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Score Tests for Detecting Excess Risks
Around Putative Sources

Toshiro TANGO*

SUMMARY

Focused clustering studies examine raised disease
risk around prespecified point sources. As statisti-
cal methods to detect such clusters, Stone’s max-
imum likelihood ratio test against the general or-
dered alternatives and score tests which score each
case the reciprocal of the distance from a point
source as a surrogate exposure are popular among
others. This paper considers extensions of score
tests in that {1) it can allow us to select the best
among pre-specified parametric exposure functions
to avoid multiple testing problems and (2} it can be
applied to a possible situation that the hazardous
substance levels have a peak at some distance from
a point source. Simulation study shows that the
powers of the proposed tests are higher than that
of Stone’s test over all the alternatives considered.
The proposed tests are illustrated with hypothetical
data as wel] as simulated data to be expected in an
epidemiological study currently in progress regard-
ing an excess risk of perinatal undesirable outcomes
near municipal solid waste incinerators in Japan.

Key words: dioxin; relative risk; small area;
waste incinerator

1 INTRODUCTION

Since the 1980s there has been growing interest in
the analysis of small area data to investigate the
relation between the risk of a disease and proxim-
ity of residence to a prespecified putative source
of hazard. It is well known that the apparent ex-
cess of cases of childhood leukaemia near the nu-
clear reprocessing plant such as that in the village
of the Seascale at Sellafield has been extensively
investigated (for example, see Bithell et al.[ll).
More recently, there is great public concern on the
health effects of so called diezin, organic compounds
such as polychlorinated dibenzodioxins (PCDDs)
and dibenzofurans (PCDFs) emitted from munic-

ipal solid waste incinerators2l.
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The primary statistical problems arising in the
traditional approach to these epidemiological stud-
ies are post hoc analyses of the reported clusters of
cases near putative sources. Bias in selection of re-
gions due to prior knowledge of an apparent effect
may cause unconscious multiple testing problems
and subjectivity in interpreting the study results.
To avoid these inferential problems, many statisti-
cal procedures, called focused tests, to detect such
an execss risk or a cluster of cases around a puta-
tive source of hazard have been proposed. Among
others, Stone’s testl3] is very popular since it is
based on traditional epidemiological estimates SMR
or SIR (standardized mortality or incidence ratio).
It has, however, been shown to be not so power-
ful. As a locally most powerful test, score tests
have been proposed as an alternative test (41161,
Bithelll”] considered a linear risk score test based
on the reciprocal of the rank of the distance from
a point source in relation to the most powerful test
against any given alternative hypothesis. Dlggle[
Diggle and Rowlmgson[gl and Diggle et al. (101 have
proposed point process models based on exact lo-
cations of cases. Lawson and WallerM ! review an
extensive literature in this area.

In this paper, we shall propose extensions of score
tests based on small area data in that (1) it allows
us to select the best among pre-specified parametric
exposure functions to avoid multiple testing prob-
lems and (2) it can be applied to a possible situation
that the hazardous substance levels tend to peak at
some distance from a point source. The properties
of the proposed tests and their power are examined
and illustrated with hypothetical data as well as the
power calculation conducted in an epidemiological
study currently in progress in Japan.

2 The NIPH Epidemiological
Study

Our motivation is in the NIPH (National Institue
of Public Health in Japan) Epidemiological Study
currently in progress. In section 4, we will illustrate
the proposed tests with the power calculation con-



ducted in its design stage. This study is a Japan's
nationwide first-ever large-scale study to estimate
the risks of perinatal undesirable outcomes such as
increase of foetal death, congenital malformations,
female live births ( a possible dioxin’s antioestro-
genic effect ) and decrease of birth weight associ-
ated with maternal residential proximity to munic-
ipal solid waste incinerators. Recently in Japan,
there is great public concern about risks from pol-
lutants especially organic compounds such as poly-
chilorinated dibenzodioxins (PCDDs) and dibenzo-
furans (PCDFs) included in clouds of smoke emit-
ted from the municipal solid waste incinerator chim-
ney. The design of this study is very similar to that
by Elliott et al. (21 in which cancer incidence near
municipal solid waste incinerators had been investi-
gated in Great Brtain. The study areas are selected
at outset to be within 10 km of 73 major inciner-
ators selected from 1,854 incinerators in Japan as
shown in Figure 1. Each study site is scheduled to
be divided into ten zones delimited by ten circles of
radii of 1,2,...,10 km. To conduct this study, we
are developping a sort of postcoded database to ob-
tain observed and expected number of cases in each
of ten zones. The detailed report of this study will
be published elsewhere.

