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Figure 4

The most likely cluster detected by the Duczmal and Assuncio's scan statistic. (2) Detected for K = |5 and {b) for
K'= 20, when applied to a random sample from the cluster model C = {14, 15, 26, 27}.
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Table I: Regions detected as the most likely cluster by three procedures. Regions detected as the most likely cluster by the circular
scan, the flexible scan and Duczmal and Assunciio's scan, with the maximum length of cluster set to be K= 15 for the simulated
random sample from the cluster model C where the hot spot cluster is assumed to be the set of connected four regions {14, 15, 26,27}

with the assumed relative risk 8= 3.0. For details, see text.

region no. population observed no. expected no. relative risk  Log likelihood ratio (LLR) and estimated relative risk
cases cases  estimated (true) é for the most likely cluster
Circular Flexible Duczmal et al.
14 319,687 14 3.794 3.69 3.0) * ¥ *
15 529,485 2l 6.283 334 (3.0 * * *
LLR =20.1
'8 =347
26 139,077 6 1.650 3.64 (3.0) ’ * *
27 165,564 6 1.964 - .3.05(3.0 * *
33 105,899 4 1.257 3.18 (1.0) ‘ * ) *
LLR =29.7
6 =341
24 466,347 8 5.534 1.44 (1.0) *
31 197,677 .3 2346 1.27 (1.0) ' ' *
32 349,050 © s 4142 £120 (1.0) S
48 © 58,635 . B 0.696 143(1.0) *
54 3,808 I 0.045 22.12(1.0) *
69 119,575 3 1.419 2.1 (1.0) ' *
77 177,742 5 2.109 2.37 (1.0) : *
78 125,127 2 1.485 1.34 (1.0) . *
90 194,866 5 C 2312 2.16 (1.0) ' ' : *
1o - 21,535 . ! 0.256 3.91 (1.0) *
’ LLR=318
6 =24

3) Marginal power P(+, s) and its conditional marginal power P(+,
s)/P(+, +)

Regarding the marginal power P(+, s*) at s = s*, the flexi-
ble spatial scan statistic is shown to have much higher
power than the circular spatial scan statistic for the case of
noncircular clusters (Tables 3, 4, 5). Furthermore, the con-
ditional marginal power P(+, 5)/P(+, +) of the flexible spa-
tial scan statistic is 964/964 = 1.000, 969/979 = 0.990,
850/890 = 0.955 and 612/673 = 0.909 for the cluster A-D,
respectively. These results indicate that the identified MLC
by the flexible spatial scan statistic includes the hot-spot
cduster with quite high probability. For the noncircular

clusters, the mode of P(+, 5) of the circular spatial scan sta-
tisticisaround s =s* -1 ors = s* - 2.

4) Marginal power distribution P(l, +)

For the flexible spatial scan statistic, the probability that
the length of significant MLC is less than s = s* is shown
to be zero or quite small and the maximum length is
around 10 to 12. the circular spatial scan statistic, on the
other hand, tends to detect a much longer cluster than
expected from the hot-spot cluster assumed in the simula-
tion. For example, the probability that the length of MLC
for the cluster B with length s* = 4 is greater than or equal
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Table 2: Comparison of the circular and the flexible spatial scan statistic for the cluster model A. Comparison of bivariate power
distribution P(J, s) ¥ 1000 between the circular spatial scan statistic and the flexible spatial scan statistic for the hot-spot cluster A =
{14, 15, 20}. Nominal o-level is set as 0.05 and 1000 trials are carried out. For more details, see text.

