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Abstract

Background: The spatial and space-time scan statistics are commonly applied for the detection of geographical
disease clusters. Monte Carlo hypothesis testing is typically used to test whether the geographical clusters are
statistically significant as there is no known way to calculate the null distribution analytically. In Monte Carlo
hypothesis testing, simulated random data are generated multiple times under the null hypothesis, and the p-value
is r/(R + 1), where R is the number of simulated random replicates of the data and r is the rank of the test statistic
from the real data compared to the same test statistics calculated from each of the random data sets. A drawback
to this powerful technique is that each additional digit of p-value precision requires ten times as many replicated
datasets, and the additional processing can lead to excessive run times.

Results: We propose a new method for obtaining more precise p-values with a given number of replicates. The
collection of test statistics from the random replicates is used to estimate the true distribution of the test statistic
under the null hypothesis by fitting a continuous distribution to these observations. The choice of distribution is
critical, and for the spatial and space-time scan statistics, the extreme value Gumbel distribution performs very well
while the gamma, normal and lognormal distributions perform poorly. From the fitted Gumbel distribution, we
show that it is possible to estimate the analytical p-value with great precision even when the test statistic is far out
in the tail beyond any of the test statistics observed in the simulated replicates. In addition, Gumbel-based
rejection probabilities have smaller variability than Monte Carlo-based rejection probabilities, suggesting that the
proposed approach may result in greater power than the true Monte Carlo hypothesis test for a given number of
replicates.

Conclusions: For large data sets, it is often advantageous to replace computer intensive Monte Carlo hypothesis
testing with this new method of fitting a Gumbel distribution to random data sets generated under the null, in
order to reduce computation time and obtain much more precise p-values and slightly higher statistical power.

Background
Introduction
Geographic cluster detection and evaluation are impor-
tant in disease surveillance. One frequently used method
for cluster detection is the spatial scan statistic [1-3]
and the related space-time scan statistic [4]. This
method has been used to study the geography of infec-
tious diseases such as malaria [5], vector borne diseases
such as West Nile Virus [6], many different forms of
cancer [7-11], low birth weight [12], syndromic surveil-
lance [13-17], and bovine spongiform encephalopathy
[18], among many other diseases.

The spatial scan statistic is found by moving a scan-
ning window across the geographical region of interest,
generating a large collection of window locations and
sizes that meet pre-defined criteria. A likelihood ratio is
calculated for the data corresponding to each window
location and size and the spatial scan statistic is the
maximum of these likelihood ratios. The window loca-
tion and size with the maximum likelihood ratio is the
most likely cluster; that is, the cluster that is least likely
to have occurred by chance [1,2]. Except for the sim-
plest scenarios, there is no known closed-form theoreti-
cal distribution for the spatial scan statistic. Therefore,
p-values for scan statistics are usually obtained using
Monte Carlo hypothesis testing [19].* Correspondence: allyson_abrams@harvardpilgrim.org
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In Monte Carlo hypothesis testing, a large number of
random replicates of the observed data are generated
under the null hypothesis. Monte Carlo p-values are
asymptotically equivalent to p-values from exact permu-
tation tests as the number of random replicates
increases, but the key property of Monte Carlo hypoth-
esis testing p-values is that they maintain the correct
alpha level, exactly, as long as the number of replicates
plus one is a multiple of 1/a [19-21]. Monte Carlo
hypothesis testing can therefore be useful when theoreti-
cal distributions are unknown and the number of per-
mutations prohibits a full enumeration. One major
drawback to the approach is that small p-values can
only be obtained through a very large number of Monte
Carlo replicates, which may be computer intensive and
time consuming. For the spatial and space-time scan
statistics, Monte Carlo hypothesis testing requires the
calculation of the likelihood ratio for each location and
size of the scanning window, for each replicated data
set. Thus, the approach can be computer intensive for
very large data sets.
In disease surveillance, the space-time scan statistic is

sometimes calculated on a daily basis, to continuously
monitor a disease in near real-time [13,22]. These clus-
ters may then be reported to local, state, or federal pub-
lic health officials for potential investigation. Using a
conventional 0.05 a-level would on average result in
one false rejection of the null hypothesis every 20 days.
Because of limited resources, health officials are not able
to investigate a lot of false alarms [13,22]. To control
the number of false rejections at a more tenable level,
one might instead use an a-level of 1/365 = 0.00274 or
1/3650 = 0.000274, corresponding to one expected false
positive every year or every ten years, respectively, for
daily analyses. So, instead of 999 replicates for an alpha
level of 0.05, we may want to use 99,999 replicates or
more for an alpha level of 0.000274, keeping approxi-
mately the same ratio. If multiple diseases are under
surveillance, this may require a high computational bur-
den with millions of random replicates to be simulated
each day when Monte Carlo hypothesis testing is used.
In this article, we propose a way to do hypothesis test-

ing for very small alpha levels with fewer calculations.
The approach we take is to find a distribution which
closely approximates the distribution of the test statistics
that were generated under the null hypothesis, which
themselves reflect the distribution of the scan statistic
under the null. To do this we generate a relatively small
number of random simulated replicates under the null
hypothesis. We then use them to estimate parameters
for a distribution with a well-characterized functional
form. If this distribution fits the sample distribution
well, we can use it as an estimate of the distribution of
the spatial or space-time scan statistic under the null

and use it to generate arbitrarily small p-values. Because
we are interested in small p-values, it is particularly
important that the estimate is good in the tail of the
distribution.
We note that although this paper is focused on the

spatial and space-time scan statistics, the general metho-
dology that we propose in this article can easily be
applied to other test statistics that rely on Monte Carlo
hypothesis testing.

