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used instead of the negative binomial distribution for all re-
gions, then we have only to set wi =1 for all regions. The
domain W* = Z* x I, for which the efficient score is maxi-
mized identifies the Most Likely Outbreak (MLO). In a similar
manner to Kulldorff’s scan statistic, secondary outbreaks and
Monte Carlo simulated p-value can be defined.

If we assume a hotspot cluster model instead of the proposed
outbreak model
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Furthermore, if the Poisson distribution can be used, then the
efficient score statistic is reduced to

n(W)—p(W)
V(W)

which is asymptotically equivalent to the unconditional likeli-
hood ratio test in the sense that the expected number of cases
w(W) in the domain W are calculated unconditionally from
the baseline data.

As it is well known that a cylindrical scan statistic per-
forms better than a prismatic scan statistic in detecting a
circular area and the latter performs better than the former
in detecting a noncircular area. Therefore, in what follows,
we will consider two cylindrical space time scan statistics for
comparison: Kulldorff’s cylindrical scan statistic and the pro-
posed cylindrical scan statistic. We will sometimes refer to
these statistics as KC and PC, respectively.

N(0,1) (24)
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3. Application

We will illustrate here these two space time scan statistics
with data from weekly surveillance of the absentees in 131
primary school districts in Kitakyushu-shi (city), Japan, dur-
ing April 12 (1st week) to December 20 (30th week) in 2006,
where the total number of school children was 52,177. Fig-
ure 1 shows the weekly number of infectious enteritis patients
in Kitakyushu-shi from April 2006 to March 2007, taken from
Infectious Disease Weekly Report in this city. This clearly
shows the occurrence of an overall outbreak during Novem-
ber 15 to December 20. Needless to say, there are several
other reasons for students’ absence from school. However, we
assumed here that the proportion of absentees unrelated to
infectious enteritis would be approximately constant for each
primary school since the detailed data on the reason for ab-
sence was not available.

3.1 Design

In this application, we used an 8-week moving average method
(14) and (15) to estimate the baseline information (s, dit)
for the analysis week t. Figure 2 shows the weekly number
of absentees in four selected school districts, 8-week moving
average line (from the 10th week, June 21st) and two kinds
of 95% UCL (upper control limit) lines based on a Poisson
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Figure 1. Weekly number of infectious enteritis patients

in Kitakyushu-shi, Japan, from April 2006 to March 2007
(from Infectious Disease Weekly Report). This figure appears
in color in the electronic version of this article.

distribution (dotted line) and the negative binomial distri-
bution (dash dotted line). We can observe that three school
districts No. 69, No. 70, No. 76, and No. 77 have nonnegligible
temporal overdispersion but school No. 70 does not have any
overdispersion. We started the weekly analysis from October
11 (20th week) and continued the analysis until December 20
(30th week), wherein the maximum spatial length was set as
K =15, the maximum temporal length was set as T =2, the
significance level was set as a = 0.02 corresponding to one
expected false alarm every 50 weeks or approximately 1 year
(the recurrence interval, RI) and the p-value was based on the
Monte Carlo hypothesis testing with M = 999 of replicates.
As detected areas, we considered all significant clusters (out-
breaks) including significant secondary clusters (outbreaks)
that did not overlap with MLC (MLO).

3.2 Results

Table 1 summarizes the results of two cylindrical scan statis-
tics in which we show the baseline expected number of absen-
tees pyt = Zi oz Mit and the observed number of absentees
iege Mit within the detected areas Z* at week t. Us-
ing these statistics, we will indicate the overall temporal trend
in the number of absentees of detected areas such as

Nyt =

(#+,t,, Pty -1 T Mty )-

Figure 3 highlighted the detected areas by analysis week. For
each of the analyses during October 11 to November 8, two
cylindrical scan statistics did not detect any areas. On Novem-
ber 15, when the infectious enteritis outbreak seems to start
(Figure 1), PC detected a significant outbreak O that cov-
ered nine schools and had a temporal trend (50 : 61 — 87)
with p = 0.013 and temporal length u* = 2 (from November
8 to 15). But KC did not detect any clusters.

