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Abstract
Objectives-The primary aims were to
investigate the incidence of leukaemia
and non-Hodgkin's lymphoma in children
resident near seven nuclear sites in
Scotland and to determine whether there
was any evidence of a gradient in risk with
distance of residence from a nuclear site.
A secondary aim was to assess the power
of statistical tests for increased risk ofdis-
ease near a point source when applied in
the context of census data for Scotland.
Methods-The study data set comprised
1287 cases of leukaemia and non-
Hodgkin's lymphoma diagnosed in chil-
dren aged under 15 years in the period
1968-93, validated for accuracy and com-
pleteness. A study zone around each
nuclear site was constructed from enu-
meration districts within 25 km. Expected
numbers were calculated, adjusting for
sex, age, and indices of deprivation and
urban-rural residence. Six statistical tests
were evaluated. Stone's maximum likeli-
hood ratio (unconditional application)
was applied as the main test for general
increased incidence across a study zone.
The linear risk score based on enumera-
tion districts (conditional application)
was used as a secondary test for declining
risk with distance from each site.
Results-More cases were observed (0)
than expected (E) in the study zones
around Rosyth naval base (OlE 1.02),
Chapelcross electricity generating station
(OlE 1l08), and Dounreay reprocessing
plant (OlE 1.99). The maximum likeli-
hood ratio test reached significance only
for Dounreay (P = 0.030). The linear risk
score test did not indicate a trend in risk
with distance from any of the seven sites,
including Dounreay.
Conclusions-There was no evidence of a
generally increased risk of childhood
leukaemia and non-Hodgkin's lymphoma
around nuclear sites in Scotland, nor any
evidence ofa trend ofdecreasing risk with
distance from any of the sites. There was
a significant excess risk in the zone
around Dounreay, which was only par-
tially accounted for by the sociodemo-
graphic characteristics of the area. The
statistical power of tests for localised
increased risk of disease around a point
source should be assessed in each new
setting in which they are applied.

(Occup Environ Med 1996;53:823-831)
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In 1986, Heasman and colleagues' reported a
higher than expected incidence of leukaemia
in children and young adults near the
Dounreay nuclear reprocessing plant in
Caithness, Scotland. This led to a detailed
investigation by the Committee on Medical
Aspects of Radiation in the Environment
(COMARE).' The committee's original inten-
tion had been to study all nuclear sites in
Scotland but, because of public and profes-
sional concern about the findings of high inci-
dence of leukaemia in young people near both
Dounreay and Sellafield,' the only two nuclear
reprocessing facilities in the United Kingdom,
it was decided to concentrate on further inves-
tigation of the population living near
Dounreay. A case-control study, which exam-
ined several risk factors for leukaemia, and a
cohort study which compared incidence of
leukaemia and other cancers in children born
locally with children who attended school in
the area but were born elsewhere, were carried
out.4' The local incidence of leukaemia and
non-Hodgkin's lymphoma have recently been
re-evaluated.6 There continue to be more
cases observed than expected in children and
young people living in the vicinity of
Dounreay, but no specific local factor which
could explain the excess has been identified.

Cancer incidence and mortality in the areas
near nuclear sites other than Dounreay and
Sellafield in the United Kingdom have been
investigated.7 12 A study of nuclear installations
in England and Wales found a 15% increase in
mortality from leukaemia in those under 25
years of age in districts near to nuclear sites.9
This contrasts with the up to 10-fold excesses
in incidence reported in the areas around
Sellafield and Dounreay."3 The only previous
study of nuclear sites in Scotland provided site
specific rather than aggregated results.7 As well
as a significant excess of cases in the vicinity of
Dounreay, this study reported excesses within
12 5 km of Hunterston nuclear power generat-
ing station in 1974-84, within 12 5 km of
Chapelcross electricity generating plant in
1979-84, and within 6-25 km of Rosyth
nuclear submarine refitting dockyard in
1974-8, although only the Rosyth result was
significant. This study, along with others from
the same period, was criticised for the use of
fixed geographical and temporal boundaries
which might enhance or obscure locally high
incidence.'4 15 Since then, methodological
developments have resulted in a class of statis-
tical tests which may be applied to areas
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Table 1 Number ofpopulated enumeration districts in
study zone (< 25 km radiusfrom site) and population
under 15 years old averaged over 1968-93, by nuclear site

