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SpaceÐtime clustering patterns in childhood leukaemia
support a role for infection
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Summary Previous studies of space–time clustering in childhood leukaemia have produced equivocal and inconsistent results. To address
this issue we have used Manchester Children’s Tumour Registry leukaemia data in space–time clustering analyses. Knox tests for
space–time interactions between cases were applied with fixed thresholds of close in space, < 5 km and close in time < 1 year apart.
Addresses at birth as well as diagnosis were utilized. Tests were repeated replacing geographical distance with distance to the Nth nearest
neighbour. N was chosen such that the mean distance was 5 km. Data were also examined by a second order procedure based on
K-functions. All methods showed highly significant evidence of space–time clustering based on place of birth and time of diagnosis,
particularly for all leukaemias aged 0–14 and 0–4 years, and acute lymphoblastic leukaemia (ALL) 0–4 years. Some results based on location
at diagnosis were significant but mainly gave larger P-values. The results are consistent with an infectious hypothesis. Furthermore, we found
an excess of male cases over females involved in space–time pairs. We suggest this may be related to genetic differences in susceptibility to
infection between males and females. These findings provide the basis for future studies to identify possible infectious agents. © 2000 Cancer
Research Campaign
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Three hypotheses have been proposed to explain the role
infection(s) may have in the aetiology of childhood leukaem
Kinlen has suggested that situations of unusual population mi
would result in an increased level of contacts between suscep
and infected individuals (Kinlen, 1988). This idea has been te
in a number of relevant populations and the findings have b
uniformly consistent with the hypothesis (Kinlen, 1995). Grea
proposes that the common subtype of acute lymphobla
leukaemia [c-ALL] arises as a result of two independent m
tions; the first occurring in utero (Wiemels et al, 1999) or sho
after birth creates a preleukaemic clone of cells, with a sec
arising after an average period of 3 years precipitating the ons
disease. It is suggested that common infections serve as a pro
of the second mutation. Delay in the normal pattern of exposu
the immune system to infection would increase the pool of sus
tible cells and hence the risk of the second critical muta
(Greaves, 1988). An alternative hypothesis explaining the ch
hood peak of ALL in populations of children in socio-econom
cally developed communities attributes it to an in utero expo
to infection (Smith, 1997). We have examined acute leukae
data from the Manchester Children’s Tumour Registry (MCT
for evidence of space–time clustering. The aims were: (1) to
predictions of space–time clustering patterns which might aris
a result of mechanisms proposed by Kinlen (1988) and Gre
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(1988); (2) to attempt to distinguish between hypotheses rela
to time of onset or to prenatal events by utilizing locations 
dates of birth as well as at diagnosis as proposed by Gilman
Knox (1991); and (3) to examine the data for gender differen
in the light of recent findings relating to HLA haplotype, a
leukaemia susceptibility in males (Taylor et al, 1998).

MATERIALS AND METHODS

Study subjects

From 1953 to 1973 the MCTR registered all cases of childh
cancer from an area, which included Greater Manche
Lancashire and parts of Cheshire, Cumbria and Derbyshire (B
1988). The child population was approximately 1 millio
Boundary changes reduced the population by about 10% in 1
Approximately two-thirds of the total regional population live 
Greater Manchester.

Cases of ALL and acute non-lymphocytic leukaemia [ANL
who were diagnosed between 1 January 1954 and 31 Dece
1985, were analysed (Table 1). For these years, reside
addresses at the time of birth as well as at time of diagnosis 
consistently available. Eighty children had migrated into 
region. In total, 397 of the 798 children for whom addresse
both birth and diagnosis were available had moved within 
region. In addition, the locations of cases of lymphoma occur
in the same period were used to provide additional location
children for some analyses (nearest neighbour analyses).

