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The EUROCLUS study assembled incidence data for 13 551 cases of childhood leukaemia (CL) diag-

nosed between 1980 and 1989 in 17 countries (or regions of countries). These were referenced by loca-

tion at diagnosis to small census areas of which there were 25 723 in the study area. Population counts,

surface area and, hence, population density were available for all these small areas. Previous analyses

have shown limited extra-Poisson variation (EPV) of case counts within small areas; this is most

pronounced in areas of intermediate population density (150±499 persons/km2). In this study, the data

set was examined in more detail for evidence that variations in incidence and EPV of CL are asso-

ciated with population density. Incidence showed a curvilinear association with population density

and was highest in areas which were somewhat more densely populated (500±750 persons/km2), where

the incidence rate ratio relative to areas having � 1000 persons/km2 was 1.16 (95% con®dence interval

1.07±1.26) and the P value for quadratic trend across eight strata of population density was 0.02.

Incidence in these areas is uniformly elevated and showed no evidence of heterogeneity (i.e. EPV).

Statistically signi®cant evidence of EPV was evident amongst some of the areas previously classi®ed as
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intermediate density areas (speci®cally, those with a density of 250±499 persons/km2, P < 0.001 for CL).

These results were interpreted in terms of the current aetiological hypotheses for CL which propose

that exposure to localised epidemics of one or more common infectious agent may contribute to the

development of leukaemia. They suggest that such epidemics arise regularly in moderately densely

populated areas and also sporadically in areas which are somewhat less densely populated. Although

other interpretations are possible, these results may assist in the identi®cation of characteristics

which infectious agents must possess if direct or indirect causes of CL. # 1999 Elsevier Science Ltd.

All rights reserved.
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regression
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INTRODUCTION

The epidemiological pro®le of childhood leukaemia (CL),

especially the development of the childhood peak of acute

lymphoblastic leukaemia (ALL), is consistent with the

hypothesis that risk of the disease is increased by certain pat-

terns of exposure to infectious agents and, speci®cally, lim-

ited exposure during infancy [1±3]. In general, population

density, including household density, is associated with fre-

quency of infant exposure to infectious agents [4, 5] with

those living in high density situations having earlier exposure

and thus improved immunity. The hypothesis would, there-

fore, predict higher CL incidence where the population den-

sity is low. Direct investigation of the eVects of population

density on CL incidence has been limited but, in general,

supports this [6, 7], and further support comes from reports

of higher incidence where socio-economic status is higher

[8, 9]. A series of studies by Kinlen [10] have found excess

CL in situations where population mixing has occurred in

communities which were previously isolated. The ®nal

population density achieved in these communities need not

be low. Kinlen has stressed the importance of population

density in several of his studies [11]. Isolation, per se, has

been linked to excess CL incidence in the U.K. [6] but, else-

where in Europe, reports have noted higher incidence in

urban areas [12, 13]. The association appears complex, and

one study conducted in the U.S. [14] has found CL inci-

dence to increase with population density, but absolute levels

of density are not given.

The EUROCLUS study [15] was set up to investigate and

interpret clustering of CL in small areas in 17 countries,

mainly in Europe. The possibility was recognised, in advance,

that clustering might depend on population density and a

consistent classi®cation was adopted: sparsely populated was

de®ned to be < 150 persons/km2 and densely populated

� 500 persons/km2. The results [16] have shown statistically

signi®cant evidence of clustering but of small magnitude; the

clustering was strongest in areas with intermediate population

density (150±499 persons/km2).

The work of Kinlen [10] and others [17, 18] suggests that

the risk of CL may be highest when micro-epidemics of

aetiological agents occur, but gives little guidance regarding

characteristics of the unknown agent or agents. The present

analysis explores a more extensive range of population den-

sities. Associations with population density of both incidence

rates and evidence of extra-Poisson variation (EPV, cluster-

ing) have been considered. Variations in incidence rates will

indicate overall increased risk within certain strata of popula-

tion density; EPV within a population density stratum will

demonstrate that risk within this stratum is heterogenous

while absence of EPV suggests homogeneity within the

stratum.

MATERIALS AND METHODS

The EUROCLUS methods have been presented in detail

elsewhere [15]. Exact geographical referencing of residence at

diagnosis is available for population-based series of cases of

CL (n = 13 551) diagnosed between 1980 and 1989 in 17

countries (or regions within countries). Residences at diag-

nosis are located within the small census areas (n = 25 723,

covering the relevant geographical areas). Population counts

(hence, densities with the exception of Slovakia and Slovenia

for which the geographical areas were not available and which

have been excluded from the present report) have been

derived from two censuses, around 1980 and 1989. Counts

for inter-census years have taken those of the closest census;

this process is simpler than linear interpolation and gives

results of corresponding accuracy over a 10 year period [9].