Enumeration Average population
districts under 15 years old

Nuclear site (n) (n)

Dounreay 54 3 527

Chapelcross 187 10 908
Hunterston 659 43 236
Tomess 155 7 894

Faslane 648 45 250
Holy Loch 719 47 594
Rosyth 3064 197 015

4.v
C7

* British Nuclear Fuels

x Ministry of Defence

* US Naval Base

Figure 1 Nuclear sites in Scotland.

around point sources to assess risk in relation
to distance from the source.'6-18 This paper
reports the results of the application of these
techniques to the analysis of the incidence of
leukaemia and non-Hodgkin's lymphoma near

all nuclear sites in Scotland for the full period
for which reliable childhood cancer registra-
tion data are available-namely, 1968 to 1993.

Data and methods
SITES ANALYSED AND DEFINITION OF STUDY
ZONES
Figure 1 shows the locations of the seven

nuclear sites in Scotland, all of which were
included in the study. The only nuclear repro-
cessing plant, Dounreay, became operational
in 1959. Three sites generate electricity. Of
these, Chapelcross became operational in
1959, Hunterston A operated from 1965 to
1980, and Hunterston B from 1976. Torness
started operations in 1989 and has been
included in the study for completeness.
Nuclear submarines have been berthed and
overhauled at Rosyth and Faslane naval instal-
lations. Rosyth has refitted nuclear submarines
since 1968 and Faslane was commissioned for
this work in 1967. The United States nuclear
submarine base at the Holy Loch operated
until 1993.

For each site, a study zone was constructed
from the 1981 enumeration districts with a
population centroid within 25 km. This radius
accords with previous studies of Dounreay2 6 7
and nuclear sites in England and Wales.'2
Table 1 shows the number of enumeration
districts and the average population under 15
years old resident within each study zone dur-
ing the period 1968-93. The population den-
sities around the nuclear sites vary greatly with
a more than 55-fold difference in the child-
hood population in the least compared with
the most populous zones. Faslane and Holy
Loch are 11 km apart and the results of statis-
tical tests based on 25 km study zones around
these sites will not be independent. The study
zones around these sites and Rosyth include
large parts of the Clydeside and Edinburgh
conurbations, respectively. Torness and
Dounreay are located in very sparsely popu-
lated areas. Chapelcross is situated close to the
border with England, and this study only con-
siders the part of the 25 km zone which lies in
Scotland.
Each nuclear site was examined separately.

Due to the heterogeneous nature of the activi-
ties of the seven sites, no pooled analyses have
been conducted.

DATASET OF LEUKAEMIA AND NON-HODGKIN'S
LYMPHOMA
To maintain comparability with earlier studies
the analysis was based on leukaemia (ICD-9
204-208) and non-Hodgkin's lymphoma
(ICD-9 200+202) combined. Registrations in
children aged under 15 years at diagnosis dur-
ing the period 1968-93 were derived initially
from the database of the Central Scottish
Cancer Registry. Childhood cancer data in
Scotland have been subject to rigorous quality
assurance measures to ensure completeness of
ascertainment and accuracy of case details.
Glass and colleagues validated leukaemia cases
for 1968-81 " and, as a preliminary to the cur-
rent study, a special validation exercise of all
childhood cancers diagnosed in 1975-90 was
conducted. Registry records were compared
with those of other independently collected
datasets to identify "missed" registrations,
which, if confirmed, were added to the study
dataset. Attempts were made to verify demo-
graphic details (particularly postcode of resi-
dence at diagnosis) and diagnostic information
for all cases from additional sources including
medical records and panel pathological review.
A full report of the procedures and outcome of
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this exercise will be published elsewhere.
Childhood cancer cases diagnosed in 1991-3
are included in the Scottish case control study
of childhood leukaemia and cancer20 and rou-
tinely validated. The final dataset comprised
1287 cases. Analyses were conducted for the
0-14 age group.