Ordnance Survey [OS] four-digit grid references were alloca
to each case with respect to addresses at time of birth
1571
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Table 1 Numbers of children by disease group, with birth address and with
diagnosis address in the region

Number with birth Number with diagnosis
Disease group address in region address in region

ALL 18–54 months 292 326
ALL 0–4 years 359 399
ALL 5–9 years 187 216
ALL 10–14 years 101 124
ALL 0–14 years 647 739
Leukaemias 0–4 years 410 457
Leukaemias 5–9 years 230 268
Leukaemias 10–14 years 158 183
Leukaemias 0–14 years 798 908
ANLL 0–14 years 151 169
diagnosis. Grid references were obtained by locating the resi
tial address on OS maps for the period 1954–1973, and w
derived from the postcode for cases diagnosed from 1
onwards.

The following groups were specified a priori for analysis: to
leukaemias aged 0–4, 5–9, 10–14 and 0–14 years; ALL aged
5–9, 10–14 and 0–14 years; and ANLL aged 0–14 years. 
childhood peak of ALL, consisting of cases aged 18–54 mon
was also analysed as a separate group. For each of these grou
reference locations for time were dates of birth and diagnosis
for space were either residential address of the case at the tim
diagnosis or at the time of birth. All leukaemias aged 0–14 and
years; and ALL aged 0–14 and 0–4 years, and the childhood 
were specified, a priori, as likely to show clustering.

To adjust for the effects of different population densitie
geographical distance was replaced in some analyses by dis
to the Nth nearest neighbour, using all locations of all the case
leukaemia and lymphoma) in the data set except addresses fo
same child at a different time. N was chosen such that the m
distance was 5 km. N was found to be 75 for birth locations an
for diagnosis locations. Jacquez (1996) has used a similar con
and some of our results are based on slight variations of his te

Prior hypotheses

The aetiological hypotheses selected a priori to underpin this s
were that H1 is true (Greaves and Kinlen hypotheses) and H2 is
false (Smith hypothesis) where H1: the primary factor influencing
geographical heterogeneity of incidence of childhood leukaem
related to exposures to one or more common infectious ag
occurring post-natally and modulating risk of a late-stage gen
event. A further distinction may be made: susceptibility to ex
sure is highest at (i) specific ages or (ii) specific times before d
nosis.

H2: The primary factor influencing geographical heterogene
of incidence of childhood leukaemia is in utero exposure to on
more common infectious agents.

There are four possible space–time interactions: (i) betw
times and places of birth; (ii) between times and places of d
nosis; (iii) between time of diagnosis and place of birth; and 
between time of birth and place of diagnosis.

The interpretation of these possible interactions will depend
British Journal of Cancer (2000) 82(9), 1571–1576
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the extent of migration between birth and diagnosis among
cases. If there were no migration then these reduce to 
possibilities: an interaction between proximity of ‘place 
residence’ and either time of diagnosis or time of birth. The firs
these means that cases who lived close to one another had
dates of diagnosis close in time and, hence, share the 
spatial–temporal environment at diagnosis and at interval
months before for any positive k. This would be predicted byH1

(ii) if the agent(s) showed spatial and temporal variability (
occurred in epidemics). The second (interaction between prox
ties of place of residence and time of birth) means that cases
lived close to one another had their dates of birth close in time 
hence, shared the same spatial–temporal environment at birth
at ‘ages’ k months for any k > - 9. This would be predicted byH1

(i) and H2 if the agent(s) generated epidemics. Since, for any 
of children, k cannot exceed the age at diagnosis of eithe
stronger signal is predicted from H2 than H1 (i). We note that if H1

is true but neither H1 (i) nor H1 (ii) hold approximately (i.e. the
latent period following exposure is variable but susceptibility
not concentrated at particular ages) then neither space–time 
actions between residence and time of diagnosis/birth would
predicted even if the agent(s) generated epidemics. Since 
half of the children moved between birth and diagnosis, we bel
that migration will have some effect, and there will be differen
in the space–time clustering effects that are dependent on sp
definitions.