Expected numbers of cases were computed by applying

combined-country age- and sex-speci®c rates [19] to the

person-years at risk.

Analyses were applied to total CL and to ALL in the

childhood peak de®ned in three ways (0±4 years, 1±7 years,

2±4 years). In conformity with the EUROCLUS protocol,

analyses were conducted twice: for all small areas and for all

which can reasonably be considered `small'Ðde®ned as those

with expected numbers of CL < 5. Most attention was placed

on the analyses with the `larger' areas excluded, since it must

be presumed that population density within each of these

areas is heterogeneous. Leukaemia subtype was not reliably

available for Estonia so these data were excluded from ana-

lyses of ALL.

Three strata of population density (0±149, 150±499, 500±

persons/km2) have been recommended for EU use and

formed the a priori EUROCLUS strata [15, 16]. In the pres-

ent study the following more detailed strata were considered:

0±49, 50±99, 100±149, 150±249, 250±499, 500±749, 750±

999 and � 1000 persons/km2. We emphasise that the choice

of these ranges was somewhat data dependent in that it was

motivated by results for 248 pairs of small areas out of the

total number of 25 723; the choice is not dependent on any

examination of data for the whole study area. Incidence rate

ratios were computed for each stratum which referred to the

largest (highest density) group as baseline using Poisson

regression modelling with statistical testing for overall
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heterogeneity (by strata) and for linear and quadratic trends

across strata. The latter provided a powerful test of the prior

hypothesis of a unimodal pattern with the highest risk for

areas with a density of 500±749 persons/km2.

An additional analysis took log (density + 25) as the explan-

atory variable (with density > 50 000 put to 50 000 to avoid

numerical instability). This has the advantage of using the

actual density values but the disadvantage of placing atten-

tion on diVerences between areas which are already densely

populated. Terms for country were included in all models so

that all analyses adjusted for between-country diVerences in

incidence. The approximate w2 distribution for the diVerence

in deviation between nested models was used for statistical

testing.

EPV or `clustering' within small census areas was exam-

ined using the PotthoV±Whittinghill method [20, 21]. This

method provides an estimation of the percentage extra-Pois-

son component, b, of variance,

V Oi� � Ei � bEi=100;�

where Oi , Ei are observed and expected numbers in the ith

area as in the initial EUROCLUS analysis [16]. In the pre-

sent analyses, the PotthoV±Whittinghill test was conditioned

on observed numbers within population density stratum

within country so that the test detected heterogeneity of risk

within stratum after allowing for variation between countries.

This meant that high risk, relative to the country in which it

lies, in all areas within a stratum would not appear as clus-

tering. The asymptotic standardised normal distribution for

the test statistic was used for statistical testing, but the ade-

quacy of this approximation for EUROCLUS data was tested

by Monte-Carlo methods. All tests were one-sided since we

are concerned only with EPVs.

The demonstration of EPV in reference [16] and also in

the present results, is one reason why the results of the Pois-

son modelling need not hold; a further reason for caution is

that the w2 distribution for the diVerence in deviation may not

apply when the data are very sparse [22]. For these reasons,

we also conducted simulations to check the robustness of the

model and the validity of the P values in a similar way to that

previously described [22]. Speci®cally we generated 499

replicates with the total observed numbers in each country

allocated to the available small areas using a multinominal

distribution with probabilities (Pi):

(a) proportional to the ®tted values derived from the ®nal

model (containing country and population density at

eight levels);

(b) proportional to the ®tted values from the `null' model

(containing country only) but perturbed by up to 5%

or 10% to allow for EPV (i.e. Pi � Ei 1� k nd� �i
� �

where nd� �i are random numbers drawn from the

standard normal distribution and k � 0:05 or 0.10);

(c) a combination of (a) and (b) with the ®tted values of

(a) perturbed by up to 5% as in (b) to include EPV.

The use of (a) allowed us to estimate the goodness-of-®t of

the Poisson model; (b) modelled EPV and permitted estima-

tion of the distribution of the deviance statistics under the

null hypothesis but in the presence of EPV; and (c) allowed

estimation of the goodness-of-®t of the EPV model. The

magnitude of the EPV considered here was larger than the

overall 2% of Poisson variation estimated in these data [16].