POPULATION ESTIMATES AND CALCULATION OF
EXPECTED NUMBERS
The smallest geographical units in Scotland
for which age and sex specific population
counts are available are enumeration districts
for the censuses of 1971 and 1981 and output
areas for 1991. The 1991 counts were
adjusted for the underenumeration of the
1991 census (- 1-4% for those aged under 15)
such that the adjusted local government dis-
trict totals conformed to the population esti-

mates calculated from vital statistics and
migration data of the Registrar General for
Scotland.21 Enumeration districts for 1971 and
1991 output areas were matched to 1981 enu-
meration districts to obtain three point popu-
lation estimates. For each enumeration district
annual age and sex specific population esti-
mates for the study period were calculated by
linear interpolation between the point esti-
mates of the enumeration districts for 1971,
1981, and 1991.

Indicators of socioeconomic status were
abstracted from the 1981 small area census
statistics and a deprivation score was calcu-
lated for each enumeration district by the
method of Carstairs and Morris.22 Five depri-
vation categories were created, each contain-
ing a fifth of the total population. For each
unit postcode in Scotland an indicator of the

Figure 2 Relative risk by
distance from point source,
simulation models A, B,
C, and D.
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degree of urbanization of the area is available.
For each 1981 enumeration district, an urban-
rural residence score in the range 1-5 was
computed as a weighted average of the urban-
rural indicators of the postcode units within
the enumeration district. Age, sex, depriva-
tion, and urban-rural specific rates of leuk-
aemia and non-Hodgkin's lymphoma were
calculated for Scotland as a whole and applied
to each 1981 enumeration district to obtain
expected numbers of cases.

EVALUATION OF TEST STATISTICS
Various test statistics for the analysis of inci-
dence of disease near point sources of putative
environmental risk have been proposed.'6-'82
These have different statistical properties and
may be sensitive to particular patterns of
localised risk around point sources.'218 Each of
the tests can be applied in either an uncondi-
tional or conditional form. Unconditional tests
are sensitive to a combination of the spatial
pattern of the observed cases and any excess
risk in the overall study region around the
point source. By correcting for the level of risk
locally, conditional tests consider only the spa-
tial pattern of the observed cases within the
study region. The tests were developed on the
basis of the census geography of England and
Wales, with census wards and tracts as the
units of analysis. These do not have a direct
equivalent in Scotland, where analyses have
been based on enumeration districts, which
are much smaller than census wards, or post-
code sectors, which tend to be larger but are
heterogeneous in terms of population size and
geography.

It is unclear which of the statistical tests
would be most appropriate in a particular set
of circumstances.'4 Therefore, we conducted
an evaluation of the performance of six tests
when applied to data at the level of Scottish
enumeration districts. The tests assessed were
Stone's maximum likelihood ratio test,'6 two
linear risk score tests based on rank and dis-
tance,'2 18 the Poisson maximum test,'7 a vari-
ant of this based on the minimum P value,"
and the ratio of observed to expected cases.
Our intention was to provide a basis on which
to select the "best" general test for raised risk
of disease in the vicinity of a point source. We,

Table 2 Power* (%) to reject the null hypothesis at the 5% level ofsignificance, for
selected alternative hypotheses, by point source and statistical (unconditional) test

Statistical test
Alternative
hypothesis MLR LRS-R LRS-D Pmax Min-P O/E

Point source S:t
Model A 32-7 19 9 25 9 11-8 34-4 16 7
Model B 74 4 60-8 70 4 33-8 77-3 48-5
Model C 24-6 17-6 19-0 12-6 26-3 11-8
Model D 23-8 9 2 15-0 5-2 25-2 13-2

Point source D:4
Model A 94-3 33 0 81-8 22-8 91-3 88-6
ModelB 100-0 95 9 100I0 60-2 100-0 100-0
Model C 82-2 28-4 67-2 22-4 77-1 72-6
Model D 98-6 8-2 75-4 7 0 97-8 97 7