On November 22, both cylindrical scan statistics detected
the same significant area C = O; with 13 schools. On Novem-
ber 29, when we observed a decreasing trend in the number of
infectious enteritis patients, PC did not detect any outbreaks.
On the other hand, KC detected a significant cluster Gy (p =
0.001) with a decreasing temporal trend (97 : 168 — 116). On
December 6, both PC and KC detected the same significant
two areas C; = O; and C, = Oy, respectively.
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Figure 2. Weekly number of absentees in four selected school districts with 8-week moving average (line) and two kinds
of 95% UCL (upper control limit) based on Poisson distribution (dotted line) and the negative binomial distribution (dash
dotted line). Calculation of 8-week moving average was started from the 10th week (June 21st). This figure appears in color

in the electronic version of this article.

On December 13, the difference in performance of these
two scan statistics was also conspicuous. This week was the
peak in the number of infectious enteritis patients. While KC
detected one significant cluster C; (p = 0.001) with 10 schools
with a trend (69 :130 — 141), PC detected five significant
outbreaks in which the area O; includes the area C). All of
those detected areas had an increasing trend in the number of
absentees. On December 20, KC detected only one small area
C) (p=0.001) with two schools, which is a part of the area
C, detected on the previous week while PC detected two new
areas that were not detected before, indicating a possibility
of spreading to this area.

4. Simulation Study

To compare the performance of two space time scan statistics,
an extensive Monte Carlo simulation study was conducted.
We report here the results for the situation where localized
outbreaks occurred in the circular area.

4.1 Data Simulated

To mimic the situation of weekly surveillance of the absen-
tees in 131 primary school districts in Kitakyushu-shi, we as-

sumed that the true school-district specific (u;, ¢;) are con-
stant during the baseline period and were estimated from
data during 9 weeks from September 13(¢ = —8) to November
8(t = 0) in 2006. Then, for the ith school district, a set of base-
line weekly number of absentees, {yi;: t=—8,-7,.. ., 0},
are generated independently according to NB(p;,¢;). And
then we calculated (o, ¢i0) using the 8-week moving average
method (equations (14) and (15)) as the parameter values un-
der null hypothesis of no outbreaks. Variability of calculated
expected number of cases p; and temporal overdispersion
wio = 1 + wio/ Pio Were as follows:

{0 : min = 0.28, 25% = 4.69, 50% = 6.61,
75% = 9.63, max = 19.8

w;o : min = 1.0, 25% = 1.27, 50% = 1.63,
75% = 1.94, max = 11.88.

Then, to get the critical values of the test statistics, 9999
independent random data setss were generated using the neg-
ative binomial distribution NB (g0, ¢s0) for PC and using the
Poisson distribution Poisson(u;o) for KC. Throughout the
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Table 1
Significant clusters detected by Kuldorff’s cylindrical scan statistic and significant outbreaks detected by the proposed cylindrical

scan statistic applied to data from weekly surveillance

of the absentees in 131 primary school districts in Kitakyushu-shi, Japan,

during October 11 to December 20, 2006, where the mazimum temporal length is set as T = 2. Bold number indicates the
temporal period detected.

Kulldorff’s cylindrical scan

Proposed cylindrical scan

Current Detected No. Detected No.

week areas schools Baseline areas schools Baseline

iy (p-value) z H o, i1 Tty (p-value) z oty Nt -1 Tty

10/11

10/18

10/25

11/01

11/08

11/15 0 (0.013) 9 50 61 87

11/22 ¢ (0.001) 11 64 101 130 O, (0.003) 11 64 101 130

11/29 ¢ (0.001) 15 97 168 116

12/06 C; (0.001) 5 32 42 74 0, (0.002) 5 32 42 T4

Cy (0.004) 4 19 30 4 0, (0.008) 4 19 30 44

12/13 Cy (0.001) 10 69 130 141 O (0.002) 14 100 171 191
0, (0.003) 14 99 131 163
O3 (0.008) 14 127 159 200
0, (0.009) 9 75 87 131
Os (0.013) 6 38 56 75