3 METHODS

Consider the situation that an entire study area is
divided into m regions. The number of cases in the
ith region is denoted by the random variable N;
with observed value n;, i = 1,2,...,m and n =
fiy + -+ 1, . Under the null hypothesis of no
clustering, the N; are independent Poisson variables
with mean e; :
E(Ni)=€i‘, (i:l,...,m), (1)
where the ¢; are the null expected numbers of cases
of the ith region. The e; are ususally calculated
using the rates r; from some reference population
{unconditional approach). If the external rates r;
are considered to be inappropriate for some reasons
or missing, then we will go on to take the condi-
tional approach using internally calculated rates r}

Z&H‘k Z s
(2)

where £;; denote the number of individuals at risk
or population size in the kth category of the set of
potential confounders such as age and sex of the ith
region and n4y = Ny + ... + Bpi - It should be
recognized, however, that standardizing internally

A (m—) (i=1,...,m

would be hazardous in that the effect of the putative
source of pollution could be reduced if, say, more
elderly people live close to the source.

An alternative hypothesis of clustering can be ex-
pressed as

Hy : E(N;) =05, (i=1,..,m), (3)

where the 8; denote the region-specific relative risk.
If we have enough information on the relative risks
8;. the most powerful test is of the form!7):

T = an log(8

where tq should be chosen to ensure the correct type
I error o for the test. However, it is very rare that
we can have a good idea of the #,’s. Bithelll7) called
this kind of test linear risk score (LRS) test using
8; as scores. When we are interested in detecting
the clusters of rare diseases under study around the
pre-specified putative point source and we cannot
assume values for the relative risks §;, an alternative
is to consider the simple ordering that the risk does
not increase with increasing distance from the point
source :

) > to

(4)

(5)

where 9() denote the relative risk for the region
which is the i-th nearest to the point source.
Bithelll?) then examines LRS tests by replacing un-
known #¢; by a suitable relative risk function of
distance such as ”1/distance” and the reciprocal of
distance rank. Of course, there are many other
possibilities for monotonic functions of distance.
Stone[g], on the other hand, proposed a maximum
likelihood ratio {MLR) test which, under the order-
restricted H), calculates the maximum likelihood
estimators é(i) which is easily obtained by using
so-called ”pool-adjacent violators” algorithm (see,
Barlow et al.ful):

Hy:00y 26003 > 20m

t
f(;) = min max ———Zr:s i
s<i b Er_ €(r)

where n(,, and e(ry denote the observed and ex-
pected number of cases, respectively, for the region

, i=1..m. (6)

) which is the r-th nearest to the point source. Since

there are order restrictions on the parameters, the
usual asymptotic properties of the maximum likeli-
hood ratio test are not guaranteed. Then, Stone!dl
proposed the first parameter estimator 9(1) under
the order restriction as an alternative test statis-
tic whose null distribution can be obtained without
simulation. However, since the power of MLR test



is generally higher than that based on the 9(1) ex-
cept for the case where nearly all the excess risk
is concentrated very close to the putative source of
hazard, it may well be preferable to carry out a
Monte Carlo test using the MLR test.

Related to the LRS tests are a class of locally
most powerful tests based on the efficient score un-
der the additive excess risk model

4; =1+ gie, (N
where the g; denote surrogates for exposure to the
point source.