*Estimated from 1000 stimulations for each model of risk.
tPoint source in sparsely populated area.
*Point source in densely populated area.
MLR = Stone's maximum likelihood ratio test; LRS-R = linear risk score test based on rank;
LRS-D = linear risk score test based on distance; Pmax = the Poisson maximum test; Min-P =

variant of Poisson maximum test based on minimum P value; O/E = observed to expected ratio
of cases.

therefore, evaluated only unconditional appli-
cations of the tests. As the effect of the
extreme variation in population density near
nuclear installations in Scotland on the power
and behaviour of the test statistics was of con-
cern, we considered two point sources. These
were typical of the sparsely (point source S)
and more densely (point source D) populated
zones around Scottish nuclear sites. A dataset
of 494 cases of a disease was analysed (actually
a set of childhood brain tumours in Scotland
which had been validated'5 and was available
at the time this exercise was conducted). The
null distributions of the six tests were deter-
mined from 1000 simulations of cases under
the assumption of uniform relative risk (1 0)
throughout the study zone for each of the
point sources. From these null distributions
the 5% critical values of the test statistics were
estimated. Four alternative hypotheses (figures
2 A-D) were chosen to represent patterns of
localised increased risk:

(A) relative risk of 3 0 at 0 km from the
point source declining linearly to 1 0 at 25 km;

(B) relative risk of 10-0 at 0 km declining
exponentially to 1 0 at 25 kIn;

(C) relative risk of 3-0 at 0 km declining
exponentially to 1I0 at 25 km; and

(D) relative risk of 1-0 at 0 km, rising to 3 0
at 12 5 km, and returning to 1 0 at 25 km.

Simulations of each pattern of risk were
achieved by applying appropriate mathemati-
cal functions to the expected numbers of cases
in each enumeration district under the null
hypothesis. The number of cases arising in
each simulation was unconditional on the
number observed. For each point source,
model of risk, and statistical test, 1000 simula-
tions were carried out. The power of the tests to
reject the null hypothesis at the 5% level of
significance was estimated from the propor-
tions of the simulations under the alternatives
which exceeded the critical values.

Table 2 shows summary results from the
evaluation. For all six tests the power, under
each alternative hypothesis, was substantially
greater when applied to the point source
located in the more densely populated zone
(point source D) than when applied to the
point source situated in the sparsely populated
area (S). Stone's maximum likelihood ratio
test was the most powerful test for a general
excess risk in the study area when applied to
Scottish data at the level of the enumeration
districts.

CHOICE OF STATISTICAL TESTS FOR ANALYSIS
OF LEUKAEMIA AND NON-HODGKIN'S
LYMPHOMA AROUND SCOTTISH NUCLEAR SITES
Our primary aim was to determine whether
there was evidence of a general excess of risk
of childhood leukaemia and non-Hodgkin's
lymphoma in the study zone around each
nuclear site. Based on the results of the evalua-
tion exercise, we applied the unconditional
maximum likelihood ratio test. We then
decided to carry out a secondary analysis to
investigate the spatial pattern of the cases
around each nuclear site. We applied the lin-
ear risk score test based on ranks of the enu-
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Table 3 Power* (%) of tests to reject the null hypothesis at 5% and 1% levels of
significance, for selected alternative hypotheses, Dounreay and Hunterston, leukaemia and
non-Hodgkin's lymphoma, 0 14 years, 1968-93

Tests and Dounreay Hunterston
alternative
hypothesis a = 0-05 a = 0-01 ot = 0-05 cx = 0-01

Stone's maximum likelihood
ratio test (unconditional):
Model A 54-9 32-6 99-9 99.1
Model B 94-2 84-9 100-0 100-0
Model C 38-8 19-4 96-5 86-0

Linear risk score (conditional):
Model A 9-0 2-7 12-4 3-2
Model B 25-5 10-5 30-7 12-6
ModelC 9-8 1-9 11-6 3-5

*Estimated from 1000 simulations for each model of risk.

meration districts, in the conditional form, to
assess whether risk within each study zone

decreased with distance from the point source,
irrespective of whether or not there was an

overall excess in the study zone.

