,900
ANLL, ages 0–14 1,736 918 818 893 843
Lymphomas, ages 0–14 3,306 2,326 980 1,679 1,627
HL, ages 0–14 1,364 953 411 692 672
HL, ages 0–9 487 380 107 268 219
NHL, ages 0–14 1,678 1,192 486 848 830
NHL, ages 0–9 1,027 737 290 514 513
CNS tumours, ages 0–14 7,469 4,091 3,378 3,705 3,764
Astrocytoma, ages 0–14 2,824 1,422 1,402 1,392 1,432
PNET, ages 0–14 1,548 976 572 744 804
Soft tissue sarcomas, ages 0–14 2,101 1,185 916 1,008 1,093
Bone tumours, ages 0–14 1,504 775 729 728 776
Osteosarcoma, ages 0–14 811 408 403 394 417
Sympathetic nervous system tumours, ages 0–14 2,110 1,169 941 1,039 1,071
Wilms and other renal tumours, ages 0–14 1,889 945 944 936 953
Germ cell and related tumours, ages 0–14 983 472 511 495 488
Retinoblastoma, ages 0–14 941 488 453 509 432
Hepatic tumours, ages 0–14 257 144 113 138 119
Carcinoma, ages 0–14 877 385 492 445 432
All cancers except leukaemia and lymphoma, ages 0–14 18,262 9,725 8,537 9,071 9,191
All cancers, ages 0–14 32,295 18,110 14,185 16,147 16,148

ALL, acute lymphoblastic leukaemia; ANLL, acute non-lymphocytic leukaemia; HL, Hodgkin lymphoma; NHL, non-Hodgkin lymphoma;
CNS, central nervous system; PNET, primitive neuroectodermal tumours.

2842 MCNALLY ET AL.



Table III presents the results of space-time clustering by gender
based on �male:any� and �female:any� clustering pairs obtained
using the NN threshold method. There was statistically significant
space-time clustering of �male:any� pairs for leukaemia (p 5 0.02,
S 5 0.2% using the geographical distance method and p 5 0.04,
S 5 1.1% using the NN threshold method), ALL (p 5 0.03,
S 5 2.5% using the NN threshold method), ANLL (p 5 0.03, S 5
12.1% using the NN threshold method), astrocytoma (p 5 0.01,
S 5 13.8% using the NN threshold method) and soft tissue sar-
coma (p 5 0.02, S 5 11.2% using the NN threshold method).
There was statistically significant space-time clustering of �female:
any� pairs for osteosarcoma (p 5 0.03, S 5 25.3% using the geo-
graphical distance method and p 5 0.03, S 5 31.4% using the NN
threshold method). There were 3 other significant results based on
geographical distance but not on the NN threshold method (leu-
kaemia, aged 1–4 years and osteosarcoma for �male:any� clustering
pairs and bone tumours for �female:any� clustering pairs). Overall,
there were 5 statistically significant (p < 0.05) results involving
males and 1 statistically significant (P < 0.05) result involving
females using the NN threshold method. Assuming independence,
the overall effect for males is unlikely to have occurred by chance
(the probability of obtaining at least 5 such significant results is
0.0085), but the single significant result for females may well be
spurious (the probability of obtaining at least 1 such significant
result is 0.74).

Table IV presents the results of space-time clustering based on
�more densely populated:any� and �less densely populated:any�
clustering pairs obtained using the NN threshold method. Three
groups showed statistically significant space-time clustering for �less
densely populated:any� clustering pairs only, and 1 group showed
statistically significant space-time clustering for both �more
densely populated:any� and �less densely populated:any� clustering

