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Abstract ‘ :
’Backgro(md: The spatial scan statistic proposed by Kulldorff has been applied to a wide variety
of epidemiological studies for cluster detection. This scan statistic, however, uses a circular window
to define the potential cluster areas and thus has diff iculty in correctly detecting actual noncircular
clusters. A recent proposal by Duczmal and Assungio for detecting noncircular clusters is shown
to detect a cluster of very irregular shape that is much larger than the true cluster in our
experiences. :

Methods: We propose a flexibly shaped spatial scan statistic that can detect irregular shaped

clusters within relatively small neighborhoods of each region. The performance of the proposed = -
spatial scan statistic is compared to that of Kulldorff's circular spatial scan statistic with Monte

Carlo simulation by .considering several circular and noncircular hot-spot cluster models, For
comparison, we also propose a new bivariate power distribution classified by the number of regions

‘detected as the most likely cluster and the number of. hot-spot regions mc!uded in the most hkely )
“cluster. '

Results: The circular spatial scan statistics shows a high level of accuracy in detecting circular
-clusters exactly. The proposed spatial scan statistic is shown to have good usual powers plus the
ability to detect the noncircular hot-spot clusters more accurately than the circular one.

Conclusion: The proposed-spatial scan statistic is shown to work well for small to moderate
cluster size, up to say 30. For larger cluster sizes, the method is not practically feasible and a more
efficient algorlthm is needed.

2

-~

Background .
The question of whether disease cases are clustered- in

space has received considerable attention in the literature
" [1-4]. Although many statistical tests for disease clusters
have been proposed, most tests suffer from multiple test-
irig problems due to one or two unknown parameters that
must be set prior to their applications. For example, Cuz-
ick and Edwards's procedure [5] has an unknown number

k of nearest-neighbours and Besag and Newell's method
[6] has an unknown number of cases k for the size of the
cluster. As far as we know, the spatial scan statistic pro-
posed by Kulldorff [7,8] and Tango's maximized excess
events test [9,10] are exceptions and take multiple testing
into account in the sense that we have only to specify the
maximum possible cluster size. Especially, Kulldorff's cir-
cular spatial scan statistic has been applied to a wide
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variety of epidemiological studies for cluster detection
(for example, see [11-13]). In recent power comparisons
of disease clustering tests, his scan statistic has been
shown to be the most powerful for detecting localized
clusters [14,15]. It should be noted, however, that the

power estimates provided reflect the "power to reject the.

null hypothesis for whatever reason" and that the proba-

bility of both rejecting the null hypothesis and detecting

the true cluster correctly is a different matter.

As the circular spatial scan statistic uses a "circular win-
dow" with variable size to define the potential cluster
area, it is difficult to correctly detect noncircular clusters

such as those along a river. Most geographical areas are’

noncircular. Furthermore, in our experience in applying
SaTScan program [16] to various data, even-if the null
- hypothesis is rejected, the circular spatial scan statistic
tends to detect a larger cluster than the true cluster by
absorbing surrounding regions where there is no elevated
risk. It should be noted that although Kulldorff originally
made no assumptions about the shape of the scanning
window in his paper [8], a circular scanning window has
been used in almost all purely spatial applications espe-
cially for the availability of software and computational
speed. S

Recently, Patil and Taillie [17] and Duczmal and

Assuri¢do [18] proposed non-circular spatial scan statistics

based on the likelihood ratio test formulated in the same
" way as in the circular spatial scan statistic. To avoid under-
taking computationally infeasible searches, they consid-
ered different approaches. Patil and Taillie [17] used the
notion of "upper level set" to reduce the size of windows

to be scanned and proposed "upper level set scan statis-

tic". However, they do not discuss how to select the level

g which defines the upper level set and do not provide any -

illustrations of their method nor any results of compari-
son with the circular scan statistic. Duczmal and Assuncio

[18], on the other hand, have applied a simulated anneal-’

ing method in which they try to examine only the most
promising windows using a graph-based algorithm to
obtain the local maxima of a certain likelihood function
over a subset of the collection of all the connected regions.
Their method seems to be very complicated but they do
not show any programmable procedure of their method.
_ In our experience using their program (personal comriu-

nication to Professor Duczmal via email) which is execut-

able with the Borland C++ Builder 6, their scan statistic, in.
most cases, detected a cluster of peculiar shape that was

much larger than the true cluster by absorbing not only
surrounding regions with non-elevated risk but also fara-
way regions with non-elevated risk. An example of such
properties of Duczmal and Assuncio's procedure is shown
later in comparison with the circular spatial scan statistic
and the proposed flexible spatial scan statistic. That is why

http:/Avww.i-healthgeographics.com/content/4/1/11

we did not include both the Patil and Taille method and
Duczmal and Assuncio's procedure in our simulation for
comparison. : :