Flexible (K = [5) Circular (K= 15)
Length / Include s Total Length Include s Total
hot-spot regions hot-spot regions
0 te 2 © 3 0 1 2 3
I 0 0 0 I 0 0 . 0
2 0 0 -0 0 2 | 0 0 . |
3 0 -0 0 142 142 3 0 0 0 738 738
4 0 0 0 16 116 4 "0 0 0 134 134
5 0 0 0 137 137 5 0 0 0 39 39
6’ 0 0 0 149 149 6 0 0 0 2 12
7 0 0 0 165 165 7 0 0 -0 9 .9
8 0 0 - 0 131 131 8 0 0 0 1 |
9 0 0 0 84 84 9 0 0 2 3 5
10 0 0 0 27 27 10 0 0 0 2 2
il 0 0 -0 I I B B 0 0 0 4 4
12 0 0 0 2 2 12 0 0 0 12 12
13 0 0 0 0 0 13 0 0 0 14 14
14 0 0 0 0 0 14 0 - 0 0 .3 3
15 0 0 0 -0 .0 15 0 0 0 6 3
* Total 0 0 0 964 964 Total | 0 2 977 980
usual power = 0.964 . usual power = 0.980

Table 3: Comparison of the circular and the flexible spatial scan statistic for the cluster'model B. Comparison of bivariate power
distribution P(l, s} * 1000 between the circular spatial scan statistic and the flexible spatial scan statistic for the hot-spot cluster B = {14,
15,20, 26}. Nominal c-level is set as 0.05 and 1000 trials are carried out. For more details, see text. . .

Flexible (K = 15) Circular (K = 15)
Length / Include s Total  Length! . Include s - Total
hot-spot regions hot-spot regions
0 | 2 3 4 0 o 2 3 4
| 0 0 0 I 0 0 0
2 0 0 - 0 0 2 0 0 0 0
3 0 0 0 0 0 3 0 0 0 523 523
4 0 0 0 0 127 127 4 0 0 0 65 0 65
5 I 0 0 0 157 - 158 5 0 0 0 23 0 23
6 0 0 0 0 205 205 6 - 0 0 0 7 66 73
7 0 0 0 2 198 200 7 0 0 0 0 I5 15
8 0 0 0 | 151 152 8 0 0 0 0 32 32
9 0 0 0 5 85 90 9 0 0 0 l 15 16
10 0 0 0 ! 24 25 10 0' 0 0 0 7 7
11 0 0 0 0 17 17 H 0 0 0 2 3 5
12 0 0 0 0 . 5 5 12 0 0 0 2 63 65
13 0 0o "~ 0 0 0 0 13 0 0 0 0 96 96
14 0 0 0 0 0 0 14 0 0 0 0 30 30
15 0 0 0 0 0 0 15 0 0 0 0 22 22
Total | 0 0 9 969 979 Total 0 0 0 623 349 972
usual power = 0.979 usual power = 0.972
41
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Table 4: Comparison of the circular and the flexible spatial scan statistic for the cluster model C, Comparison of bivariate power
distribution P(], s) x 1000 between the circular spatial scan statistic and the flexible spatial scan statistic for the hot-spot cluster C =
{14, 15, 26,27}. Nominal g-level is set as 0.05 and 1000 trials are carried out. For more details, see text.

Flexible (K = I5) Circular (K= [5)
Length / Include s Total  Length ! Include s Total
hot-spot regions ) ) hot-spot regions
0 ! 2 3 4 0 I 2 3 4

I 0 0 0 | ! 0 . ]
2 0 0 0 0 2 0 0 351 351
3 0 0 0 0 0 3 2 0 4 0 6
4 0 0 0 0 138 - 138 4 0 0 3 0 0 3
5 0 0 0 3 147 150 5 2 0 2 -0 0 4
6 | 0 0 2 200 203 6 - 0 0 0 0 |
7 0 | 0 4 147 152 7 - 0 0 0 81 0 8l
8. 0 0 2 9 107 118 8 0 0 10 18 38 66
9 0 0 .0 10 71 8l 9 0 0 2 0 26 28
10 j 0 2 5 28 36 10 0 0 0 29 3 32
1 0 .0 0 0 10 10 i 0 0 | 13 I 15
12 0 0 0 0 2 2 12 0 0 2 4 60 66
13 0 0 0 0 0 0 13 0 0 . 0 -5 62 67
14 0 0. 0 0 0 0 14 0 0 0 10 27 37 .
15 - 0 0 0 0 0 0 15 0 0 0 6 37 43