pairs (based on the NN threshold method). Specifically, statisti-
cally significant space-time clustering was found for ALL (p 5
0.02, S 5 7.1%), soft tissue sarcoma (p 5 0.006, S 5 19.2%) and
carcinoma (p 5 0.03, S526.9%), for �less densely populated:any�
clustering pairs only. Statistically significant space-time clustering
for osteosarcoma was found for both �more densely populated:any�
(p 5 0.046, S 5 18.6%) and for �less densely populated:any� (p 5
0.02, S 5 34.5%) clustering pairs. Overall, there were 4 statisti-
cally significant (p < 0.05) results involving cases from less
densely populated areas and 1 statistically significant (p < 0.05)
result involving cases from more densely populated areas using
the NN threshold method. Assuming independence, the overall
effect involving cases from less densely populated areas is
unlikely to have occurred by chance (the probability of obtaining
at least 4 such significant results is 0.039), but the single signifi-
cant result involving cases from more densely populated areas
may well be spurious (the probability of obtaining at least 1 such
significant result is 0.74).

Discussion

The analyses presented here have been carried out using prede-
termined (or well specified) statistical methods on high quality
population-based incidence data. It is the largest analysis of space-
time clustering of childhood cancer ever done, based on 32,295
cases. Space-time clustering has been particularly identified for
cases of leukaemia, ALL (aged 1–4 years), soft tissue sarcoma and
osteosarcoma.

The results for leukaemia are in agreement with previous
smaller studies from the UK and elsewhere.1,27–31 In particular,
the finding that the space-time clustering was most pronounced in
the 1–4 year olds is consistent with the earlier studies. It should be
noted that one of the earlier studies found that clustering of �child-
hood peak� cases of ALL was most marked when based on time of
diagnosis and place of birth.31 However, place of birth was not
available in the present study. The current results certainly provide
support for an infectious component in the aetiology of childhood
leukaemia and are in agreement with prior hypotheses. There are
3 hypotheses relating to the role that infections may play in the
aetiology of childhood leukaemia.46–49 Kinlen47,48 proposed that
much higher incidence of leukaemia would be related to situations
of very unusual population mixing in previously isolated areas,
Greaves46 suggested that the second hit precipitating the onset of
precursor B-cell ALL is related to delayed exposure to common
infections in children whose immune system has been inadequately
�primed� by exposure to infections, whilst Smith49 attributed higher
incidence rates to an in-utero exposure to infection and DNA
change. However, the results from the present study cannot distin-
guish between these 3 hypotheses, because they are based on time
and place of diagnosis. Additional data on time and place of birth
would be required, but were not available. The finding of gender
differences, especially the excess of males involved in space-time
pairs, is consistent with known differences in susceptibility to infec-
tion between males and females.50–52 The finding, based on ward
population density, that there was a statistically significant excess
of clustered cases of �childhood peak� ALL (cases aged 1–4 years)
from more �rural� areas (less densely populated areas) is consistent
with Greaves’ hypotheses, since residence in such areas is likely to
lead to a delay in exposure to common infections. It should be noted
that the latter finding relates to space-time clustering and not overall
incidence. Most ecological studies have shown higher rates of ALL
in more densely populated or urban areas,15 but the lack of space-
time clustering in more �urban� areas in the current study may be
interpreted as indicating a more homogeneous distribution of cases
in more �urban� areas. This would be consistent with earlier expo-
sure to common infections, which are likely to be more prevalent in
more �urban� areas.
There are 3 notable findings for soft tissue sarcomas. First

of all, they confirm the results of a much smaller study from North
West England,33 although the earlier study found space-time

TABLE II – MAIN RESULTS OF ANALYSES OF SPACE-TIME
CLUSTERING IN CHILDHOOD CANCER IN GREAT BRITAIN,
1969–1993, OBTAINED USING THE NN THRESHOLD METHOD

Diagnostic group and age (years) p-value
(strength of clustering (S))