12/20 G (0.001) 2 18 44 36 O (0.004) 15 183 243 261
0. (0.013) 14 108 191 135

Mgt =D ege it and gy = > ez Mits

simulation, we used a maximum length of the geographic
window K = 15, a maximum temporal length T = 2 weeks,
and significance level @ = 0.02 corresponding to one expected
false alarm every 50 weeks. Then, to estimate the size or the
probability of false alarm for KC in our overdispersed condi-
tion, we applied KC to 1000 random data sets generated from
NB(piq, #;0)- The resultant size of KC was inflated to 0.198
or one expected false alarm every 5 weeks, a result that does
not take temporal overdispersion present into account. On the
other hand, the estimated size of PC using these 1000 random
data sets was 0.020, which is close to the nominal significance
level as expected.

The primary purpose of our proposed space time scan
statistic is an early detection of localized emerging disease
outbreaks with geographical accuracy, not a detection of dis-
ease spreading over space and time. Thus, a total of eight
alternative outbreak scenarios (Sp,...,S5s) were evaluated,
based on three different outbreak areas shown in Figure 4:

1. A circular area A: consisting of five connected regions
with large pio (= 11.1 ~ 19.6).

2. A circular area B: consisting of five connected regions
with small gy (= 2.4 ~ 6.8).

3. Two Areas A and B.

Eight scenarios considered are as follows:

§1: the first outbreak at week t = 1: 6;; = 1.5

§2: the first outbreak at week t =1: 6;; = 2.0

S3: hot-spot outbreak model (analysis week ¢ = 2): 01 =
15,60 = 1.5

S4: hot-spot outbreak model (analysis week t =2): 0 =
2.0,6;2=2.0

§5: increasing outbreak model (analysis week ¢t = 2): 6 =
15,8, = 2.0

S6: decreasing outbreak model (analysis week t = 2): 0, =
15,80 = 1.2

§7: monotonically increasing outbreak model (analysis

week t = 3) 011 = 15, 0,‘2 = 20, (9,‘3 =25
Nonmonotonic outbreak model (analysis week t = 3):
91‘1 = 15, 9;‘2 = ].27 953 - 20

S8:

Values of relative risk (1.2, 1.5, 2.0, 2.5) were chosen by
considering the values of my./pi: for the detected areas
shown in Table 1. For each of eight scenarios, a set of
weekly number of absentees, {nis : s=1,... ,t}, were gener-
ated independently according to NB(8;:u;, ¢:). And then we
caleulated (pis, dis), §=1,...,% by using the 8-week mov-
ing average method from data {y;,s=—8,...,0, N, 8=
1,...,t}. At analysis week £, 1,000 independent random data
sets were generated from NB(6;: i, ¢:). In this simulation
study, the detected cluster or outbreak is defined as the do-
main W whose corresponding test statistic is larger than the
critical value, which includes significant secondary clusters
(outbreaks).

4.2 Bivariate Power Distribution

In order to compare the performance of the cluster detection
tests, the usual power has been treated in the same man-
ner as in the usual hypothesis tests. However, it should be
noted that the usual power estimates reflected the “power to
reject the null hypothesis for whatever reasons,” while the
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Figure 3. (a) Significant clusters detected by the Kulldorff’s cylindrical scan statistic and (b) significant outbreaks de-
tected by the proposed cylindrical scan statistic, applied to data from weekly surveillance of the absentees in 131 primary
schools in Kitakyushu-shi, Japan, during October 2006 to December 2006, where the maximum temporal length is set as

T=2.

probability of both rejecting the null hypothesis and accu-
rately identifying the true cluster is a different matter al-
together. To compare the performance of the purely spatial
cluster detection tests, Tango and Takahashi (2005) proposed

a spatial bivariate power distribution P(l,s|s*) based on
Monte Carlo simulation where [ is the length of significant
MLC, s is the number of regions identified out of the assumed
true cluster with s* regions.
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Qutbreak areas A and B assumed in the simu-

Figure 4.
lation. Both areas are circular.