We call the g; "exposure function” throughout
the paper. Oviously, the most powerful test for this
alternative is the LRS test based on 31—, n;log(1+
gi€) which is asymptotically {as € — 0) equivalent
to the efficient score test based on } ., n;g;. The
latter has the advantage that it does not depend on
the unknown e. Waller et al[4] proposed a locally
most powerful test based upon the efficient score as-
suming the g; is related inversely to geograhic dis-
tance d; from the point source. Lawsonl®! also pro-
posed similar score tests. These tests are identical
in form to score tests used in epidemiologic settings
where one knows exposure values for each of sev-
eral strata (for example, see Breslow and Day[15])
Waller and Lawson(13 and Waller 14 have shown
that the score test based on inverse distance has
greater powers than Stone’s test based on 61y and
other tests against alternatives that they thought
were of more practical interest. However, like the
score or the relative risk functions required in the
LRS tests, the choice of transformation we use to
achieve a suitable inverse measure of distance in-
troduces an element of arbitrariness and will cause
multiple testing problems.

(i=1,..,m)

4 Extended Score Tests

Some problems associated with the methods de-
scribed so far are summarized as follows:

P1. How to deal with multiple point sources,
{81,..,8;} 7 Several authors!3-{131,161.017]
suggest the use of the distance to the nearest
point source. However, this type of procedure
has low power in a sense that it takes no ac-
count of total exposures. Calculation of total
amount of exposures depends on the relative
geographical locations of point sources.

P2. Selection of unknown exposure functions g; for
the score tests and relative risk functions for
the LRS tests will cause multiple testing prob-

lems.

P3. The simple non-increasing restriction (3) is not
always valid. There may be a situation that
the hazardous substance levels tend to have a
peak at some distance from the putative source
of hazard. Therefore, a test for detecting a
peak-decline trend is needed. For this purpose,
Lawson!®) proposed a score test based on the
model ; = exp(Fylog(d;) + 5id;). However,
the score test derived under this model cannot
be an appropriate test for peak-decline trend
since this model assumes the exposure to be
proportional to the distance.

To cope with the first problem P1, we shall con-
sider total exposures for g; as

J
G+ = Z 9ij
J=1

where ¢;; denote some exposure function for the
region i to the point source S;. If we do not have
enough exposure information from each of the point
sources, it may not be unreasonable to assume that
the exposure levels due to the point sources have
similar decay function of distance regardless of the
point source. Although we have many choices re-
garding a decay function of exposure, we shall as-
sume here a common exponential form with one pa-
rameter A

(8)

05 = 0 = wsexp{-4(2)}, @)
where d;; denote the distance between the region
i and the jth point source, A is the scale parame-
ter and g;; attains nearly zero at d;; = A and wj
is a predetermined relative weight proportional to
the amount of pollutants z; emitted from the j-th
point source, i.e., w; o« z;/ Zj z; . If all the point
sources can be assumed to have the similar exposure
level, then w; may be equal to 1. Underestimating
w; might produce a test result biased toward null.

This decay function has been used in a global
test(0: 181 for detecting disease clustering. Large A
will give a test sensitive to large cluster and small
A to small cluster. Based on this exposure func-
tion, we shall propose the following score statistic
for testing focused clustering :

Cra = g+ (N(ni—e) (10)
i=1

which is asymptotically normally distributed with
mean 0 and variance equal to the Fisher Informa-
tion:

m

m 2
Z eigiy () — (Z 6i91’+()\)) (1%)

i=1

vaI{CF:l\) =



If the e; are unconditionally calculated, then e;
should be replaced by ne;/ Z;":l e;j in {10) and (11).

Tango[m proposed a quite similar test statistic for
focused clustering in which the location of the jth
point source was approximated by the centroid of
the region including it, which is not always good an
approximation since small changes in data might
cause big different test resulis (see, Bithell[”]).