Leukaemia, ages 0–14 0.0481 (0.2%)
Leukaemia, ages 1–4 0.16
Leukaemia, ages 5–14 0.31
ALL, ages 0–14 0.041 (1.3%)
ALL, ages 1–4 0.031 (4.1%)
ALL, ages 5–14 0.44
ANLL, ages 0–14 0.11
Lymphomas, ages 0–14 0.14
HL, ages 0–14 0.13
HL, ages 0–9 0.11
NHL, ages 0–14 0.09
NHL, ages 0–9 0.39
CNS tumours, ages 0–14 0.41
Astrocytoma, ages 0–14 0.06
PNET, ages 0–14 0.33
Soft tissue sarcomas, ages 0–14 0.031 (9.8%)
Bone tumours, ages 0–14 0.08
Osteosarcoma, ages 0–14 0.021 (25.5%)
Sympathetic nervous system

tumours, ages 0–14
0.89

Wilms and other renal tumours,
ages 0–14

0.23

Germ cell and related tumours,
ages 0–14

0.34

Retinoblastoma, ages 0–14 0.70
Hepatic tumours, ages 0–14 0.31
Carcinoma, ages 0–14 0.07
All cancers except leukaemia

and lymphoma, ages 0–14
0.12

All cancers, ages 0–14 0.22

NN, nearest neighbour; ALL, acute lymphoblastic leukaemia;
ANLL, non-lymphocytic leukaemia; HL, Hodgkin lymphoma; NHL,
non-Hodgkin lymphoma; CNS, central nervous system; PNET, primi-
tive neuroectodermal tumours.

1Statistically significant.
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TABLE III – RESULTS OF ANALYSES OF SPACE-TIME CLUSTERING IN CHILDHOOD CANCER
IN GREAT BRITAIN, 1969–1993, FOR ‘‘MALE:ANY’’ AND ‘‘FEMALE:ANY’’ CLUSTERING PAIRS,

OBTAINED USING THE NN THRESHOLD METHOD

Diagnostic group and age (years)
‘‘Male:any’’ ‘‘Female:any’’

p-value
(strength of clustering (S))

p-value
(strength of clustering (S))

Leukaemia, ages 0–14 0.041 (1.1%) 0.14
Leukaemia, ages 1–4 0.14 0.32
Leukaemia, ages 5–14 0.19 0.64
ALL, ages 0–14 0.031 (2.5%) 0.08
ALL, ages 1–4 0.20 0.20
ALL, ages 5–14 0.48 0.36
ANLL, ages 0–14 0.031 (12.1%) 0.34
Lymphomas, ages 0–14 0.15 0.17
HL, ages 0–14 0.08 0.33
HL, ages 0–9 0.11 0.42
NHL, ages 0–14 0.14 0.31
NHL, ages 0–9 0.46 0.14
CNS tumours, ages 0–14 0.39 0.48
Astrocytoma, ages 0–14 0.011 (13.8%) 0.41
PNET, ages 0–14 0.17 0.90
Soft tissue sarcomas, ages 0–14 0.021 (11.2%) 0.46
Bone tumours, ages 0–14 0.40 0.06
Osteosarcoma, ages 0–14 0.06 0.031 (31.4%)
Sympathetic NS tumours, ages 0–14 0.90 0.75
Wilms and other renal tumours, ages 0–14 0.16 0.36
Germ cell and related tumours, ages 0–14 0.33 0.46
Retinoblastoma, ages 0–14 0.71 0.83
Hepatic tumours, ages 0–14 0.20 0.48
Carcinoma, ages 0–14 0.06 0.20
All cancers except leukaemia and

lymphoma, ages 0–14
0.36 0.08

All cancers, ages 0–14 0.44 0.14

NN, nearest neighbour; ALL, acute lymphoblastic leukaemia; ANLL, acute non-lymphocytic leukae-
mia; HL, Hodgkin lymphoma; NHL, non-Hodgkin lymphoma; CNS, central nervous system; PNET,
primitive neuroectodermal tumours; NS, nervous system.

1Statistically significant.