Since this approach uses a large amount of computer time, it

was applied in full for ALL at ages 1±7 years and in part for

ALL at ages 2±4 years and total CL.

All Poisson regression, including the simulations described

above, were implemented in glim. For the PotthoV±Whit-

tinghill test, fortran programs were used as previously

described [16].

RESULTS

The numbers of small areas in each stratum and the num-

ber of cases of CL in these areas are shown in Table 1. In

general, the population at risk (and, hence, the mean number

of cases/area) increases across the strata. The incidence rate

ratios (Table 2) show that, after controlling for country,

incidence was highest in the moderately densely populated

areas (500±749 persons/km2). This was also the case with

little change with inclusion of large areas (with expected

numbers of CL > 5). Statistical testing con®rmed the uni-

modal pattern, since the quadratic trend across density

groups, but not the linear trend, was statistically signi®cant.

When the analyses were repeated with log (density + 25) as

the explanatory variable, the linear term never improved the

model signi®cantly but linear and quadratic terms did.

The simulation approaches (Table 3) showed that,

although observed deviances suggested well-®tting models

(since they were substantially less than the degrees of free-

dom), ®t of the Poisson model was only moderate. The ®t

with EPV included was excellent. However, the P values for

the diVerences in deviation derived from the asymptotic w2 [2]

distribution, approximated very well to those obtained from

the simulations which included 5% EPV.

Individual countries were examined (Table 4). Since the

data were now very sparse many of the rate ratios were

unstable and most of the con®dence intervals (not shown)

were wide. These data showed similar patterns in most indi-

vidual countries to those in the total data set, with peak rate

ratios close to the 500±749 persons/km2 stratum. Some indi-

vidual countries, notably England and Wales, also showed

high incidence in some low population density strata. These

results also showed the large variation between countries

with, for example, Norway having no cases (and no areas) in

the most densely populated stratum and The Netherlands

having no cases (and very few areas) in the four lowest strata

of population density.

Table 1. Population density strata

Population density (persons/km2)

0±49 50±99 100±149 150±249 250±499 500±749 750±999 �1000

Number of areas 2711 4635 4291 4361 3719 1341 994 4150

Number of cases observed (childhood leukaemia) 866 971 1028 1286 1556 783 561 3114

Average number of cases/area 0.32 0.21 0.24 0.29 0.42 0.58 0.56 0.75
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The PotthoV±Whittinghill test of EPV clustering (Table 5)

provided estimates of b for each population density stratum.

There was evidence that b did not exceed 0 (i.e. no EPV) for

most strata, including the moderately dense areas. The high

incidence noted above for this stratum must, therefore, apply

relatively uniformly. However, the upper end of the inter-

mediate stratum (250±499 persons/km2) showed statistically

signi®cant evidence of EPV whose magnitude was con-

siderably in excess of that noted earlier [16] for the entire

intermediate strata. The EPV in this stratum persisted (with

larger b, for example, = 15.2 for CL) if the large areas were

included; inclusion of these areas also led to evidence of

clustering in the strata with higher population density, but this

was attributable to a very small number of very large areas.

DISCUSSION

These analyses were conducted to clarify and re®ne the

EUROCLUS studies already reported [16, 23]. We found

that incidence was higher (relative to the country/region as a

whole) in the stratum of areas classi®ed as having a moder-

ately dense population (500±749 persons/km2) compared

with those having a higher or lower density; these results

applied to the total EUROCLUS data and were broadly evi-

dent in most individual countries/regions, although some

countries also had excesses within the sparsely populated

areas. The simulation studies conducted demonstrated that

our results are unlikely to be attributable to failure of the

statistical distributional assumptions.

EPV was eVectively limited to the slightly less dense areas

(250±499 persons/km2) where it is quite substantial. In this

stratum of population density, the average elevation of risk

over total countries was smaller but the EPV provided evi-

dence that risk varied between areas within the same country.