To take the multiple testing problem P2 associ-
ated with the selection of A into account, we shall
propose, as an extended score test, the minimum
of the profile P-value of Cr., for X where )\ varies
continuously from a small value near zero upwards
untill A reaches to about half the size of the whole
study area. The proposed test statistic P,,,, for
monotone trend is defined as

Pron = mjn PT{CF:/\ > CF:) ' HU:A}

= PI'{CF;)‘ >CF:A!HU:A=A*}

()
Var(CF:A.)

where ¢g.) is the observed test statistic as a func-
tion of A, A* attains the minimum p-values of Cp.,
and ®(.) denotes the standard normal distribution
function. Practical implementation of this proce-
dure is to use "line search” by discretization of A.
The null distribution of P, can be obtained by
Monte Carlo simulation. Ta.ngo[lsl has considered
a global test for detecting disease clusters by apply-
ing a similar adjustment method, in which we have
no pre-specified putative sources.

Finally, to make the above procedure applicable
to the problem P3, we shall modify the exposure
decay function g;; /w; into two dimensional one such
as

9dij,8) > 1 ifdy < s (s> 0)
93 /w; =
g (di;,8) <1, otherwise

where g{®(s,5) = ¢!¥(s,s) = 1 and the g is de-
fined as a monotone exposure function when s = 0.
Here also, the choice of these functions may be vari-
able depending on the situation but here, for ease of
interpretations, we shall use the following particular
function

a—1
]

¢dd,s) = 1-4 did—3s), (14)
d—s

A

gW(d,s) exp{~4(——)*},  (15)
where g attains a pre-determined constant a at
distance d = ¢/2. The choice of a also looks arbi-

trary but we have only to set a larger than a possible

maximum relative risk, say a = 2.0 or 3.0. In our
experiences, the result does not change essentially
by the choice of a greater than the maximum rel-
ative risk. In terms of estimnation of the exposure
function, the above function seems to be little real-
istic in that the first parital derivative with respect
to d is not continuous. However, for detecting a
peak-decline profile near the point source, it will be
shown to be useful by simulation in the next sec-
tion. Then the extended score test deviced for both
monotone and peak-decline trends is given by

Pboth - I;l"lllsl Pr{CF:A, 8 > CFx, 8 | H(),A, S}

1| Shder (16)
Var(GF:A‘ ,8* )

where ¢,y 5 is the observed test statistic as a func-
tion of A and (A*, s*) attains the minimum p-values
of Cr.s. Practical implementation of this proce-
dure is also to use "numerical search” by discretiza-
tion of A and s. The null distribution of Py, can
be obtained by Monte Carlo simulation.

Whether F,,,, or Py should be used strongly
depends on prior knowledge of exposures and also
the availability of detailed address information of
cases and controls around the point sources. In
general, a monotone declining trend is a good ap-
proximation for an epidemiological study based on
centroids of small areas. However, in a study where
more precise individual data are available, we had
better consider the possibility of a peak-decline
trend together with a monotone-declining one.

i

5 ILLUSTRATIONS AND

POWERS

In this section, the proposed tests are compared
with Stone’s MLR test and illustrated with hypo-

3) thetical data as well as power calculations done in

the NIPH epidemioclogical study regarding excess
risks around municipal solid waste incinerators.

5.1 Hypothetical data
Metropolitan area

in Tokyo

To illustrate the proposed test for monotone trend
(12) and also to compare its power with that of
Stone’s MLR. test, we shall consider mn = 113 re-
gions comprising the wards, cities and villages in
the Tokyo Metropolis and the Kanagawa prefec-
ture in Japan as an entire study population. The
variability of regional populations for the 113 re-
gions is: 25 percentile = 56, 704, median= 142, 320
and 75 percentile = 200,936. Tn Figure 2, 113 cir-
cles with various sizes are plotted. The center of a



circle is the location of population centroid of the
corresponding region and the radius is proportional
to the population size. The maximum and mini-
mum distance between regions are 93.82 km and
1.58 km, respectively. In this particular applica-
tion, as half the maximum distance among regions
is about 93.82/2 = 40, we shall take a sequence of
values of X as A = 2,4,6,...,40 to obtain the test
statistic Ppon

min

Pron = (ZAnd

0 Pr{Cr. > cra | Hg, A} (17)

Figure 3 shows 20 exposure functions g;(A), A =
2,4, ...,40, with w = 1.