TABLE IV – RESULTS OF ANALYSES OF SPACE-TIME CLUSTERING IN CHILDHOOD CANCER IN
GREAT BRITAIN, 1969–1993, FOR ‘‘MORE DENSELY POPULATED1:ANY’’ AND ‘‘LESS DENSELY
POPULATED2:ANY’’ CLUSTERING PAIRS, OBTAINED USING THE NN THRESHOLD METHOD

Diagnostic group and age (years)

At least one of
clustering pair from more
densely populated area

At least one of
clustering pair from less
densely populated area

p-value
(strength of clustering (S))

p-value
(strength of clustering (S))

Leukaemia, ages 0–14 0.07 0.12
Leukaemia, ages 1–4 0.14 0.12
Leukaemia, ages 5–14 0.49 0.45
ALL, ages 0–14 0.06 0.09
ALL, ages 1–4 0.08 0.023 (7.1%)
ALL, ages 5–14 0.48 0.61
ANLL, ages 0–14 0.19 0.11
Lymphomas, ages 0–14 0.25 0.13
HL, ages 0–14 0.15 0.13
HL, ages 0–9 0.38 0.20
NHL, ages 0–14 0.11 0.10
NHL, ages 0–9 0.41 0.64
CNS tumours, ages 0–14 0.81 0.11
Astrocytoma, ages 0–14 0.28 0.10
PNET, ages 0–14 0.52 0.09
Soft tissue sarcomas, ages 0–14 0.42 0.0063 (19.2%)
Bone tumours, ages 0–14 0.07 0.10
Osteosarcoma, ages 0–14 0.0463 (18.6%) 0.023 (34.5%)
Sympathetic NS tumours, ages 0–14 0.75 0.90
Wilms and other renal tumours, ages 0–14 0.55 0.26
Germ cell and related tumours, ages 0–14 0.52 0.34
Retinoblastoma, ages 0–14 0.47 0.85
Hepatic tumours, ages 0–14 0.22 0.15
Carcinoma, ages 0–14 0.76 0.033 (26.9%)
All cancers except leukaemia and

lymphoma, ages 0–14
0.11 0.21

All cancers, ages 0–14 0.24 0.46

NN, nearest neighbour; ALL, acute lymphoblastic leukaemia; ANLL, acute non-lymphocytic leukae-
mia; HL, Hodgkin lymphoma; NHL, non-Hodgkin lymphoma; CNS, central nervous system; PNET,
primitive neuroectodermal tumours; NS, nervous system.

1More densely populated is >21.26 persons per hectare (50% of cases).–2Less densely populated is
�21.26 persons per hectare (50% of cases).–3Statistically significant.
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clustering particularly for place and time of birth. Second, there
was an excess of males in clustering pairs, again in agreement
with the earlier study. Finally, there was an excess of clustering
cases from less densely populated areas, which was not in agree-
ment with the previous study. However, the present study included
2,101 cases of soft tissue sarcoma, whilst the previous study
included only 244 cases.33 Therefore, the differences may be
explained in terms of the power of the studies. It should be noted
that an ecological study from North West England found higher
incidence of soft tissue sarcomas in areas, which were more rural/
less urban.53 The current study is in agreement with the prior
hypothesis and is suggestive of an infectious aetiology, although
the mechanism, timing and/or infectious agent(s) involved are at
present unknown. Further support for an infectious hypothesis for
childhood soft tissue sarcoma is provided by the causal link
between HHV8 and Kaposi’s sarcoma, with HIV also present.10

There was space-time clustering for cases of osteosarcoma, but
not for all bone tumours. The previous study from North West
England did not find any space-time clustering amongst cases of
bone tumour or osteosarcoma, but case numbers were much
smaller.33 There was a small female excess in clustering pairs and a
small excess of cases from �less densely populated� areas. Whilst
these results were not predicted by a prior hypothesis, the current
study certainly suggests a role for infectious agents in the aetiology
of osteosarcoma, but not other bone tumours. The mechanism is as
yet unclear, as is the candidate agent. Simian virus 40 has been
shown to induce osteosarcoma in hamsters, but evidence suggesting
a link with osteosarcoma in humans is much more tentative.54,55

CNS tumours and astrocytoma, in particular, were only margin-
ally significant, although �male:any� pairs of astrocytoma were
statistically significant. These results contrast with the previous
findings of space-time clustering for astrocytoma and ependy-
moma from North West England, although that study additionally
found space-time clustering based on time and place of birth.14 It
is possible that the differences may be explained by the different
time periods under consideration or the presence of unknown co-
factors, which display large scale geographical variation.