For each nuclear site, the significance (one
tailed) of the observed values of the uncondi-
tional maximum likelihood ratio and condi-
tional linear risk score were estimated from
10 000 simulations of cases of leukaemia and
non-Hodgkin's lymphoma sampled from the
appropriate Poisson and multinomial distribu-
tions. For descriptive purposes, observed to
expected ratios were calculated, with exact
95% confidence intervals (95% CIs) based on

the Poisson distribution.26

ASSESSMENT OF THE POWER OF THE MAXIMUM

LIKELIHOOD RATIO AND LINEAR RISK SCORE
TESTS IN THE ANALYSIS OF LEUKAEMIA AND
NON-HODGKIN'S LYMPHOMA AROUND
SCOTTISH NUCLEAR SITES
To aid in the interpretation of the results of
the analysis we assessed the power of the
unconditional maximum likelihood ratio test
and conditional linear risk score when applied
to the dataset of leukaemia and non-hodgkin's
lymphoma. Dounreay and Hunterston were

selected to represent nuclear facilities in
sparsely and more densely populated areas. As
in the evaluation study, the null distributions
and critical values of the two tests were deter-
mined from simulations of the null hypothesis.
The three patterns of monotonic decreasing
risk with distance (models A-C) were simu-
lated. The power of the unconditional maxi-
mum likelihood ratio and conditional linear
risk score tests was estimated from the propor-
tions of these simulations that exceeded the

appropriate critical values for Dounreay and
Hunterston.

Results
POWER OF THE MAXIMUM LIKELIHOOD RATIO
AND LINEAR RISK SCORE TESTS IN THE
ANALYSIS OF LEUKAEMIA AND NON-HODGKIN'S
LYMPHOMA AROUND SCOTTISH NUCLEAR SITES
Table 3 shows the estimated statistical power

of the unconditional maximum likelihood ratio
test to detect patterns of excess risk when
applied to the study zones around Hunterston
and Dounreay. For Hunterston, the test has
high power to detect all three risk patterns.
When applied to Dounreay, the power ranges

from 39% (model C) to 94% (model D).
Table 3 also shows the power estimates for the
conditional linear risk score test. For both
nuclear sites, the power to detect any of the
trends of diminishing risk with distance was

low.

RESULTS OF THE ANALYSIS OF LEUKAEMIA AND
NON-HODGKIN'S LYMPHOMA AROUND
SCOTTISH NUCLEAR SITES
Table 4 shows the total observed and expected
numbers of cases of leukaemia and non-

Hodgkin's lymphoma, the O/E ratios with
95% CIs, and the levels of significance of the
unconditional maximum likelihood ratio and
conditional linear risk score tests for the seven

Scottish nuclear sites.

Nuclear reprocessing plant: Dounreay
Nine cases were observed in the study zone

compared with 4 53 expected (O/E 1 99). The
unconditional maximum likelihood ratio test
for a general excess of risk in the 25 km study
zone around the site yielded a significant result
(P = 0-030). The result of the conditional lin-
ear risk score test for a trend of diminishing
risk with distance from the site was not signifi-
cant (P = 0 356).

Figure 3A shows the distribution of the
population aged under 15, averaged over

1968-93, with distance from the Dounreay
plant. Most of the population is concentrated
within 11 to 14 km from the site. The cumula-
tive observed and expected numbers of cases

with distance are depicted in figure 3B. The
cumulative observed number of cases exceeds
that expected from a distance of 6 km from the
site to the perimeter of the study zone.