Combining together the two pieces of information suggests

that the risk of CL is fairly uniformly increased across areas

with a population density in the range of 500±749 persons/km2,

Table 3. Simulation results for the Poisson regression analyses

Observed

Proportion in simulated

data < observed

Simulation model Disease group Deviance*

DiVerence in

deviancey Deviance

DiVerence in

deviance

(a) Fitted values, ®nal model ALL 1±7 14 354 8.59 0.42 0.61

(b) Fitted values, null model, 5% EPV ALL 1±7 14 354 8.59 NA 0.014z
(b) Fitted values, null model, 10% EPV ALL 1±7 14 354 8.59 NA 0.052z
(c) Fitted values, ®nal model, 5% EPV ALL 1±7 14 354 8.59 0.43 0.73

(b) Fitted values, null model, 5% EPV ALL 2±4 11 249 5.84 NA 0.058x
(b) Fitted values, null model, 5% EPV CL 0±14 18 071 9.97 NA 0.008{

EPV, Extra-Poisson variation; ALL, acute lymphoblastic leukaemia; CL, childhood leukaemia. *The deviance after ®tting country and linear,

quadratic terms for population density stratum; distributional assumptions applied elsewhere indicated this to be from a w2 distribution with

26 174 df. yThe diVerence between above and deviance after ®tting country; under similar distributional assumptions this is a w2 distribution

on 2 df under the null hypothesis and a non-central w2 distribution on 2 df if a Poisson distribution applied to the data generated from the ®nal

model (i.e. (a)). zMonte-Carlo P value (P value for w2(2) was 0.01). xMonte-Carlo P value (P value for w2(2) was 0.054). {Monte-Carlo P

value (P value for w2(2) was 0.007).

Table 2. Incidence rate ratios (RR)* and 95% con®dence intervals (CI) by diagnostic age group and population density strata

Diagnostic age group

Population density (persons/km2)y ALL 0±4 years ALL 1±7 years ALL 2±4 years CL

0±49 RR 0.98 1.02 0.99 1.03

(CI) (0.85±1.13) (0.90±1.15) (0.85±1.16) (0.96±1.10)

50±99 RR 1.01 1.06 1.02 1.09

(CI) (0.89±1.14) (0.95±1.18) (0.89±1.17) (1.00±1.18)

100±149 RR 1.05 1.08 1.04 1.10

(CI) (0.93±1.18) (0.97±1.21) (0.91±1.11) (1.02±1.19)

150±249 RR 1.06 1.10 1.06 1.09

(CI) (0.94±1.18) (1.01±1.21) (0.94±1.21) (1.01±1.17)

250±499 RR 1.11 1.10 1.11 1.07

(CI) (1.01±1.23) (1.01±1.21) (1.00±1.25) (1.00±1.15)

500±749 RR 1.16 1.19 1.20 1.16

(CI) (1.02±1.31) (1.06±1.32) (1.05±1.38) (1.07±1.26)

750-999 RR 1.01 1.03 1.05 1.03

(CI) (0.88±1.16) (0.91±1.16) (0.88±1.22) (0.94±1.13)

�1000 (RR) 1.00 1.00 1.00 1.00

P linear trendz 0.96 0.43 0.94 0.07

P quadratic trendx 0.04 0.014 0.054 0.007

P heterogeneity 0.23 0.10 0.23 0.02

ALL, acute lymphoblastic leukaemia; CL, childhood leukaemia. *Incidence rate ratios are expressed relative to the most densely populated

areas as reference. yLarge areas (expected numbers of CL �5) excluded. zTrend across eight strata ®tted ÿ1 df. xTerms for linear and

quadratic trend ®tted ÿ2 df.
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but that clustering, or local elevation of risk, is most common

in somewhat less densely populated areas (250±499 persons/

km2).

The PotthoV±Whittinghill test is a simple method of

detecting spatial clustering within small census areas. This

may not be relevant to the distribution of diseases with

infectious aetiologies for two reasons; ®rstly, the analyses are

constrained by the census boundaries and these re¯ect vary-

ing sizes of area both between- and within-countries [15]

and, secondly, many authors argue that analyses of space±

time clustering are more appropriate when speci®c infectious

agents are involved. The ®rst objection certainly applies here.

However, in succeeding in assembling such a large data set

for analyses, it was essential to compromise regarding the

quantity and precision of the data to be collected. In addition,

when preparing our ®rst report, we searched very carefully,

but unsuccessfully, to identify any diVerences, other than

population density, in the small area characteristics of the

national data sets which could explain presence/absence of

EPV in their data. Since the latent period between exposure

and leukaemia is likely to be both lengthy (months or years,

rather than days) and variable, we do not consider the second

objection valid. In addition, critical times of exposure are

likely to apply for speci®c diagnostic/age subgroups. EURO-

CLUS has applied space±time interaction methods with

attention to putative critical times [23] for cases in the 248

Table 4. Rate ratios* by population density strata for individual countries/regions for total childhood leukaemia (excluding largey areas)

(numbers of cases given in parentheses)

Population density (persons/km2)