Total 2 i 4 33 850 890 Total 6 0 375 166 254 801

usual power = 0.890 . usual power = 0.801

Table 5: Comparison of the circular and the flexible spatial scan statistic for the cluster model D. Comparison of bivariate power
distribution P(l, s) ® 1000 between the circular spatial scan statistic' and the flexible spatial scan statistic for the hot-spot cluster D =
{73, 74, 75, 76, 78}. Nominal o-level is set as 0.05 and 1000 tnals are carried out. For more details, see text. :

Flexible (K = 15) Circular (K= [5)
Length - Include s Total Length Include s ) . Total
‘ ! . hot-spot regions i hot-spot regions
0 | 2 3 4 5 0 ! 2 3 4 5
! 0 Y 0 | 6 0 6
2 | 0 0 ! 2 3 5 0 8
3 0 0 0 0 0 3 0 0 0 ) 14
4 I 0 0 | -0 2 4 N 0 4 5 0 10
5 0 | 0 3 ! 242 247 5 0 0 2 | 0 0 3
6 ! 0 0 l 2 162 166 6 ! 0 0 I 363 0 365
7 2 3 0 5 5 93 108 7 0 0 | 0 56 0 57
8 ! 2 | 6° 7 53 70 8 0 0 2 2 28 0 32
9 0 2 0 - 5 38 46 9 0 0 2 2 10 0 14
10 0 2 0 ! | 18 22 10 ! 0 0 3 3 0 7
11 0 0 0 2 2 5 9 I 0 0 0 0 3 i 14
12 0 0 | 0 0 ! 2 12 0 0 0 2 3 8 13
13 0 0 0 0 0 0 0 13 0 0 0 | I 16 18
14 0 0 0 0 0 0 0 14 0 0 ! 0 0 5 6
15 0 0 0 0 0 0 0 15 0 ! 0 0 ! 7 9
Total é 10 2 20 23 612 673  Total 12 6 12 31 468 47 576
usual power = 0.673 . usual power = 0.576
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Table 6: Cost comparison Expected number of undetected regions included in the true cluster E(s* - S), expected number of detected

regions not in the true cluster E(L - S) and the ratio of costs C/C, (r=
spatial scan statistic with low values is better.,

I, 2) incurred by incomplete identification of the true cluster. The

Hot-spot Cluster Scan statistic E(s*-S) E(L-5) the ratio C/C,
r=| r=2
A= {14, |5, 20} Flexible (K = 15) 0.108 2.951 3.059 3.167
Circular (K = 15) 0.065 0722 0.787 0.852
B={l4, 520,26}  Flexible (K = 15) 0.097 2548 2,645 2742
Circular (K = 15) 0.735 2.525 3.260 3.995
C ={l4, I5, 26, 27} Flexible (K = 15} 0.492 2.243 2.735. 3.227
. Circular (K = 15) 1.736 3.153 4.889 6.625
D={73,747576,  Flexible (= 15) 1774 1.088 2862 4636

78} :

Circular (K= [5) 2.770 1.709- 4.479 7.249

to 1215 213/1000 = 0.213 compared with 5/1000 = 0.005
for the flexible spatial scan statistic. The probability that
the length of MLC for the cluster C with length s* = 4 is
greater than or equal to 12 is 213/1000 = 0.213 compared
with 2/1000 = 0.002 for the flexible spatial scan statistic.
This tendency is shown even in the circular cluster A
where the same probabilities are 0.035 vs. 0.002.