Scan statistics
The spatial scan statistic is used to identify potentially
unusual clustering of events on a map. Events may, for
example, be cases of disease incidence, prevalence or
mortality. Suppose that there are p geographical coordi-
nate pairs marked on a map, each representing a region.
The analysis is conditioned on the total number of
events, and under the null hypothesis, each event is
independently and randomly located in a region with
probability proportional to the population in the region,
or to some covariate-adjusted population based denomi-
nator. How best to adjust for covariates is a critical
issue which we do not consider in this paper.
We look at all unique subsets of events that lie within

a collection of scanning windows to detect clusters.
Although any shape scanning window may be used, we
use circles throughout this paper. Consider all circles,
Ci,r, where i = 1,..., p indicates the coordinates around
which a circle may be centered, and r indicates its
radius, which ranges from 0 to some pre-specified maxi-
mum. Based on the observed and expected number of
events inside and outside the circle, calculate the likeli-
hood ratio for each distinct circle [1,2]. The circle with
the maximum likelihood ratio is the most likely cluster,
that is, the cluster that is least likely to have occurred
by chance. For computational simplicity, the logarithm
of the likelihood ratio is typically used instead of the
ratio itself, and the log-likelihood ratio associated with
this circle is defined as the scan statistic. Likelihoods
can be calculated under different probability models,
such as binomial or Poisson.
The space-time scan statistic is analogously used to

identify clusters in regions of space and time. Envision-
ing each discrete moment of time as a separate map,
and the set of times as a stack of maps, the circles men-
tioned above can extend through the maps, making
cylinders that are the potential clusters. The cylinder
with the maximum likelihood ratio is the most likely
cluster, and its log-likelihood ratio is the space-time
scan statistic. In space-time models, we consider Poisson
as well as space-time permutation-based probability
models [4,23].
For this study, we used the SaTScan™ [24] statistical

software program, which calculates the scan statistic and

Abrams et al. International Journal of Health Geographics 2010, 9:61
http://www.ij-healthgeographics.com/content/9/1/61

Page 2 of 12



implements Monte Carlo hypothesis testing to calculate
a p-value. SaTScan™ allows the user to vary many
parameters including the maximum cluster size, the
probability model, and the number of Monte Carlo
replicates.

Monte Carlo hypothesis testing
When the underlying distribution for the test statistic is
unknown it is not possible to calculate a standard analy-
tical p-value. When it is still possible, however, to gener-
ate data under the null hypothesis, then Monte Carlo
hypothesis testing can be used to calculate Monte Carlo
based p-values, as proposed by Dwass [19]. To do this,
one first calculates the test statistic from the real data.
Then, a large number of random data sets are generated
according to the null hypothesis, and the test statistic is
calculated for each of these data sets. If one creates
R random replicates of the data and r-1 of those repli-
cates have a test statistic which is greater than or equal
to the test statistic from the real data, so that r is the
rank of the test statistics among the real data, then the
Monte Carlo based p-value of the observed test statistic
is r/(1+R). If the test statistic from the real data set is
among the highest 5 percent from the random data sets,
then we can reject the null hypothesis at the a = 0.05
level of statistical significance.
As pointed out by several statisticians [19-21,25], a

nice feature of Monte Carlo hypothesis testing is that
the correct a-level can be maintained exactly. This is
simply done by choosing R so that a(1+R) is an integer.
For example, if a = 0.05, then the probability to reject
the null hypothesis is exactly 0.05 when R = 19, 99, 999,
or 9999 random replicates. Following Bernard [19], sup-
pose R = 19. Under the null hypothesis, the one real
and 19 random data sets are generated in exactly the
same way, so they are all generated from the same
probability distribution. This, in turn, means that the
ordering of the 20 test statistics is completely random,
so that any single one is equally likely to be the highest,
2nd highest, 3rd highest, and so on, as well as equally
likely to be the lowest. Hence, under the null hypothesis,
the probability that the test statistic from the real data
set has the highest value is 1/20 = 0.05, exactly. If
it does have the highest test statistic, the Monte
Carlo based p-value is p = r/(1 + R) = 1/(1 + 19) = 1/20
= 0.05, and since p ≤ a = 0.05, the null hypothesis is
rejected.
Since the correct alpha level is maintained exactly

whether R is small or large, one may think that the
choice does not matter, but that is not the case, as
fewer replicates means lower statistical power [25-27].
Hence, more replicates are always better. For a = 0.05,
999 replicates gives very good power, but for smaller

alpha levels, an increasingly higher number is needed
[21,25].
One drawback with Monte Carlo hypothesis testing is