Given that migration is an important factor in the data, 
finding of space–time interactions as in (i)–(iv) above would ha
different interpretations. An interaction between times and pla
of birth only would indicate an epidemic process affecting fetus
or newborns, such as an aetiological exposure around the pla
birth, prenatally or shortly after the time of birth. It would al
indicate that the disease has a variable latent period. An intera
between times and places of diagnosis would indicate a later e
which may be explained by an aetiological exposure around
place of diagnosis and close to the time of diagnosis. It would 
indicate that the disease has a short latent period following 
exposure. An interaction between birth-addresses and time
diagnosis in the absence of an interaction between times
places of birth would be explained by an aetiological exposur
a variable time after birth, with a fairly constant latent period. 
interaction between birth-times and diagnosis places would
explained by an aetiological exposure around the place of d
nosis, with a short latent period and which affects only those 
very narrow age-band. This is not plausible in light of previo
results.

Thus, both (ii) and (iii) would be consistent with the Greav
and Kinlen hypotheses together with additional criteria in t
a post-natal exposure, migration and population mixing m
contribute to these space–time interactions. (i) addresses the S
hypothesis of a prenatal exposure, using the approach sugg
by Gilman and Knox (1991), but is also consistent with variantH1

(i) of the Greaves and Kinlen hypotheses, whilst (iv) is n
consistent with the aims and hypotheses and is therefore
considered further.

Since we do not know the actual dates of ‘onset’, the date
diagnosis and birth are effectively proxies for this unkno
date. Thus proximity of times of birth would correspond to ca
having onset at similar ages, whereas closeness of time
diagnosis would correspond to cases diagnosed after a si
latent period.
© 2000 Cancer Research Campaign
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Table 2 Results of Knox space–time tests for times of diagnosis (Observed space–time pairsa, strengthb, P-valuec)

Location at birth Location at diagnosis

Disease group Geographical NN threshold e Geographical NN threshold e

distance d distance d

ALL 0–4 years O = 268 O = 246 O = 265 O = 236
S = 15.9% S = 13.0% S = 10.4% S = –1.0%
(P = 0.01) (P = 0.03) (P = 0.06) N/A

ALL 18–54 months O = 180 O = 169 O = 175 O = 156
S = 15.4% S = 14.5% S = 8.0% S = –3.0%
(P = 0.03) (P = 0.045) (P = 0.16) N/A

ALL 0–14 years O = 794 O = 737 O = 875 O = 836
S = 5.1% S = 6.6% S = 5.0% S = 3.7%
(P = 0.08) (P = 0.044) (P = 0.08) (P = 0.15)

Leukaemias 0–4 years O = 350 O = 306 O = 346 O = 308
S = 14.7% S = 9.5% S = 10.6% S = 0.3%
(P = 0.006) (P = 0.06) (P = 0.034) (P = 0.49)

Leukaemias 0–14 years O = 1253 O = 1098 O = 1350 O = 1254
S = 6.8% S = 5.2% S = 7.0% S = 4.0%
(P = 0.01) (P = 0.048) (P = 0.007) (P = 0.08)

aCases are close in time if dates of diagnosis differ by less than 1 year. bStrength (S) = (Observed – Expected)/Expected × 100 counts of pairs which are close
in time and space. c1-sided P-value derived from the Poisson distribution. dWhen using geographical distance cases are close in space if their locations are
< 5 km apart. eWhen using nearest neighbour (NN) thresholds cases are close in space if the locations of one (or both) was nearer than the other’s 75th
(68th for addresses at diagnosis) NN in the total data set.

Table 3 Results of Knox space–time tests for times of birth. (Observed
space–time pairsa, strengthb, P-valuec)

Location at birth

Disease group Geographical NN threshold e

distance d

ALL 0–4 years O = 232 O = 214
S = 3.7% S = 1.7%

(P = 0.30) (P = 0.41)
ALL 18–54 months O = 161 O = 149

S = 5.4% S = 3.1%
(P = 0.26) (P = 0.37)

ALL 0–14 years O = 681 O = 611
S = –1.1% S = –3.0%

N/A N/A
Leukaemias 0–4 years O = 307 O = 272

S = 3.6% S = 0.1%
(P = 0.28) (P = 0.50)