Cost comparison
Based upon the bivariate power function P(J, 5}, we can

compute the following expected total cost incurred by .

incomplete identification of the true cluster:
(8)

where C; and C, denote the average cost of missing one
region in the true cluster and that of incorrectly detecting
one region not in the true cluster, respectively. L and S
denote the random variable of | and s, respectively. Two
expected numbers E(s* - §) and E(L - §) for four kinds of
clusters A-D are shown in Table 6. In general, we can
assume r > 1. For example, the ratio C/C, is shown for the
case of r = 1 and r = 2, respectively, in Table 6. However,
in this example, irrespective of the value of r(> 1), the cir-
cular spatial scan statistic is shown to have lower cost for
detecting circular cluster A but to have higher cost for
detecting non-circular clusters B-D.

C=Cy{rE(s* - S) + E(L - S)}, 7= CyJC,’

Limitations of current work

Needless to say, the results derived here are based upon a
small Monte Carlo simulations study and thus the charac-
teristic observed in the current work could change a little
bit depending on the cluster model adopted. We assumed
here only one hot spot duster and did not consider the

case of several hot spot clusters. Therefore, we need a
further simulation study to compare the performance of
the two spatial scan statistics under several different
clusters. S :

Regarding fhe algorithm adopted for the flexible spatial

. Scan statistic, we set the restriction that irregularly shaped -

windows Z with length k(< K) are constricted from mem-
bers of the (K - 1)-nearest neighbours to the starting

- Tegion. It seems that this restriction plays an important

tole in preventing the flexible spatial scan statistic from
reaching out for and absorbing faraway regions with non-
elevated risk. However, to avoid undertaking computa-
tionally infeasible searches, the flexible spatial scan statis-
tic has to be set with an upperbound for K. This depends
on the disease map under study and the capability of the
computer. The current practical upperbound is around K
= 30 for the reason that the execution time of our current
algorithm will take more than a week if K > 30 for the .’
number of regions m = 200 ~ 300, However, it seems to be

_unlikely that the length of the true cluster would be larger

than 10 ~ 15 percent of the total number of regions. So,
we think that our current algorithm can be applied to
many epidemiological studies with small to moderate
duster sizes. However, for larger cluster sizes, a more
sophisticated algonthm to increase the upperbound for K
is needed.

Regarding data type, the proposed spatial scan statistic can
only be applied to regional count data whereas the
circular spatial scan statistic can be applied to not only
count data but also individual point data. However, at
least in disease surveillance, most of the data that people
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analyze is aggregated, so the method covers most real-

world situations.

Fmally, one of the reviewers commented that using small
areas as basis for clustering without any attempt to incor-
porate heterogeneity in background rates is a fundamental
flaw of all existing scanning methods. In general, we know
that disease risks over study regions are heterogeneous to
a certain extent and the null hypothesis of complete
-spatial randomness is not true. However, statistical
hypothesis testing is based upon the null hypothesis
which is not true. Likewise, we will use complete spatial
randomness as the null hypothesis as indicated in equa-
tion (1) since we are interested in rejecting ‘the null
hypothesis and detecting the local clusters with excess
risk. If we are interested in estimating a clustering mecha-
nism, we should use some modeling approach rather than
spatial scan statistics. '

Discussion

In this paper, we proposed a flexibly shaped spatial scan
statistic to detect arbitrarily shaped clusters by amalgamat-
ing administrative units. The flexible spatial scan statistic

is, via Monte Carlo simulation, shown to have reasonably -

high powers compared with the circular spatial scan statis-

tic when examined by a newly introduced bivariate power -~ -

distribution P(], s). The simulation reveals that the circular
* spatial scan statistics shows a high level of accuracy in
detecting circular clusters exactly and reasonably good
power for including some hot-spot regions into the most
likely cluster. The flexible spatial scan statistic exhibits no
such high power regarding exact identification of clusters
but the support of the power distribution is shown to be
concentrated in a relatively narrow range of length  on the
line s = s*, indicating that an observed significant most
likely cluster contains the true cluster with quite high
probability. The circular spatial scan statistic, on the other
hand, is shown to have zero powers for detecting exactly
noncircular clusters that cannot be captured by any circu-
lar window. The circular spatial scan statistic is also shown
to have a tendency to detect a larger cluster than the true

cluster assumed in the simulation even for the case when.