5.1.1 Clustering model

We shall consider the following two models of fo-
cused clusters, namely “clinal” and "hot spot” clus-
ters, defined by Wartenberg and Greenbergilg].
Clinal clusters have a monotone decrease in dis-
ease risk as distance from the point source in-
creases. Hot spot clusters are characterized by a
constant elevated disease risk in regions near the
point source(hot spot) and background disease risk
elsewhere.

1. Clinal cluster: we consider two situations (a)
one point source is located in the region 33
and (b) two point sources are located in the
regions 33 and 41, which are illustrated in Fig-
ure 2. The distance between region 33 and 41
is da3 41 = 16.49 km. In both situations, the lo-
cation of point source is approximated by the
centroid of the region including it and the true
relative risks are assumed as

6i; = 1+(RR—1) exp(~d;j/5), RR=2,3,45.

(18)
Figure 4 illustrates a clinal cluster with RR=3
occurred around the region 33 in which the ra-
dius of each circle is set proportional to the
relative risk assumed.

2. Hot spot cluster; here also we consider two
cases; one point source and two point sources.
The location of clusters are the same as those
of clinal cluster models. In both cases, the true
relative risks are set as

RR, ifd;; <5km, RR=234.5,
gij =
1.0, otherwise
5.1.2 Illustrative example

As an illustration of calculation of the proposed
test to detect monotone model of clustering, we

shall apply the proposed procedure to the disease
map shown in Figure 5 which is a random sam-
ple with n=100 from clinal cluster model with one
point source with RR = 3.0. The circle for the point
source { region 33 ) is shaded and a circle is drawn
only for the region whose O/E {observed/expected)
ratio, n;/e;, is statistically significantly (p < 0.05)
larger than 1.0 or

Q; = Pr{N; > n; | N; ~ Pois(e;)} < 0.05

where Pois{e;) is a Poisson distribution with ex-
pected number of cases e;. The radius of circle is
set inversely proportional to the upper tail proba-
bility @;. The number shown in Figure 5 indicates
the number of observed cases n;{> 0} for the re-
gion i. Although Figure 5 seems to suggest a clus-
ter around the region 33, we can observe that re-
gions having significant O/E ratio’s are scattered.
The profile P-value of Cpg.x for A is shown in Fig-
ure 6 and we found that Ppon = 3.96 x 1079 at
A* = & This p-value is the fourth-largest among
999 P,,...’s calculated by Monte Carlo repliactions
of 999 random disease maps generated under the
null hypothesis. Therefore, the adjusted p-value of
Pron = 4/(999+1) = 0.004, indicating a significant
cluster around the region 33.

5.1.3 Power comparisons

To compare the power of the proposed extended
test Ppon with that of Stone’s MLR test, we shall
show Monte Carlo simulation results. To estimate
the upperbound of the power, we include the most
powerful test T defined in equation (4) where each
@; or 8;; is defined in equation (18) for the clinal
cluster model, but when there are two point sources
we use their sum

91' 291'1 +91‘2 -1

and the same value of RR’s is assumed for the two
point sources. In the case of the hot spot cluster
model, on the other hand, the inclusion of the most
powerful test is given up since the distribution of
T is markedly discrete and power comparisons at
the nominal o level are not easy. Stone’s MLR
test adopts the distance to the nearest point source
when we have two point sources. The resultant
powers for tests of nominal e leves of 0.05 and 0.01,
sample size n = 100 and RR = 2,3,4,5 are shown
'PgTable 1 and 2 for clinal cluster model and hot
spot. cluster model, respectively. As expected, the
most powerful test has the highest power. Stone’s
MLR test appears to be less powerful than the pro-
posed extended score test for monotone trend by
about 10 per cent to 20 per cent depending on the
ajternatives.