Leukaemias 0–14 years O = 1049 O = 916
S = –0.7% S = –2.5%

N/A N/A

aCases are close in time if dates of birth differ by less than 1 year. bStrength
(S) = (Observed2Expected)/Expected × 100 counts of pairs which are close
in time and space. c1-sided P-value derived from the Poisson distribution.
dWhen using geographical distance cases are close in space if their locations
are < 5 km apart. eWhen using nearest neighbour (NN) thresholds cases are
close in space if the locations of one (or both) was nearer than the other’s
75th NN in the total data set.
Knox tests

Space–time (Knox, 1964) tests were applied to the data 
thresholds fixed, a priori, as: close in space, less than 5 km
close in time, less than 1 year apart. These limits are some
arbitrary, but this problem is overcome by using the K-funct
method. Where the observed number of pairs which are both c
in time and close in space [O], is greater than the expected nu
[E] this indicates a tendency for pairs of cases which are clos
space to have similar times and vice versa. One-sided tests
used to detect a significant interaction. To adjust for differ
levels of population density, the tests were repeated repla
geographical distance thresholds by the maximum of the dist
to the Nth nearest neighbour (N = 75 or 68, see above) of ea
the pair.

Application of K-functions

Two problems are apparent with the Knox test. First, bound
problems may be important since it can be impossible or less p
able for some cases to be close in one dimension to other c
The second problem concerns the arbitrariness of the thres
chosen, which often results in multiple testing. A simplificatio
avoiding adjustment for boundary conditions, of a second o
procedure based on K-functions (Diggle et al, 1995) is used in
present analyses to overcome the problem of multiple tes
Nearest neighbour approaches were also used as described 
in relation to classical Knox tests.

Histogram analyses

Histogram analyses were performed, as a secondary interpre
analysis, using a modified procedure of Cuzick and Edwa
(1990). This procedure enables the identification of cases ha
unusually large numbers of space–time partners, and ther
cases, influential in the generation of positive results.
© 2000 Cancer Research Campaign
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Analyses by gender of case

Analyses of MCTR data show a higher incidence of c-ALL in b
than in girls aged 1–4 years but not at older ages. Rates per m
person-years in males [M] and females [F] aged 1–4 years w
M = 50.9 F = 38.3; in those aged 5–9 were M = 18.1 F = 16.0
aged 10–14, M = 9.4 F = 9.5 respectively (McNally and Birch
preparation). This suggests that there may be gender differen
British Journal of Cancer (2000) 82(9), 1571–1576
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Table 4 Results of the K-function analysis for space–timea clustering by time of diagnosis (Observed integralb, P-valuec)

Location at birth Location at diagnosis

Disease group Geographical NN threshold e Geographical NN threshold e

distance d distance d

ALL 0–4 years 36.14 38.79 19.76 10.6
(P = 0.01) (P = 0.02) (P = 0.07) (P = 0.25)

ALL 18–54 months 21.09 26.42 3.73 –1.49
(P = 0.07) (P = 0.07) (P = 0.35) (P = 0.50)

ALL 0–14 years 28.66 38.09 24.96 34.28
(P = 0.02) (P = 0.015) (P = 0.04) (P = 0.04)

Leukaemias 0–4 years 50.28 33.4 32.87 16.88
(P < 0.001) (P = 0.025) (P = 0.007) (P = 0.16)

Leukaemias 0–14 years 51.52 34.51 49.18 48.77
(P = 0.001) (P = 0.02) (P = 0.002) (P = 0.005)

aCases are close in time if dates of diagnosis differ by < t where t is in the range 1 month–15 months. b∫ R(s,t)dsdt, where R(s,t) =
[K(s,t) – K1(s)K2(t)]/ √[K1(s)K2(t)], K(s,t) = proportion of pairs of cases whose distances apart are ≤ t in time and ≤ s in space,
K1(s) = proportion of pairs whose distance apart is ≤ s, and K2(t) = proportion of pairs whose distance apart in time is ≤ t. cP-value
obtained by simulation (999 runs) with dates of diagnosis randomly re-allocated to the cases in the analysis. dCases are close in
space if distances between their locations differ by < s where s is in the range 0.5 km–7.5 km. eCases are close in space if either is
within the distance to the nth nearest neighbour of the other (in the total data set) where n is in the range 71–85 (birth locations) and
63–77 (diagnosis locations).