Table 4 Observed (0) and expected* (E) numbers of cases, observed to expected ratios (OlE), with 95% CI and
P values ofMLR (unconditional) test and LRS (conditional) test, by nuclear site, leukaemia, and non-Hodgkin's
lymphoma, 0-14years, 1968-93

Observed cases Expected cases MLR LRS
Nuclear site (0) (E) OlE 95% CI P value P value

Dounreay 9 4-53 1-99 (0-91-3-77) 0-030 0-356

Chapelcross 15 13-90 1-08 (0-60-1-78) 0-543 0-803
Hunterston 42 49-80 0-84 (0-61-1-14) 0-747 0-591
Torness 9 9-96 0-90 (0-41-1-72) 0-820 0-630

Faslane 46 51-76 0-89 (0-65-1-19) 0-755 0-265
Holy Loch 46 54-35 0-85 (0-62-1-13) 0-897 0-483
Rosyth 232 226-61 1-02 (0-90-1-16) 0-244 0-216

*Adjusted for age, sex, deprivation and urban or rural category.
tEstimated from 10 000 simulations, with cases sampled from Poisson distribution, for each nuclear site.
tEstimated from 10 000 simulations, with cases sampled from multinomial distribution, for each nuclear site.
See footnote to table two for other abbreviations.
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III I1_ III
1 2 3 4 5 6 7

not indicate a general excess risk in the vicinity
of the site (maximum likelihood ratio P =
0.244) or a trend of decreasing risk with dis-
tance (linear risk score P = 02 16).

iLL
8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Distance from site (km)

B

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Distance from site (km)

Figure 3 (A) Average population of enumeration districts within 25 km of Dounreay,
0-14 years, 1968-93. (B) Cumulative number of observed and expected cases by distance
from Dounreay, leukaemia, and non-Hodgkin's lymphoma, 0-14 years, 1968-93.

Electricity power generating plants: Chapelcross,
Hunterston, and Torness
During the study period there were 15 cases of
leukaemia and non-Hodgkin's lymphoma
diagnosed in the childhood population resi-
dent within 25 km of Chapelcross, compared
with 13-90 expected (O/E 1-08). The maxi-
mum likelihood ratio test was not significant
(P = 0 543). Fewer cases were observed than
expected around both Hunterston and
Torness resulting in O/E ratios of 0-84 and
0 90 respectively. The linear risk score test did
not indicate a pattern of decreasing risk with
distance for any of these three sites.

Nuclear submarine bases: Faslane, Holy Loch,
Rosyth
In the study zones around the Faslane base
and the Holy Loch fewer cases were observed
than expected (Faslane O/E = 0-89, maxi-

mum likelihood ratio P = 0 755; Holy
Loch O/E 0-85, maximum likelihood ratio
P = 0-897). The conditional linear risk score

test did not reach significance for either
Faslane (P = 0-265) or the Holy Loch
(P = 0 483). A small excess of cases was

observed in the area within 25 km of the
Rosyth dockyard with 232 observed compared
with 226-61 expected. The statistical test did

Discussion
In small area analyses of rare diseases results
are sensitive to variations in levels of case
ascertainment. Cook-Mozaffari and colleagues
found evidence of more complete ascertain-
ment near nuclear sites than in control areas
chosen for comparison.9 In the present study,
we used rigorously validated cancer registra-
tion information. A validation exercise was
conducted before the analysis to ensure high
levels of completeness and accuracy. Data
were verified from multiple sources and diag-
nostic review was carried out for all but a small
proportion of cases. Identical procedures were
used to validate all cases in Scotland, whether
resident near nuclear sites or elsewhere.