P(l,s|s") =Pr{L=1I[,S=s]|5s"}

_ #{significant MLC has length | and includes s true regions}
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tion and (ii) the other powers @1,Q2, and @5 of KC, on the
other hand, were often much lower than those of PC and the
usual powers of KC. Furthermore, when we observe the change
from the usual powers of scenario S (a decreasing outbreak
model) at week ¢ =1, ie., scenario S, to those of scenario
S at week t = 2, the usual powers of KC are strangely in-
creasing while those of PC are decreasing irrespective of out-
break areas. These results clearly indicate that KC has quite
low power to detect emerging disease outbreaks correctly and
tends to detect many nonoutbreak regions, which makes KC’s
apparent usual power surprisingly high depending on the sit-
uation. When applied to the outbreak area B that is a set of
regions with small expected number of cases, the usual pow-
ers of KC often falls lower than (a) its actual size (indicated
by a in Table 2) and (b) those of PC contrary to our expecta-
tion, suggesting that KC does not satisfy the requirement for
sound statistical tests. The conclusion from these results did
not change even when we took the 95% confidence interval of
the estimated powers into account.

#{trials for each simulation}

where L and § denote the random variable of [ and s under
the specified model, respectively, and { > 1 and 0 < s < s*. To
evaluate and compare the statistical method to detect changes
or aberrations in public health surveillance time-series data,
the probability of false alarm or equivalently the average run
length under the null hypothesis of no outbreaks (ARL?)
and the average run length under the alternative hypothesis
(ARLY) are often used (Sonesson and Bock, 2003). However,
in surveillance to detect localized changes in the spatial pat-
tern of a disease, we have to evaluate another type of false
alarm under the alternative hypothesis such as detection of
nonoutbreak areas. Therefore, based on P(,s | s*), we con-
sidered the following four powers for each analysis week:

@Qy: the probability of exact detection, P(s",s" | s*).

@,: the probability that regions detected are all outbreak
regions, Ei;lP(s,s | 7).

@s: the probability that regions detected include at most
two nonoutbreak regions,

& 2
ZZP(s+j,s | 8).

s=1 j=0

Q4: the usual power, lel Z;:o P(l,s | s%).

Each of the three powers Q1,Q,, and Qs can be considered as
a measure of the geographical accuracy of detection. It should
be noted that the usual power of KC is expected to be larger
than PC due to much inflated actual size (KC = 0.198, PC =
0.020).

4.3 Results

The results are shown in Table 2. For most scenarios ap-
plied to outbreak areas A and A + B, we can observe that
(i) the usual powers Q4 of KC were sometimes surprisingly
much higher than those of PC and well beyond our expecta-

(25)

5. Discussion

In this article, we have proposed a new space time scan statis-
tic to cope with the following three questions associated with
both Kulldorff’s and Takahashi et al.’s space—time scan statis-
tic where (i) why is the conditional expected number of cases
e;; defined in equation (3) or (4) used as the basis for detect-
ing emerging disease outbreaks?, (ii) a time-to-time variation
of Poisson mean could not be taken into account, and iii)
the alternative hotspot hypothesis was assumed for emerging
disease outbreaks. The proposed space time scan statistic is
not a usual likelihood ratio statistic but an efficient score test
statistic based on the initial slope of localized emerging disease
outbreaks, which has the important property that it does not
depend on the functional form, or the pattern of emerging
disease outbreaks.