the true cluster is circular. Furthermore, by introducing
the two kinds of cost due to incomplete detection of the
true cluster, we could summarize these characteristics in
terms of minimizing expected total cost. One of the
reviewers suggested a similar cost comparison using the
number of people that are incorrectly classified rather
than the number of regions since the cost of misclassifying
a large region is at least for disease surveillance purposes
higher than that of misdlassifying a region with smaller
population. We.think that would be an interesting addi-
tional simulation study worth conducting. However, since
it can be expected that the result of such a cost comparison
strongly depends on the spatial configuration of regions

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

with different population size in the neighborhood of and
within the true cluster and thus it requires careful design
for creating suitable cluster models from which we can
intuitively infer the result to a certain extent, we would
like to leave such a simulation study in our future work.

The surprising result that Duczmal and Assuncio's scan
statistic detected quite large and unlikely peculiar shaped
clusters that had the largest likelihood ratio among the
three scan statistics might cast a doubt on the validity of
the model selection based upon maximizing the likeli-
hood rati¢ (5). Such a doubt can also be seen in some
simulation results of the circular spatial scan statistic that
had non-negligible probabilities of detecting much longer
clusters than the true cluster. The flexible spatial scan sta-
tistic, on the other hand, is shown not to detect such an
unexpected long cluster probably because it has the
restriction that our windows are constructed only from
members of the (K - 1)-nearest neighbours to the starting
region. Nevertheless, these undesirable properties pro-
duced by maximum likelihood ratio might suggest the use
of a different criterion for model selection. For example, -
we might consider a penalized likelihood where we
consider a penalty for the complexity of the cluster shape,
which is also worth future research.

All the computations and simulations have been con-
ducted on a PC with Windows XP. For users who are inter-
ested in applying the flexible spatial scan statistic, we can

‘provide the software FleXScan [20].

Conclusion

The circular spatial scan statistics shows a high level of
accuracy in detecting circular clusters exactly and reaséna-
bly good power for including some hot-spot regions into
the most likely cluster. The proposed flexible spatial scan
statistic is shown to have good usual powers plus the abil-
ity to detect the noncircular hot-spot clusters more accu-

’ rately than the circular spatial scan statistic. However, the -

44

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

Appendix: algorithm to find the set Z, defined in
equation (3)

There are probably several procedures to find the set Z,
that is defined as the set of arbitrarily shaped windows Z
within a pre-specified maximum length K. The algorithm
that we used is described as follows:

Step 1. First we setan m x m matrix A = (a;) such as
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1 (regionsiandjare connected)
0 (otherwxse)

aij {

and set Z, = ¢ and 1=

Step 2. Let iy« iy + L and i4(= 1, 2,
region. Then we create the set W, consisting of (K - 1)-

nearest neighbours to the starting region i, and i, itself,
ie.,

Wi = {io iy Ty i g 3o

. where i}, is the k-th nearest to i,

Step 3. We consider all the set Z < Wj, , which inicludes

the starting region 4; For any given such set Z, repeat the
following steps 4-7. '

Step 4. We divide the set Z into two disjoint sets: Z,= {i,}
and Z, which contains the other regions of Z.

..., m) be the starting -

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

Zy= {14}, Z, = {15, 20, 26}.
Since ;4,15 = a1490 = 1.and ay4 55 = 0, we then have
Zy= {15, 20}, Z; = {26}.

Further, because a;5 55 = a5 56 = 1, these sets are replaced
by

Zy=1{26},Z,= ¢

.. So, we can find that the set Z = {14, 15, 20, 26} is "con-

nected" and can be a member of Z,.

If we take a subset Z = {14, 15 20, 5}, we can ﬁnd Z is

"disconnected” becarise Qyy8= 5115 5= 305 = 0,Zy=¢and
. Z,={5} atthe ﬁnal stage

Step 5. We make two new sets-Zg and Z;. Zy consists of -

the regions of Z, that are connected to some regions of Z,.