In this paper, we propose an alternative flexibly shaped spa-

- tial scan statistic ('flexible spatial scan statistic' hereafter) in

which the detected cluster is allowed to be flexible in
shape while at the same time the cluster is confined within
relatively small nelghborhoods of each region. The per-
formance of the flexible spatial scan statistic is compared .
with that of the circular spatial scan statistic using Monte

. Carlo 31mu1at10n In comiparing performance we exam-

ined not only the usual power but also the newly intro-
duced bivariate power distribution classified by the
number of regions detected as the most likely cluster and
the number of hot-spot regions induded in the most
likely cluster. The proposed flexible spatial scan statistic is

illustrated with some simulated disease maps for the

Tokyo Metropolitan area.

Methods

Consider the situation where- an entire study area is
divided into m regions (for example, county, enumeration
districts, etcetera). The number of cases in the region i is

- denoted by the random variable N;with observed value n,,

i=1, .., m. Under the null hypo‘rhesm H, of no dustenng,
the N are mdependent Poisson variables such that

Hy: E(N) = & N; ~‘P01s(§i), i=1,..,m (1)

where Pois(e) denotes Poisson distribution with mean e
and the £ are the null expected number of cases in the

. region i..To specify the geographical position of each

region, we will use the coordinates of the administrative
population centroid. '

Under this situation, the circular spatial scan statistic
imposes a circular window Z on each centréid. For any of-
those centroids, the radius of the circle varies from zero to
a pre-set’ maximum distance d or a pre-set maximum
number of regions K to be included in the cluster. If the
window contains the centroid of a region, then that whole
region is incduded in the window. In total, a very large
number of different but overlapping circular windows are
created, each with a different location and size, and each
being a potential cluster. Let Zy, k = 1,.., K, denote the
window composed by the (% - 1)-nearest neighbours to
region i. Then, all the windows to be scanned by the circu-
lar spatial scan statistic are included in the set

Zy={Zy|1<i<m 1<k<K} (2)
A flexible scan statistic we propose, on the other hand,

imposes an irregularly shaped window Z on each region by
connecting its adjacent regions. For any given region i, we:
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create the set of irregularly shaped windows with length &
consisting of k connected regions including i and let k
moves from 1 to the pre-set maximum K. To avoid detect-
ing a duster of unlikely peculiar shape, the connected
regions are restricted as the subsets of the set of regions i
and (K - 1)-nearest neighbours to the region i where Kisa

- pre-specified maximum length of cluster. In total, as in the
circular spatial scan statistic, a very large number of differ-
ent but overlapping arbitrarily shaped windows are cre-
ated. Let Zy;), j = 1,..., j denote the j-th window which is
a set of k regions connected starting from the region i,
where ji, is the number of j satisfying Z; € Zy fork = 1,...,
K. Then, all the windows to be scanned are included in the
set

Zy={Zpy| 1<i<m, 1SRSK 1<j<jp}  (3)
In other words, for any given region 1, the circular spatial

scan statistic consider K concentric circles, whereas the
flexible scan statistic consider K concentric circles plus all

the sets of connected regions (induding the single region

" 1) whose centroids are located within the K-th largest con-
centric circle. So, the size of Z, is far larger than that of Z,
which is at most mK. Details of the algorithm that we
adopted to find all these arbitrarily shaped windows
within a pre-specified maximum length K are given in the
Appendix.

Under the alternative hypothesis, there is at least one win-
dow Z for which the underlying risk is higher inside the
window when compared with outside. In other words, we
are considering the following hypothesis:

H,: E(N(Z)) = §Z), for all Z, H, : E(N(Z)) > §Z), for
someZ (4)

where N() and &) denote the random number of cases
and the null expected number of cases within the spedi-
fled window, respectively. For each window, it is possible
to compute the likelihood to observe the observed
number of cases within and outside the window, respec-
tively. Under the Poisson assumption, the test statistic,
which was constructed with the likelihood ratio test (8], is

given by

, Sup(i(_z—)]n(z)(@]n(z){@>@) 5)
2z $(2) (Z°) §2) ¢z _
where Z¢ indicates all the regions outside the window Z,
and n() denotes the observed number of cases within the
specified window and I() is the indicator function. The
window Z* that attains the maximum likelihood is
defined as the most likely cluster (MLC). To find the distri-
bution of the test statistic under the null hypothesis,
Monte Carlo hypothesis testing [19] is required. In this

http:/iwww.ij-healthgeographics.com/content/4/1/11

paper, p-value of the test is based upon the null distribu-
tion of likelihood ratio test statistic with a large number
(we used 999) of Monte Carlo replications of the data set
generated under the null hypothesis. It should be noted
that, in the same manner as the circular spatial scan statis-
tic, the flexible spatial scan statistic is also able to locate
secondary clusters that do not overlap the most likely clus-
ter but are still statistically significant.