The proposed space time scan statistic was then illustrated
with data from weekly surveillance of the absentees in 131 pri-
mary schools in Kitakyushu-shi. Two cylindrical scan statis-
tics were illustrated and compared in this article. We also ap-
plied two prismatic scan statistics, Takahashi et al. (2008)’s
space time scan statistic and our proposed space time scan
statistic with prismatic domain, and the results are shown
in Web Table 1. The difference in performance of the two
prismatic scan statistics was more or less similar to that of
the two cylindrical scan statistics. For example, on Novem-
ber 15, when the infectious enteritis outbreak seems to start,
neither Kulldorff’s cylindrical scan statistic nor Takahashi et
al.’s prismatic scan statistic detected any clusters but our
proposed cylindrical and prismatic scan statistic detected a
significant outbreak and three outbreaks, respectively. These
results might give us an example of timely detection of emerg-
ing outbreaks for the proposed scan statistic. On November
29, Kulldorff’s cylindrical scan statistic and Takahashi et al.’s
prismatic scan statistic detected a significant but slightly dif-
ferent cluster, respectively. Our proposed two scan statistics,
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Table 2
Four kinds of estimated powers of Kulldor{P’s space-time scan and the proposed cylindrical space~time scan by simulation
scenario and outbreak area, where the significance level o = 0.02 and 1000 trials for each scenario were carried out. Estimated
size or the probability of false alarm: Kulldorff = 0.198(KC) and Proposed with cylindrical scan = 0.020(PC).

Circular area 4 with

Circular area B with

large ;s small p;; Area A+ B
Scenario Method G Qe @ G G G @ Qs & o) Qs G
51:1.5 PC 0.7 3.0 3.3 5.6 0.4 1.7 2.0 4.3* 0.0 5.8 6.4 8.7
KC 0.4 0.7 0.8 54.0 0.0 0.0 0.0 16.8% 0.0 0.2 0.6 48.6
5y: 2.0 PC 28.5 52.4 59.4 62.5 6.1 13.4 17.1 18.8 2.5 57.0 65.5 72.0
KC 7.8 9.0 11.2 88.2 0.2 0.4 0.4 16.7* 0.1 9.7 12.7 85.8
530 1.5-1.5 PC 4.6 10.3 12.8 15.0 0.1 1.7 2.6 5.0* 0.0 12.6 16.2 19.1
KC 1.5 1.6 2.6 87.5 0.0 0.1 0.1 18.9* 0.0 1.1 2.1 84.8
Sy 2.0-2.0 PC 61.5 85.1 914 93.4 20.0 323 38.4 39.9 11.2 82.8 93.4 95.6
KC 25.8 26.5 30.8 99.9 5.7 6.5 8.1 344 1.2 30.4 36.6 99.8
Ss: 1.5-2.0 PC 41.4 56.1 63.7 76.4 8.0 16.0 20.0 21.9 3.3 66.8 76.8 80.3
KC 9.5 10.0 134 98.6 1.5 1.8 2.4 22.2 0.1 11.3 124 98.2
Ss: 1.5-1.2 PC 0.0 0.2 0.2 2.8 0.1 0.9 0.9 2.9* 0.0 0.8 1.3 3.6
KC 0.1 0.2 4.6 66.5 0.0 0.1 0.1 18.0* 0.0 0.2 0.4 62.7
S7: 1.5-2.0-2.5 PC 81.5 96.7 99.5 99.8 38.9 61.8 67.8 68.9 33.8 92.2 99.0 99.8
KC 49.4 50.6 55.3 100 214 25.5 29.9 63.4 11.6 52.7 61.2 100
Sg: 1.5-1.2-2.0 PC 5.1 221 24.5 26.8 1.3 6.2 6.9 8.6 0.2 25.9 28.6 31.0
KC 5.9 11.6 14.9 90.9 1.1 2.1 24 38.5 0.2 11.5 15.4 89.3
G1: The probability of exact detection P(s*,s*).
Qo: The probability that regions detected are all outbreak regions, :;1 P(s,s).

Qs: The probability that regions detected include at most two nonoutbreak regions, Z;l Z§=0 P(s+3j,s).

@4: The usual power.
&The usual power is less than its size.

on the other hand, did not detect any outbreaks. Because the
temporal trend in the number of absentees of clusters detected
by two ordinary scan statistics was decreasing from the previ-
ous week, these two clusters will not be considered outbreaks.
On December 13, when the difference in performance be-
tween two cylindrical scan statistics was conspicuous, the dif-
ference in performance between two prismatic scan statistics
was also similarly noticeable. These results seemed to suggest
that Kulldorff’s and Takahashi et al.’s space-time scan statis-
tics have lower power in detecting localized outbreaks cor-

rectly compared with our proposed space time scan statistics.