On the other hand, le consists of the regions of Z, that
are not connected to any regions of Z,. Then we replace Z,

and Z, by Z;) and le, respectively.

Step 6. We repeat the step 5 recussively until either Z, or .

Z, becomes null first.

Step 7. We make a decision as follows. Z is said to be "con-
. nected" when Z; becomes null first and "disconnected"
when Z, becomes null first. If we can find Z "connected”,
Z is added to the set Z,. If we find Z "disconnected”, Z is
discarded. ,

Step 8. Repeat the steps 2~7 until we finally get the set Z,
~consisting of arbitrarily shaped Wmdows Z'whose maxi-
mum length is K.

Now we shall give an example using regions in the Tokyo
‘Metropolitan area shown in Figure 1. Let the starting
region iy = 14. Then, the regions in the set of (K - 1)-near-
est neighbours to the region 14 are listed as follows in the
ascending order of distance to the region 14, i.e.,

W= {14, 15,20, 4, 16, 13,19, 12, 5,...}.

Suppose that we take a subset Z = {14, 15, 20, 26}.In the
first step, we have

45
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SUMMARY

Several tests have been proposed to detect spatial disease clustering without prior information. on their
locations. In order to compare the performance of these tests, most authors employ the usual power,
Le.-the rejection probability. of the null hypothesis of no clustering due to various reasons. However,
the.usual-power is not always appropriate for evaluating the cluster detection tests since their purpose .
.is to both reject the null hypothesis and identify the cluster areas accurately. In this paper, we propose
. an extended power of the cluster detection tests, which includes thé usual power as a special case.

" " Further, we define the profile of the extended power, which can be expected to play an important role

" inthe évaluation and comparison of several cluster detection tests. The proposed extended power and

-..its.profile are demonstrated by two. tests=—Kulldorff’s circular. spatial scan statistic and. a flexible Spatial . .

-. scan statistic proposed by Tango and Takahashi. Copyright © 2006 John Wiley & Somns, Ltd.

KEY WORDS: - cluster detection; hot-spot clusters; hypothesis testing; power; spatial epidemiology

1. INTRODUCTION

Several test statistics have been proposed to detect for spatial clustering, which have been
applied to a wide variety of epidemiological: studies for spatial disease cluster detection [1, 2]. -
In particular, Kulldorff’s circular spatial scan statistic [3,4] has been used extensively along
with his software. SaTScan [5]. Tests for spatial randomness can be classified according to their
purpose. Focused tests have been developed to detect the existence of a local cluster around a
predetermined point source, while general tests search for clusters without any preconceived
assumptions about their location [6]. There are two types of general tests. Cluster detection
‘tests (CDTs) such as that developed by Turnbull et al. [7], Besag and Newell [6], Kulldorff
and Nagarwalla [3], Tango-[8], Duczmal and Assungdo [9], Patil and Taillie [10] and Tango
.and Takahashi [11] are used to both detect local clusters, without any prior information on their

' *Comrespondence to: Kunihiko Takahashi, Department of Tephnoiogy Assessment and Biostatistics, Naﬁonal Institute
of Public Health, 2-3-6 Minami, Wako, Saitama 351-0197, Japan. ’
TE-mail: kunihiko@niph.go.jp

PR ' : ) Received 23 August 2005
Copyright © 2006 John Wiley & Sons, Ltd. : Accepted 1 September 2005

55



842 : K. TAKAHASHI AND T. TANGO

location, and to determine their statistical significance. On the other hand, global clustering
tests, such as those developed by Moran [12], Whitemore ez al. [13], Oden [14], Tango [15] '
Rogerson [16] and Bonetti and Pagano [17], are used to detect the presence of clusters in a
study area without determining the statistical 31gmﬁcance of individual clusters,