Results

Hllustrations and powers

In this section, we will compare the flexible spatial scan
statistic with the circular spatial scan statistic. As an entire
study population, we will use m = 113 regions comprising
the wards, cities and vﬂlages in the area of Tokyo Metrop-
olis and Kanagawa prefecture in Iapan (Figure 1) The var-
iability of regional populations for m = 113 regions is: 25
percentile = 56, 704, median = 142,320 and 75 percentile
=200, 936. ’

Hot-spot clusters
We will consider the followmg four hot-spot clusters

where the expected total number of cases 2 & issetto
be 200 under the null hypothesis.

1. Cluster A = {14, 15, 20}
2. Cluster B = {14, 15, 20,26}
3.. Cluster C = {14,'15, 26, 27}

4. Cluster D = {73, 74, 75, 76, 78}

where the region included in a hot-spot cluster is called a
"hot-spot region" (hot-spot region numbers are shown in
Figure 1). The relative risk within any cluster R is set to
three, i.e.,;

’

H, : N(R) ~ Pois(64(R)), 6=3.0 (6)

The cluster A is considered here as an-example of a circular
cluster that can be in the set of the circular windows and
is expected to be identified by the circular spatial scan sta-
tistic more often than by the flexible spatial scan statistic.
The other clusters are examples of noncircular clusters that
are not in the set of the circular windows and thus cannot .
be identified correctly by the circular spatial scan statistics.
For example, consider the region i; = 15 ds the starting
region and the set of (K - 1)-nearest neighbours to the
region 15, which is listed as follows in the ascending order

.of distance from the region 15: :

15,.14, 20,12, 4, 26,13, 27, 16, 40, 19, 42, 10,...,
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Figure | : » .
An entire study population for simulation studies. The |13 regions comprising wards, cities and villages in the area of

Tokyo Metropolis and Kanagawa prefecture in Japan. The region number used in the text is shown. Especially, The region num-
bers of four hot-spot clusters A-D are A = {14, 15, 20}, B = {14, 15, 20, 26}, C = {14, 15, 26,27},and D = {73,74,75,76,78},

respectively. ‘

In this case, circular windows are {15}, {15, 14}, {15, 14, 20, 14, 15,19, 16, 4, 17, 26, 40, 13, 5, 12, 1, 27....,
20}, {15, 14, 20, 12}, ... When the starting region is 14 or ' '
20, the corresponding set of (K - 1)-nearest neighbours is  respectively. In both cases, cluster B and C are easily found
' to be not in the set of circular windows. The cluster D is
14, 15,20, 4, 16,13, 19, 12,5, 1, 17,10, 26, 3, 27,..., considered as an example of a long and narrow cluster as
is shown in Figure 1. . :
and
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Figure 2 .

A random sample from cluster model C. Dots describe the centroids of regions with some cases. Circles are drawn only
for the regions whose standardized risk ratios are statistically significantly larger than | at & = 0.05 and the region number is
placed in stead of dot. The radius is set inversely proportional to the tail probability.

Hlustrative example

As an illustration, we will apply the circular spatial scan
statistic, the flexible spatial scan statistic and Duczmal and
Assuncio's spatial scan statistic to the disease map shown
in Figure 2 which is a random sample of n = 235 cases
assuming the cluster model C. Circles are drawn only for
the regions whose observed-expected ratio (standardized
risk ratio) is statistically significantly larger than 1 at oz =
0.05. The radius of the circles is set inversely proportional

to the upper tail p-value. The number shown in Figure 2
indicates the region number. Figure 2 obviously suggests
the clusters occurring in the area including regions {14,
15, 26,27, 33}. -

Before épplying the three spatial scan statistics, we have to

" specify a common maximum length K for the most likely

cluster. This makes comparisons to a certain extent fair. In

" this example, we chose two kinds of maximum length K =
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15 and K = 20 since it is not unreasonable to assume that
an actual cluster size will be 'less than one third or one
fourth of the size of the whole study area.

Irréspective of the value of K, the circulaf spatial scan sta-
tistic detected the regions {14, 15} as MLC with log like:
lihood ratio = 20.1, p = 1/(999 + 1) = 0.001 and the

estimated relativerisk is @ = 3.47. This is shown in Figure
3(a). The flexible spatial scan statistic, regardless of the
value K, detected the regions {14, 15, 26, 27, 33} as MLC
with log likelihood ratio = 29.7, p = 0.001 and the esti-

mated relative risk is 6 = 3.41. This is shown in Figufe :