We have not included a comparison of our proposed scan
test with Kleinman et al. (2004)’s model-based approach
which computes the p-value of having the observed number of
cases or more case for a given surveillance time in a given re-
gion. Though their approach performs well in some contexts,
for the problem under study we do not consider it a reason-
able option. Specifically, it faces a considerable problem of
multiple testing due to many regions, it has difficulty in de-
tecting elevated counts over several contiguous regions or lo-
calized clustered outbreaks, and our negative binomial regres-
sion model (13) is an extension of Kleinman et al.’s Poisson
regression model taking temporal overdispersion into account.

Furthermore, we carried out an extensive Monte Carlo sim-
ulation study to compare the performance of two cylindrical
and two prismatic space time scan statistics. In Section 4,
we report only the results of two cylindrical scan statistics,
but the results of the two prismatic scan statistics are shown
in Web Table 2. The simulation study reveals a good perfor-
mance of our proposed space time scan statistics and an un-
desirable performance of the ordinary space time scan statis-

tics in the sense that (i) Kulldorfi’s and Takahashi et al.’s
space time scan statistics tend to detect many nonoutbreak
regions, which makes their apparent usual power surprisingly
high, (ii) Kulldorff’s and Takahashi et al.’s powers relating to
the geographical accuracy are much lower than those of the
proposed space time scan statistics, and (iii) the usual pow-
ers of Kulldorff’s and Takahashi et al.’s often falls lower than
even their actual size when applied to the situation where the
null expected number of cases is small in the outbreak area.

However, our proposed space time scan statistic still
adopts the same cylindrical and/or prasmatic domain W in
the same manner as Kulldorff’s and Takahashi et al.’s space—
time scan statistics, i.e., the proposed domain cannot adjust
itself as the localized disease outbreak grows or shrinks spa-
tially over time. Implementing such flexible spatial change
over time will be an important and challenging issue. While
this manuscript has been submitted, Neill (2009} proposed an
ezpectation-based Poisson statistic, which is a likelihood ratio
statistic asymptotically equivalent to the efficient score statis-
tics 93 derived under the Poisson model.

6. Supplementary Materials

Web Tables referenced in Section 5 are available un-
der the Paper Information link at the Biometrics website
http://wuw.biometrics.tibs.org.
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APPENDIX

Deriation of Efficient Score Test
From the likelihood (20), we have the following partial deriva-

tives:
BlogL (Bw) Ny pae(ae + 1)
Z Z ( zt ¢1t + Gtt.[‘f'nt
i€Z tely
X (t—t, +u)h' (1 + Bw (£ — £, +u))
?log L(Bw)

-y (-

i€Z tely

Hn, (bt + it )

aﬁ2 (bzt + Blt,“at)

x {(t —t, + wR' (T + Bw (t —t, +u))}

Nt l—Lu(¢it + it
+ ——————
ZZ ( O:e it + Ois phis

1eZ tely

X (t =ty + u)?H" (7 + Bw (t — &, +u)).

Then, the efficient score U(0) and the Fisher information J(0)
evaluated under the null hypothesis Hy : Sy = 0 are given by

Bw =0
— ¢zt Mgt — Mit) .
_;m;( Git + Mit >(t W (1)
J(0) = [217%_(@”_)]
w Bw =0
¢it it ,
) ZZ (ﬁ) ((t =t +wh' (7).

Therefore, the efficient score test statistic is given by

U(0)/+/J(0) as shown in (21).



A Space-Time Scan Statistic for Detecting
Emerging Outbreaks

Toshiro Tango, Kunihiko Takahashi, and Kazuaki Kohriyama

Web-based Supplementary Materials

Table 1 (Web Table 1) shows the results of two prismatic scan statistics, Takahashi et al. (2008)’s
space-time scan statistic and our proposed space-time scan statistic with prismatic domain, applied to
data from weekly surveillance of the absentees in 131 primary school districts in Kita kyushu shi, during
October 11 to December 20, 2006, Japan.

Table 2 (Web Table 2) shows the results of an extensive Monte Carlo simulation study to compare

the performance of two prismatic space-time scan statistics.
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