In order to compare the performance of these tests, the usual power has been treated in
the same manner as in the usual hypothesis tests [4, 18]. In- recent power comparisons of
the disease clustering tests, Kulldorff’s circuldr scan’ statistic was demonstrated to have the
best power for detectmg localized clusters [19]. However, it should be noted that the power
. estimates reflected the ¢ power to reject the null hypothesis for whatever reasons,” while the
probab111ty of both rejecting the null hypotliesis and . accurately identifying the true cluster
is a-different matter altogether. In order to compare the performance of the CDTs, Tango
and Takahashi [11] proposed a bivariate power distribution classified according to the num-
ber of regions detected as the most likely cluster (MLC) and the number of true hot-spot
regions included-in the MLC. Since the bivariate power distribution contains all the informa-
tion on the performance of any procedure for detecting the hot-spot clusters, any summary~ ’
measures including the usual power for evaluatmg the CDT can be based on the power
distribution. /

In this paper, we propose an extended power of the CDTs, which includes the usual power
as .a special case; and a profile of ‘the extended power for evaluating and comparing several
CDTs. The proposed extended power and its profile will be demonstrated by two tests, namely,
Kulldorff’s circular spatial scan statistic [3,4] and a flexible spatial scan statistic proposed by

'Tango and Takahash1 [11] along w1th thelr software FleXScan [20] ,

2. MOTIVATING EXAMPLE

 "As a motivating example of our study, we present the results of the application of three
. CDTs—the scan statistics of Kulldorff’s, Duczmal and Assung#o’s, and Tango and Takahashi—
to a simulated disease map in the areas of Tokyo Metropohs and Kanagawa prefecture in Japan
wherein there are m=113 regions that comprise wards, ocities, and vﬂlages
(Figure 1). In this map, we simulated a random sample of #n=235 cases by assuming the
hot-spot cluster regions C=1{14,15,26,27} whose relative risk was set to 3.0 and the cases
to be Poisson distributed (see Reference [11] for details). In this application, we selected a
maximum length of X'=15 for the MLC in order to achieve a reasonably accurate compar-
ison and a number B =999 for the Monte Carlo replications. The results are summarized as

follows.

e KulldorfP’s scan statistic detected /=2 regions {14, 15} ‘as the MLC with a log likelihood

- ratio of 20.1 and p=1/(999 + 1)=0.001, and the estimated relative risk was 6=347.

o Tango and Takahashi’s scan statistic detected /=5 regions {14,15,26,27,33} as the
MLC with a log likelihood ratio of 29.7 and p=0.001, and the estimated relative risk

was 0 =341,
e Duczmal and Assungdo’s scan statistic detected /=15 connected regions {14, 15,24,26,
27,31,32,33,48,54,69,77,78,90,110} as the MLC with a log likelihood ratio of 31.8

and p=0.001, and the estimated relative risk was 6= 2.40.

Copyright © 2006 John Wiley & Sons, Ltd. : Statist. Med. 2006; 25:841-852
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. Figure 1. The 113 regions that comﬁﬂse wards, cities, and villages in the areas of Tokyo Metropolis
and Kanagawa prefecture in Japan. The region number used in the text is also indicated. In particular,.

the region numbers of two hot-spot clusters considered in this paper are A = {14, 15,20} (circular) and
C={14,15,26,27} (non-circular) (see Reference [11] for details).