The lack of space-time clustering for Wilms tumour contrasts
with the finding of space-time clustering from the earlier and
much smaller study from North West England and refutes the
prior hypothesis.33 However, the previous findings from North
West England were based on time and place of birth. Furthermore,
there are no hypotheses linking infections to the aetiology of
Wilms tumour. It is entirely possible that the previous findings
from North West England may be linked to an unknown locally
occurring environmental factor or they may be due to chance.

The lack of space-time clustering for the lymphomas is consis-
tent with similar findings from North West England.44 Further-
more, if lymphomas, especially HL, are linked with the occurrence
of a ubiquitous virus, then space-time clustering would not be pre-
dicted. The lack of space-time clustering for all the other groups is
entirely consistent with the lack of aetiological hypotheses sug-
gesting an infectious origin.

It is conceivable that artefactual space-time clustering may be
observed as a result of small-area population shifts over short time
intervals. Kulldorff and Hjalmars have proposed a method of

adjusting for such population shifts.56 However, it is not possible
to adjust for putative population shifts in the present study,
because it would require small-area population denominators for
short time intervals and such counts are not available in the UK.
Furthermore, the statistically significant space-time clustering was
limited to very particular groups and for most of these groups,
there is good a priori evidence that suggests an infectious origin.
The specific and limited nature of the space-time clustering and
the lack of an overall effect for the ‘‘all cancers’’ group would
strongly argue against the proposition that the observed clustering
may be artefactual due to population shifts.

The only main limitation of the study was that analyses were
based on dates and places of diagnosis. Dates and places of birth
were not available but would be more meaningful for some of the
early onset childhood tumours where the precipitating environ-
mental exposure is likely to occur in-utero or close to the time of
birth. There was some overlap between the current data set and
several data sets analysed in previous studies. Specifically, cases
from North West England, which were included in the MCTR dur-
ing the period 1969–1993, were also analysed in a series of studies
which covered all or most of the time period from 1954 to
2001.14,15,31–33 However, this amounted only to about 1,500 cases.
There was also overlap with 2 other studies, but these used more
limited statistical methods for analysis.27,28

It is entirely possible that some significant results may have
arisen by chance. However, we have regarded the primary results
as those obtained using the NN threshold method and given in
Table II. There were 26 tests and 5 were significant at the conven-
tional level of p (p < 0.05). Assuming independence, the probabil-
ity that this will occur is 0.0085. Therefore, the overall pattern is
unlikely to be explained by chance resulting from multiple testing.
Also, in general, the results are supportive of prior hypotheses
(obtained from previous analyses of much smaller data sets).
Tables III and IV should be regarded as supplementary analyses
that are mainly used to provide further interpretation of the signifi-
cant results from Table II. Overall, there was evidence that cluster-
ing effects involved males (p 5 0.0085) and cases from less
densely populated areas (p5 0.039).

In summary, we have used rigorous methods and high-quality
data and found evidence of space-time clustering for cases of leu-
kaemia as a whole, ALL, soft tissue sarcoma and osteosarcoma.
The results are generally in agreement with the findings of pre-
vious much smaller studies, although other previous findings for
CNS tumours and Wilms tumour have not been replicated in our
study. Space-time clustering is highly suggestive of a role for an
infectious component to aetiology. The specific nature of these
findings would argue against the results being artefactual. Whilst
infectious mechanistic hypotheses have been proposed for leukae-
mia and ALL, there is a lack of such hypotheses for soft tissue sar-
coma and osteosarcoma. Future studies should consider such
mechanisms and candidate infectious agents.
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