5.2 Power calculations in the NIPH
Epidemiological Study

We shall illustrate here the proposed tests with the
power calculations conducted in the NIPH Epidemi-
ological Study introduced in section 2. In this spe-
cial application, we considered the distance between
the j-th zone and waste incinerator is defined as
d; =| j — 1 | since we would like to consider the
relative exposure compared with the reference zone
with radius 1 km. Further, in order to obtain Pygp
defined in (16), we have conducted a two dimen-
sional search over the grids (A, s) defined by combi-
nations of discrete values of A € {2,4,6,...,40} and
s € {0,1,...,5}. The range of s is determined ac-
cording to some observed peak-decline decay curves
of expousure levels experienced in a few investi-
gations regarding atmospheric levels of pollutants
such as polychlorinated dibenzodioxins (PCDDs)
and dibenzofurans (PCDFs) around waste inciner-
ators. The value of ¢ = 2 was determined by con-
sidering that a possible maximum relative risk at-
tained in the study will be around 1.1-1.2. Further,
we examined the effect of value ¢ on the power of
the proposed test by considering larger values for a
but we had no essential changes.

To calculate sample sizes required for this study,
we have conducted power calculations based on
Monte Carlo simulation. In this paper, we shall
show a part of them in which we adopt the follow-
ing scheme:

1. The risks are assumed to increase only within 3
km from the incinerator. Let R; denote the rel-
ative risk of the i-th nearest zone to the waste
incinerator. We consider ten typical risk pat-
terns to be expected in the study, which are
shown in Table 3.

2. The total observed number of cases is assumed
to be one of n = 5,000, 10,000, 20,000, 30,000,
40,000, 50,000, 100,000 in this paper. Surely a
more accurate estimate of the total number of
cases can be obtained for the specific outcome
being considered.

3. Expected number in each zone is assumed to
be proportional to the area of zone, ie., we
shall assume homogeneous population density
in this simulation.

To illustrate the calculation of proposed tests and
compare with Stone’s MLR test, we shall gener-
ate a random sample of size n = 10,000 simu-
lated under the alternative hypothesis with risk pat-
tern No. 4 which has a peak at zone 2, {R; =
L1,By = 1.0,k = 1,3,4,..,10}. The data and

test results are shown in Table 4: a significant clus-
ter was not detected by applying Stone’s MLR test
{(p = 0.128) and extended score test for monotone
trend ( p = 0.117 at A* = 4). Extended score
test for both trends, on the other hand, produced
p=0.022 at s* = 2 and A\* = 40, suggesting a peak
at zone 2 which is identical to the visual impression
of data. Estimated p-values of these tests are based
on 999 random replicates generated under the null
hypothesis, respectively.

The resultant powers for tests of nominal o lev-
els of 0.05 and 0.01 are shown in Tables 5 and 6,
in which we can observe several interesting char-
acteristics of tests. First, the extended score test
for monotone trend has the highest power against
all the monotone alternative hypotheses considered
(No. of relative risk pattern = 1,2,5,7,9). The
extended score test deviced for both trends ap-
pears to have slightly higher powers than those of
Stone’s MLR in these monotone alternatives. See-
ond, the extended score test deviced for detecting
both trends has the highest powers against peak-
decline alternatives (No. of the relative risk pattern
= 3,4,6,8,10). Third, Stone’s MLR test seems to
have the lowest power on an average but it is some-
times slightly more poweful than the extended score
test for monotone trend when we have peak-decline
alternatives. The third observation will be clearly
due to the misspecification of the alternative hy-
pothesis of the parametric score test. The score
test deviced for monotone trend is clearly shown to
lose powers against the non-monotone alternatives
and even less powerful than Stone’s nonparametric
MLR test depending on the situations.

6 DISCUSSION

In this paper, we proposed the extended score tests
in which the surrogate exposure g is modelled using
a continuous function of distance from the source.
The optimal model or p-value was determined by
finding the minimum of the profile P-value of the ex-
tended score tests defined in (12) or (16). This pro-
cedure looks like the mazimum likelihood method
in a fully parametric approach. It may be said that
the parametric approach allows such parameters as
A, a,s to be estimated and withdraws the need to
consider a set of somewhat arbitrary values. How-
ever, the reason why we did not adopt a parametric
approach is mainly the difficulty of deriving a reli-
able test and of obtaining reliable estimates of pa-
rameters involved. Our basic model is of the form:

8 = l+egld|p)

where 3 denotes the vector of parameters defining
the exposure function of distance d. Namely, in