Descriptive epidemiological studies of the
incidence of disease in small geographical
areas, with conventional methods of analysis,
have been open to the criticism that the results
may be dependent on a particular categorisa-
tion of the data. In this study, we used statisti-
cal tests in which the selection of the
geographical boundaries is embodied in the
method and controlled for in the assessment of
significance. The categorization of the data
was conservative and determined before the
analysis. The 25 km radius for the definition of
the study zone was chosen to accord with pre-
vious studies.2 6 7 12 Moreover, for tests
designed to detect highly localised effects, it
has been suggested that the overall size of the
study region is not important.'7 As no strong
prior hypotheses regarding periods of exposure
to risk factors existed, we analysed data for the
entire period for which reliable information
was available (1968-93). Before 1968 in
Scotland only invalidated, and unpostcoded,
childhood cancer registration data and cancer
mortality records are available, neither of
which are appropriate for small area studies.
All of the nuclear sites, with the exception of
Torness, started operations before the start of
the study period. Torness began generating
electricity in 1989 and all of the nine cases
observed were diagnosed before this date.
Roman and coworkers have reported an excess
of cases concentrated in children aged under 5
years resident near the atomic weapons estab-
lishments of Aldermaston and Burghfield.'
However, most United Kingdom studies of
childhood cancer in the vicinity of nuclear
installations have considered the complete
0-14 age group.26927 Because of this, and the
few cases around some sites in Scotland, we
did not conduct age specific analyses within
the childhood age range 0-14 years. A pooled
analysis of all nuclear sites was considered
inappropriate because of the few sites in
Scotland, the heterogeneity of their opera-
tions, and the extreme variation in the popula-
tion density around the sites.
Our analysis was preceded by an evaluation

of the statistical power of several uncondi-
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tional tests to detect localised increased risk of
disease when applied to data aggregated at the
level of the enumeration districts. We simu-
lated four patterns of increased risk associated
with distance from a point source. Although it
must be acknowledged that the estimated
power of the tests would have differed if other
risk models had been considered, those chosen
were based on estimates of relative risks which
have been reported near Dounreay and
Sellafield.'3 The most powerful test against the
range of alternative hypotheses was found to
be Stone's maximum likelihood ratio. The test
also seemed to be sensitive to a non-monoto-
nic pattern of increased risk (model D). This
suggested that it would be the best general test
of excess risk within a 25 km study zone, even
when there is no trend of diminishing risk with
distance from the point source.
The most important conclusion from our

evaluation exercise was that the power of the
tests is highly dependent on the population
characteristics of the area under study.
Although it is likely that the population den-
sity is the most influential of these characteris-
tics, the distribution of the population, the
number of units of analysis (enumeration dis-
tricts in our study), and the overall expected
number of cases are also likely to be impor-
tant. For example, the estimates of the power
of the unconditional maximum likelihood ratio
test with respect to childhood leukaemia and
non-Hodgkin's lymphoma around Dounreay
and Hunterston (table 3) are higher than those
obtained in the initial evaluation exercise
(table 2). This is, in part, because the overall
number of cases of leukaemia and non-
Hodgkin's lymphoma (n = 1287) was greater
than the total cases in the evaluation exercise
dataset (n = 494) and hence, the expected
number in any study zone would be larger.
The effect of these factors on the power of this
class of statistical tests requires further study.
When considering a point source situated in a
densely populated area it is likely that any one
of several tests may be applied with confi-
dence. However, if the point source is located
in a sparsely populated zone the choice of test is
more difficult. In studies of several point
sources, the advantage, in terms of power, in
choosing one particular test may be heavily
outweighed by the variations in power due to
differences in the populations near the point
sources. Thus, it can be concluded that,
although it may be possible to choose a best
general test, evaluations of statistical power are
required in each new setting in which a test is
applied.
No evidence of a general increased inci-

dence of childhood leukaemia and non-
Hodgkin's lymphoma was found near nuclear
sites in Scotland. Of the sites other than
Dounreay, only Chapelcross and Rosyth had
more observed cases than expected after
adjustment for age, sex, Carstairs' deprivation
score, and urban-rural status. However, the
excesses around Chapelcross and Rosyth were
modest (8% and 2%, respectively) and the
results of the unconditional maximum likeli-
hood ratio test were not significant.

Nine cases of leukaemia and non-Hodgkin's
lymphoma were observed in children aged
under 15 in the area within 25 km of
Dounreay (O/E 1-99). Details of all these
cases have been published previously.6 The
unconditional maximum likelihood ratio test
yielded a significant result (P = 0-030) pro-
viding evidence of an increased risk across the
study zone around the site. The result of the
conditional linear risk score test for a trend of
decreasing risk with distance from the site,
however, was not significant (P = 0 356).
The main (maximum likelihood ratio) result
arose despite estimated maximum power of
55% (a = 0 05) to detect a relative risk of 3-0
near the plant. Although no evidence of a
trend of diminishing risk with distance from
Dounreay was found, the power of the test to
detect this was very low (26% for 10-fold
increased risk at the site followed by exponen-
tial decline, a = 0 05). This is likely to be due
to a combination of the small population units
used in the test (enumeration districts), the
sparse population around the site, and its
uneven distribution (figure 3A). Few people
live within 11 km of the plant and cases are
most likely to arise in Thurso, the main town,
situated about 12 km from Dounreay.