Table 5 Results of the K-function analysis for space–timea clustering by
time of birth (Observed integralb, P-valuec)

Location at birth

Disease group Geographical NN threshold e

distance d

ALL 0–4 years 8.43 0.02
(P = 0.25) (P = 0.51)

ALL 18–54 months 8.70 3.2
(P = 0.25) (P = 0.40)

ALL 0–14 years –13.8 –11.72
(P = 0.82) (P = 0.75)

Leukaemias 0–4 years 7.99 –4.6
(P = 0.28) (P = 0.63)

Leukaemias 0–14 years –13.7 –19.8
(P = 0.79) (P = 0.87)

aCases are close in time if dates of birth differ by < t where t is in the range
1 month – 15 months. b∫R(s,t)dsdt – see Table 4 for definitions. cP-value
obtained by simulation (999 runs) with dates of diagnosis randomly
re-allocated to the cases in the analysis. dCases are close in space if
distances between their locations differ by < s where s is in the range
0.5 km–7.5 km. eCases are close in space if either is within the distance to
the nth nearest neighbour of the other (in the total data set) where n is in
the range 71–85 (birth locations).
susceptibility or latent period of onset which are age-depend
We therefore examined the proportions of male and female c
of ALL aged 0–4 years involved in space–time pairs. This w
also examined by applying the χ2 test for the dichotomy, in one
pair/in more than one pair, by sex. The significance of differen
in involvement of males and females in space–time pairs 
assessed using Mann–Whitney tests.

RESULTS

Results of Knox test

The results of these tests based on time of diagnosis for the g
specified above as most likely to display clustering are sh
in Table 2. Results with place of birth as location in space g
P < 0.1 for every group and most results are statistically sig
cant. The strength of the clustering is much greater when you
age groups are analysed alone but this is not always reflect
statistical significance since this also depends on the numb
cases available for analysis. By contrast, the evidence of clust
is much weaker if location in space is taken as residence at 
nosis. This is especially evident for the nearest neighbour (
analysis. These results are indicative of strong space–time 
tering involving all cases, but focusing particularly on youn
(0–4 years) cases and do not represent an artefact of varying 
lation density. The evidence, based on the contrast between r
for location in space as birth address or diagnosis address poi
cases being close together in space at some relatively consta
probably fairly long, time before their diagnosis. The results ba
on time and place of birth displayed no evidence of space–
interaction (Table 3). Similarly, other age or diagnostic gro
showed little propensity for clustering.

Results of K-function tests

These tests allow consideration of a range of values of space
time thresholds and also adjusts (via simulation) for edge eff
British Journal of Cancer (2000) 82(9), 1571–1576
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The results, shown in Table 4, are largely confirmatory of 
simple Knox analyses. It is interesting to note, however, that
location at diagnosis analyses are mostly positive for geograp
distance although not for NN threshold. An important exception
this is the sub-group for childhood peak ALL for which the da
very strongly support the importance of spatial proximity of re
dences at birth. For most diagnostic/age combinations of inte
clustering is strongest for small thresholds for the location at b
analyses. Again, all other data sets yielded little evidence
clustering (Table 5 gives the place and time of birth results).
© 2000 Cancer Research Campaign
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Space–time clustering patterns in childhood leukaemia 1575

Table 6 Number of space–time pairs in which individual cases occur by sex
of cases

Sex

M F

In 1 pair 43 51
In > 1 pair 86 55

χ2, P = 0.03.
Results of histogram tests

The key age/diagnosis groups were inspected for evidence
some cases had unusually large numbers of space–time pa
The Monte-Carlo P-values for Pearson’s χ2 statistics indicated
non-random distribution for total leukaemias and ALL 0–4 ye
using both place of residence at birth and diagnosis but no
ALL 18–54 months or all leukaemias 0–4 years.