All these tests rejected the null hypothesis of “Hy: there are.no clusters,’” but detected differ-
ent regions as MLC. In particular, Duczmal and Assungfio’s scan statistic detected a clus-
ter of a peculiar shape that was considerably larger than the true cluster. This example
is sufficient to show that the usual power is an inappropriate measure of the performance

of a CDT. Therefore, a different measure that can reflect the extent of misclassification is -

required. :
We consider two types of misclassifications when applying the CDT. One is a false negative

. test result (FN) in which the CDT misses a region included in the true cluster. The other
is a false positive test result (FP) in which the CDT incorrectly detects a region that is not
present in the true cluster. In the above example, KulldorfP’s scan statistic has the regions
{26,27} as the FNs, but it does not have any FPs. Tango and Takahashi’s scan statistic
has the region {33} as the FP, and Duczmal and Assung¢o’s scan statistic has 11 regions
{24,31,32,33,48,54,69,77,78,90,110} as the FPs. However, both these tests do not have any
FNs. : :
In the next section, we propose the extended power of the CDTs, which is based on the
bivariate power distribution proposed by Tango and Takahashi [11] and the newly introduced
penalties for the FPs ,‘and FNs.
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3. EXTENDED POWER

- In order to compare the performance of the CDTs, Tango ‘and Takahashi [11] proposed a
bivariate power distribution based upon Monte Carlo simulation. They introduced a bivariate
power distribution P(l,s) classified aoc01d1ng to the length / of the significant MLC and the
number s of the assumed hot-spot regions included therein

#{significant MLC has length / and includes s true reg1ons}
#{trials for each simulation}

(1)

P(L5)=

where /> 1 and s > 0. Based on P(Z s5), we examined the following powers:

1. The usual power, ie. P(++)= 3,5, S5 o P(L,9).

2. The joint power P(l,s), especially P(s*,s*) Where s* is the length of the hot-spot cluster

- assumed in the simulation.

3. The marginal power distribution of s (> O) P(—{- §)= 5 P(l,s) and its condltlonal
power P(+,8)/P(+,4). ‘

4. The marginal power distribution of (= 1), P(l +)= 2 5o P(Ls).

‘They prepared tables of P(l,s) for the following two hot-spot cluster models:

o A={14,15,20} (circular clﬁster; s =3)
e C={14,15,26, 27} (non—circular cluster; s* =4).

The powers are calculated for tests of nominal o levels of 0.05 and for the expected total
number of cases 200 under the null “hypothesis, which are based on Monte Carlo simulation
using Poisson random numbers. For each simulation, 1000 trials were ¢arried out. The resultant
power distributions P(Z s) % 1000 are reproduced in Tables I and II for each of the cluster
models, respec‘avely, in the form of cross table classified by I (¢ Zength’ in tables) and s
(‘include’ in tables). -

Both tests Have high usual powers for the circular cluster A (Table I), while Tango
and Takahashi’s scan statistic has higher power for the non-circular cluster C (Table ).
Table I shows that Kulldorfi’s' scan statistic detects the- circular cluster A considerably
accurately with power P(3,3)=738/1000, while Table Il shows that it exhibits zero power
P(4,4)=0/1000 for detecting the non-circular clister C acourately. On the other hand, Tango
and Takahashi’s scan statistic does not -exhibit such high power for identifying the clusters
accurately, P(3,3)=142/1000 for the cluster A and P4, 4)—138/ 1000 for the cluster C.
However, the power distribution appears to be concentrated in a relatively narrow range of
the length / on the line s=s*, thereby indicating that the observed significant MLC con-
tains the true cluster with a con51derably high probability. In particular, for the cluster C with
length s* =4, the marginal power of Tango and Takahashi’s scan statistic P(+,s*)=2850/1000
and its conditional marginal power P(+,s*)/P(+,+)=2850/890 are much- higher than that of
Kulldorfl’s scan statistic, P(+,5*)=254/1000 and P(+,s*)/P(+,+)=254/801, respectively.

. Furthermore, Kulldorf’s scan statistic exhibits a greater tendency to detect a larger clus-
ter than the true cluster as compared with that of Tango and Takahashi. For example, the
probablhty that the length of MLC for the cluster C (s*=4) is greater than or equal to
12 is 213/1000 compared with 2/1000 for Tango ‘and Takahashi’s scan statistic. This -ten-
dency is shown even in the circular cluster A where the same probabilities are 35/1000.
versus 2/1000. Therefore, the bivariate power distribution can be considered to provide very
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