Country 0±49 50±99 100±149 150±249 250±499 500±749 750±999 � 1000

Australia 1.10 0.72 1.59 1.17 1.56 1.69 0.93 1.00

(81) (8) (15) (13) (26) (31) (11) (68)

Denmark 1.12 1.22 1.03 1.17 1.44 1.36 2.40z 1.00

(54) (90) (35) (39) (48) (30) (12) (34)

England & Wales 1.06 1.25z 1.16z 1.16z 0.98 1.12 1.05 1.00

(56) (249) (259) (320) (495) (221) (259) (1738)

Estonia 0.39 0.97 / / / / / 1.00

(2) (35) (0) (0) (0) (0) (0) (4)

Finland 0.91 0.70 1.12 1.15 0.62 0.68 0.79 1.00

(213) (30) (12) (27) (14) (5) (13) (6)

Germany 1.07 1.02 1.08 1.06 1.12 1.11 1.15 1.00

(3) (373) (594) (698) (623) (230) (104) (44)

Greece 0.93 0.99 0.90 1.17 0.90 1.35 1.52z 1.00

(160) (50) (28) (28) (36) (32) (28) (176)

Italy 1.31 1.19 1.31 1.24 1.15 1.60 0.87 1.00

(14) (25) (25) (30) (43) (40) (4) (25)

The Netherlands 0 / / 0 1.37 1.19 0.92 1.00

(0) (0) (0) (0) (2) (12) (23) (615)

Norway Not applicablex
(165) (40) (15) (18) (26) (2) (0) (0)

Scotland 1.14 1.10 1.29 0.85 1.12 1.09 0.98 1.00

(91) (23) (7) (24) (50) (57) (30) (92)

Spain 1.00 0.74 1.36 1.22 1.54 1.17 1.16 1.00

(10) (4) (8) (13) (41) (10) (13) (87)

Sweden 0.67 1.12 1.05 0.94 1.02 1.09 0.73 1.00

(17) (36) (25) (73) (147) (103) (64) (220)

Switzerland / 1.02 0.70 0.41 0.73 0.79 / 1.00

(0) (8) (5) (3) (5) (10) (0) (5)

*Figures in italics indicate relative risks based on observed numbers < 10. yAreas with an expected number �5.0. zRate ratio diVers sig-

ni®cantly from 1 (P < 0.05). xReference group has no expected cases.

Table 5. Estimates of extra-Poisson component (%) of variation (b) by diagnostic age group and population density*

Population density/km2 ALL 0±4 years ALL 1±7 years ALL 2±4 years CL

0±49 b ÿ0.69 ÿ1.02 0.74 0.17

50±99 b ÿ0.41 0.24 ÿ 2.03 2.59

100±149 b ÿ1.10 1.73 ÿ 2.56 1.73

150±249 b ÿ1.27 0.62 ÿ 1.02 0.89

250±449 b 3.79 3.43 2.12 7.31

(P value)y (0.05) (< 0.01) (< 0.001)

500±749 b ÿ3.35 ÿ3.89 ÿ 4.48 0.03

750±999 b ÿ3.32 ÿ1.17 ÿ 2.17 ÿ 0.54

� 1000 b 1.32 1.35 0.73 ÿ 0.20

ALL, acute lymphoblastic leukaemia; CL, childhood leukaemia. *Large areas (with expected numbers of cases of CL�5) excluded. Monte-

Carlo P values (only given when P� 0.05).
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areas discussed earlier and found highly signi®cant evidence

of predicted space±time aggregations.

It has been noted above that available evidence is con-

sistent with, and supportive of, a hypothesis under which CL

arises, in part, as a rare response to one or more common

infectious agent and that risk is increased at times when small

epidemics have occurred. If this hypothesis is true then the

present results suggest that: (a) the agent commonly presents

as epidemics in areas with population densities in the region

of 500±749 persons/km2; (b) such epidemics in these areas

have relatively constant frequency in time; and (c) the agent

less commonly, and possibly also with varying frequency,

presents as epidemics in areas with population densities in the

region of 250±499 persons/km2. The lower relative incidence,

in general, in areas which are either more or less dense than

these could be interpreted as attributable to endemic dis-

tribution in the more densely populated areas and absence of

infection in the majority of the sparsely populated areas.

None of these interpretations is a necessary conclusion from

the present results and these results require testing elsewhere,

but they are intriguing speculations. The limited progress

towards understanding CL underlines the need to follow up

such speculations as clues leading to further research; the

present results may assist in focusing attention on certain

candidate agents by assisting in the identi®cation of epidemi-

city parameters [24].
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