The cases involved for ALL 0–4 years and total leukaem
were identified. Examination of the 0- to 4-year-old AL
involved in space–time interactions identified 28 cases who
large numbers of space–time partners. Of the 28, there was a
on births from 1968 to 1971, and diagnosis from 1972 to 1
Nine of the 28 cases belonged to a single cluster diagnosed i
period. Exclusion of children diagnosed in 1972–1973 from 
data set removed much of the evidence of clustering for yo
cases, e.g. for ALL aged 0–4 years at diagnosis based on loc
at birth and time of diagnosis O = 268, E = 231.3 (P = 0.01) but
when 1972/3 cases are excluded O becomes 210 and E be
190.1 (P = 0.08).

For all leukaemias aged 0–14 years, the years of diagn
1959–1962 were particularly influential and excluding them fr
the data set removed most of the evidence of clustering in
group, e.g. based on location at diagnosis and time at diag
O = 1350, E = 1261.34 (P = 0.007) and with 1959–1962 exclude
O = 1070, E = 1034.79 (P = 0.14).

Thus space–time clustering, although evident in a glo
analysis of all the data, does not appear to be a genera
phenomenon but rather something which occurs with h
intensity in relatively few specific situations.

Results of analyses of space–time pairs by gender

There were 235 cases in space–time pairs with rather more m
than females compared with the overall data (M = 129, F = 
0.05 < P < 0.1). The male cases tended to occur in more p
(i.e. had more space–time partners than females) (Mann–Wh
test P = 0.07). There was a significant excess of males in m
than one pair (P = 0.03) (Table 6).

Further examination of these space–time pairs reveale
striking female excess in cases which themselves occur in jus
pair but are partnered with cases present in multiple pairs (M =
F = 28). It could be predicted that such pairs would arise a
beginning (if the singleton case were diagnosed earliest) or th
(if the singleton case were diagnosed latest in the pair) of
clustering in that particular area. Thus the gender of the sing
would be very strongly associated with time. In the data it 
seen that singleton males were normally diagnosed earliest in
pair and singleton females latest (Mann–Whitney test for t
between two diagnoses by gender of singleton, P = 0.0004). These
© 2000 Cancer Research Campaign
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observations could support a hypothesis of a shorter latent pe
for males and overall for this sub-set (ALL 0–4 years) these res
might be considered to be consistent with gender difference
disease susceptibility.

DISCUSSION

A national study of cases of childhood leukaemia diagno
during the years 1966–1983 found evidence for space–t
clustering, particularly in cases diagnosed under 5 years of 
(Gilman and Knox, 1991). This data set included a subset of
cases included in the present analyses (those diagnosed from
to 1983). The authors commented that the results, based on 
and date of diagnosis, may be a secondary statistical phenom
which actually reflected events, important in aetiology, which h
occurred prenatally. They observed that a better way to disting
between hypotheses relating to time of onset of disease or alte
tively prenatal events would be to analyse data simultaneously
clustering of dates and places of birth and disease onset. 
present analyses address these points and all methods sh
highly significant evidence of space–time clustering in our to
leukaemia data set (ALL and ANLL aged 0–14 years). This w
particularly evident for all leukaemias diagnosed under 5 ye
ALL under 5 years and ALL diagnosed during the childhood pe
(18 months to 54 months) consistent with our prior hypothes
There was no evidence of clustering among cases of AN
analysed alone.

There was no evidence for clustering based on place and tim
birth but results based on place of birth/time of diagnosis and p
of diagnosis/time of diagnosis both produced significant evide
of clustering. Effectively these results resolve the issue raised
Gilman and Knox (1991) as to whether clustering of cases on p
and date of diagnosis actually reflect prenatal events. Our res
are not consistent with Smith’s hypothesis of prenatal infectio
exposure insofar as this relates to an agent or agents w
generates epidemics.