Several studies have suggested that
increased incidence of childhood leukaemia is
related to high social class in parents.28 This,
in conjunction with conditions of rural isola-
tion, may confer increased risk of the most
common form of leukaemia, acute lym-
phoblastic leukaemia, in very young children
through immunological isolation in infancy
and subsequent late exposure to an infectious
agent before the appearance of leukaemia.2930
In common with other parts of north east
Scotland, the Dounreay area is isolated and
has a population of relatively high socio-
economic status. In contrast with our earlier
reports, in this study attempts were made to
control for socioeconomic and urban-rural
status when calculating the expected number
of cases in the Dounreay study zone. This
resulted in an increase in the expected num-
bers of 14% in comparison with adjustment
for age and sex only. Therefore, the excess
incidence near Dounreay is partially
accounted for by the sociodemographic char-
acteristics of the area. However, after adjust-
ment for these characteristics the excess
remains significant and would not lead to a
modified conclusion from this study compared
with earlier studies.' 2 67 Adjustments made
with routinely collected data may not be ade-
quate if, as suggested by Kinlen et al,31 com-
plex local factors influencing patterns of
exposure to infections are relevant in the area
near Dounreay.

Our findings in relation to all nuclear sites
in Scotland are consistent with other studies of
multiple nuclear sites in the United
Kingdom9-12 and elsewhere.32 35 Most of these
considered mortality data and used conven-
tional methods of analysis based on standard
administrative areas. None the less, despite
differing study designs and including diverse
nuclear facilities, the overall findings of the
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studies are not, in the main, inconsistent.
Cook-Mozaffari and colleagues found no evi-
dence of an increase in all cancer mortality in
populations resident in the vicinity of nuclear
sites in England and Wales compared with
populations in matched control areas.9
However, a modest increase (15%) in mortality
from leukaemia in children and young adults
was observed. A similarly designed study in
the United States found no evidence of excess
cancer mortality in areas around nuclear elec-
tricity generating plants and, specifically, no
excess incidence of leukaemia in children who
lived near reprocessing and weapons facili-
ties.32 Evidence of a slightly increased inci-
dence of acute leukaemia in children resident
close to nuclear power plants in former West
Germany has been reported, with the most
pronounced increased risk in children under 5
years resident within 5 km of sites which
started operation before 1970.33 Most of this
effect was attributed by the authors to an
unexpected and unexplained low incidence in
control regions. Studies of mortality from
leukaemia in children and young people in
France34 and Canada35 found no evidence of
increased risk associated with proximity to
nuclear installations.
The only study to date to apply a similar

methodology to our study is the analysis of
childhood leukaemia and non-Hodgkin's lym-
phoma within 25 km of nuclear sites in
England and Wales in the period 1966-87.12
Bithell and coworkers concluded that there
was virtually no convincing evidence of a geo-
graphical association of childhood leukaemia
and non-Hodgkin's lymphoma with nuclear
installations in general, although an excess
incidence persists in the area around
Sellafield. Our overall conclusions for
Scotland are similar. With the exception of
Dounreay, there is no evidence of an increased
risk of childhood leukaemia and non-
Hodgkin's lymphoma in the vicinity of
Scottish nuclear sites. There is a significant
general excess in the area within 25 km of the
Dounreay plant. This finding shows that the
original reports of increased incidence near
Dounreay' 2 7 were not artefacts due to the
choice of temporal and geographical bound-
aries. Furthermore, the excess is only partially
accounted for by the sociodemographic char-
acteristics of the area.
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