3(b).. Duczmal and Assun¢io's method, on the other
hand, detected a cluster of peculiar shape that is much
larger than the true cluster. In the case of K = 15, their scan
statistic detected an area consisting of K = 15 connected
regions {14, 15, 24, 26,27, 31, 32, 33, 48, 54, 69, 77, 78,
90, 110 } as MLC with log likelihood ratio = 31.8, p =

_ 0.001 and the estimated relative risk is & = 2.40. This is
shown in Figure 4(a). Figure 4(b) shows the most likely
cluster {14, 15, 26, 27, 31, 32, 33, 48, 60, 61, 62, 67, 69,

-77,78, 80, 89, 90, 108, 110 } detected by Duczmal and
Assungio's scan statistic for K = 20 where the length of
MLC is also the same as K = 20 and log likelihood ratio =

36.0, p = 0.001 and the estimated relative risk is 8 = 2.26.
In the case of K = 15, the results of the three scan statistics
are summarized in Table 1. Although the most likely clus-
ter detected by Duczmal and Assunc¢io's scan statistic has
the largest log likelihood ratio among three scan statistics,
it has detected MLC surprisingly larger than the true
cluster. ‘

Using a PC(Windows XP, CPU pentium 4, 3.2 GHz), the
execution time of the flexible spatial scan statistic in this
examiple is 14 seconds for K = 15 and 379 seconds for K =
20 which is certainly greater than that for the circular spa-

tial scan statistic (less than 1 second for both K = 15 and .

K = 20). .
Power comparison ‘

In the power comparison, we chose K = 15. To compare
the power of the flexible spatial scan statistic with that of

the circular spatial scan statistic based upon Monte Carlo

simulation, we will introduce a new bivariate power dis-
tribution P(l, s} classified by the length I of the significant
MLC and the number s of hot-spot regions included in the
most likely custer:

#{significant MLC has length ! andincludes s hot - spot regions} @)
#{trials for each simulation} ! ‘

P(l,9)=

where 1> 1 and s > 0. Based on P(l, 5), we examined the
following powers,

http:/ivww.ij-healthgeographics.com/content/4/1/11

1. the usual power, i.e., P(#+) = 21 2o P 5),
2. the joint power P(J, s), especially P(s*, s*) where s* is
the length of the hotspot cluster assumed in the

simulation.

3. the marginal power distribution of s(= 0), P(+, 5) = 2

_ P(l, 5} and its conditional power P(+, s)/P(++),

4. the marginal power distribution of I(= 1), P(I, +) = X
P(l, s).

The powers are calculated for tests of nominal ¢ levels of
0.05 and for the expected total number of cases 200 under

- thé null hypothesis, which are based on Monte Carlo sim-

ulation using Poissor random numbers. For each simula-
tion, 1,000 trials were carried out. The resultant power
distribtition P{l, s) x 1000 is shown in Tables 2, 3, 4, 5 for
each of the four cluster models, respectively, in the form
of cross table classified by I (“length" in tables) and s
{("include" in tables).

1) Usual power

Both tests have the same size 0.043 (distribution of length
of significant MLC is omitted) and are shown to have high
powers for the hot“spot clusters considered here. The flex- -
ible spatial scan statistic generally has higher power except
for the model A (circular cluster) where, however, the dif-

ference is small.

2) Joint powers at (s* s*) and at its neighbours

Table 2 shows the good characteristics of the circular spa-
tial scan statistic. Namely, the circle-based scan statistic
could detect circular hot-spot cluster A with length s* = 3
considerably more accurately with power 738/1000 com-
pared to 142/1000 of the flexible spatial scan statistic.
Tables 3, 4, 5, on the other hand, show that the power of
the circular spatial scan statistic in detecting exactly non-
circular hot-spot clusters is 0/1000 due to the circular win-
dow. However, the circular spatial scan statistic is seen to

be able to include some of the hot-spot regions into MLC

reasonably well. For example, when applied to the noncir-
cular cluster B with length s* = 4, three or four regions
incduding three hot-spot regions can be detected as the
most likely cluster with relatively high power (523 + 65)/
1000 = 0.588 (Table 3). When applied to the model D
with length s* = 5, the similar high power 363/1000 can -
be observed at (I, s) = (6, 4) (Table 5). The flexible spatial
scan statistic, on the other hand, has no such high power
at a single point (I, s) near (s*, s*). However, the charac-
teristic of the flexible spatial scan statistic is that the sup-
port of the power distribution is distributed in a relatively
narrow range of / on the line s = s*,i.e, we have s* <1< 12
in the four cluster models considered here.
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Figure 3 ,
The most likely cluster detected by the circular and the flexible spatial scan statistic. (2) Detected by the circular

spatial scan statistic for both K = |5 and K = 20 and (b) by the flexible spatial scan statistic for both K = |5 and K = 20, when
applied to a random sample from the cluster model C = {14, 15, 26, 27},

38
Page 7 of 15

(page number not for citation purposes)