The results of analyses based on place of birth and time
diagnosis for the sub-groups ALL aged 0–4, childhood peak A
and all leukaemias aged 0–14 produced very strong evidenc
space–time clustering. The results are consistent with a hypoth
relating to location at some time before the date of diagnosis. 
results here suggest a shared exposure followed by a fixed la
period which is relatively long since location at birth is mo
meaningful than location at diagnosis. When the age differen
of the pairs of cases involved in space–time adjacencies w
examined, these were usually small and did not differ from th
involved in time (of diagnosis) only adjacencies. For 0- to 4-ye
old children 85% of those diagnosed within 1 year of each ot
had dates of birth within 2 years of each other, and for 0-
14-year-old children 40% had dates of birth within 3 yea
Therefore children involved in space–time interactions might 
expected to have had contact with the same social commun
Furthermore the clustering appeared to occur in limited geogra
ical areas over rather short time periods and was not a genera
feature throughout the data set.

All these observations are consistent with an infectious a
ology for childhood leukaemia with either or both the mechanis
proposed by Greaves and Kinlen (Greaves, 1988; Kinlen, 19
operating. Thus the detected space–time clusters would repre
mini-epidemics of the disease. Space–time clustering was par
larly evident among children diagnosed under 5 years of age
British Journal of Cancer (2000) 82(9), 1571–1576
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during the childhood peak (18–54 months). This might sugg
that the cases involved are predominantly c-ALL. Greav
hypothesis applies specifically to c-ALL.

In a recent study of childhood c-ALL, we reported an increa
frequency of specific alleles at the DPB1 and DQB1 lo
compared with controls. A further analysis of the DQB1 asso
tion has shown this to involve a specific DQA1-DQB1 haploty
consisting of DQA1*0101/*0104 DQB1*0501 (Taylor et a
1998). These alleles are both common in the population and tig
linked to each other, consistent with a role in conferring a selec
immunological benefit. Unexpectedly the association was o
found in males with c-ALL. In the context of an infectious ae
ology in c-ALL, this might be consistent with a stronger immu
response to infection accruing from a specific HLA haploty
more strongly in males than females, as a means of countera
the effects of X-linked hemizygosity for immune-associated ge
in males compared with females. The results showing gen
differences, in particular an excess of males involved 
space–time pairs, add weight to the concept of differential sus
tibility in males and females.

The EUROCLUS project found significant evidence of spa
clustering among all childhood leukaemias which could not
attributed to any specific age group or cell type of leukaem
(Alexander et al, 1998b). In these data, when spatial–tempor
patterns were examined in areas which showed clustering, t
was significant evidence of space–time interactions betw
cases which included different age and diagnostic sub-gro
(Alexander et al, 1998a). Results were interpreted as supporting 
infectious origin. The highly significant results obtained in t
present analyses for the all leukaemia data set suggest 
although cases of ANLL do not cluster significantly with ea
other, they may contribute to the overall pattern of clustering w
more than one mechanism involving infections operating.

There are certain limitations to the methodology that has b
used in this study. Mantel (1967) pointed out that the Knox (19
test is biased if there are population shifts during the time per
such as when the population grows or declines with differ
percentages in different areas of the study region. Our p
provides a description of the space–time clustering apparent in
data, whether artefactual or real. However, it is believed that v
ations in population growth are unimportant in the present data

In summary, we have found strong evidence of space–time c
tering among cases of childhood leukaemia, particularly ALL a
cases diagnosed at early ages. Evidence for clustering 
strongest when residential address at time of birth was used a
reference point in space. The concentration of clustering am
young cases suggests the importance of c-ALL in the space–
interactions. However, there is a suggestion of a complex pa
with possible interactions between diagnostic sub-groups. 
results are consistent with a role for infection in the aetiolo
of childhood leukaemia but the complex pattern of cluster
suggests that more than one mechanism may be operating. F
British Journal of Cancer (2000) 82(9), 1571–1576
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studies should consider diagnostic sub-groups defined by b
logical markers separately, or in appropriate combinations to te
hypotheses relating to common underlying aetiological factors.
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