that the p-value can never be smaller than 1/(1 + R).
For example, with R = 999, the p-value is never less
than 0.001. In most applications, with a 0.01 or 0.05
a-level, that is not a problem, as it is not necessary to
differentiate between p-values of, say, 0.001 and 0.00001.
A relatively small number of replicates will be sufficient.
However, in the context of daily analyses in real-time
disease surveillance, a cluster with p ≤ 0.05 will by
chance happen once every 20 days, on average. That is
too often, and the goal is to detect clusters of disease
that are very unusual, and only the most unusual clus-
ters will be investigated further. P-values on the order of
0.0001 or even smaller may be required before an inves-
tigation is launched. These p-values require at least
9999 Monte Carlo replicates and even more are needed
to ensure good statistical power [21,25]. The number of
Monte Carlo replicates required is determined by the
desired precision of the p-value, and each additional
decimal place requires 10 times the number of Monte
Carlo replicates and hence about 10 times the comput-
ing time.

The Gumbel distribution
The spatial scan statistic described above is the maxi-
mum value taken over many circle locations and sizes,
so the collection of these statistics generated from the
Monte Carlo replicates is a distribution of maximum
values. Since our technique involves finding a distribu-
tion which closely matches the distribution of the repli-
cated statistics, it is natural to consider one of the
extreme value distributions as one possible candidate to
approximate the desired distribution. The Gumbel
distribution is a distribution of extreme values, either
maxima or minima. Here, we limit ourselves to distribu-
tions of maxima since the scan statistic is a maximum.
The cdf for the Gumbel distribution of maxima is

G x e e
x

( ) = −
− −

 and the pdf is g x e e
x

e
x

( ) =
− −

−
− −

1






 .

Both μ and b can be estimated from a sample of obser-
vations using method of moments estimators as follows:
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where X is the sample mean and s is the sample

standard deviation [28,29].
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Methods
To evaluate whether it is possible to obtain approximate
small p-values with only a limited number of Monte
Carlo replicates, we performed computer simulations fit-
ting different probability distributions to the sample test
statistics from the random data sets generated under the
null. For our baseline set-up, we use a map of 245 coun-
ties and county equivalents in the Northeast United
States, with each county represented by its census-
defined centroid [24]. Under the null hypothesis, the
number of cases in each county is Poisson distributed.
Conditioning on a total of 600 cases, the cases were ran-
domly and independently assigned to a county with
probability proportional to the 1994 female population
in that county [30]. The maximum circle size of the
scan statistic was set to 50% of the population.
First, we generated 100,000,000 Monte Carlo replicates

of the data under the null hypothesis. The maximum
log-likelihood ratio among all distinct circles is the sta-
tistic reported from each replicate. These 100,000,000
statistics generated our “gold standard” distribution of
log-likelihood ratios, which we treat as if it were the
actual distribution of the statistic under the null. Using
this distribution, we find the ‘true’ log-likelihood ratio

corresponding to a given a-level by finding the log-
likelihood ratio for which the rank divided by
100,000,000 gives the desired a-level. For example, the
log-likelihood ratio with a rank of 1,000,000 corresponds
to an a-level of 0.01, since 1,000,000/100,000,000 = 0.01.
Using the same parameter settings, we also generated

sets of 999 Monte Carlo replicates of the data. We used
the 999 maximum log-likelihood ratios obtained from
the Monte Carlo replicates to fit normal, gamma, log-
normal and Gumbel distributions to the data to see if
any of them would approximate the true distribution of
these log-likelihood ratios. The first three were chosen
because they are three of the most commonly used con-
tinuous distributions, without any deeper rationale. The
extreme value Gumbel distribution was chosen since the
test statistic is a maximum taken over many possible
circles.
For the normal, gamma, and lognormal distributions

we used maximum likelihood parameter estimates, and
we used the method of moments estimators of the
Gumbel distribution parameters. For each set of 999
replicates, we get a different set of parameter estimates
for each distribution. Figure 1 shows an example of a
histogram from 1 set of 999 log-likelihoods with the
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Figure 1 Histogram of 999 log-likelihoods from 1 set of Monte Carlo replicates with estimated normal, lognormal, gamma, and
Gumbel distributions.
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estimated normal, lognormal, gamma, and Gumbel dis-
tributions. Even if the choice of distribution is the cor-
rect one, there is some error in the parameter estimates
that plays a role in the ability of the approach to accu-
rately estimate the p-value. While we used the moments
estimator for the Gumbel distribution, which is very
easy to compute, it is possible that the maximum likeli-
hood estimates would have given slightly better results.
The approach hinges on the ability of the estimated
parameters to approximate the far tail of the true distri-
bution of the statistic under the null, using only a rela-
tively small number of randomly generated data sets. If
the tail of the proposed distribution corresponds well to
the far tail of the “gold standard” empirical distribution
based on 100,000,000 random data sets, then the
approach will be successful.
The idea now is to use the fitted distribution function

to obtain a p-value. The p-value is calculated by finding
the area under this distribution that is to the right of
the observed test statistic. For this to work, it is impor-
tant that the right tail of this function is similar to the
right tail of the true distribution that is represented by
the gold standard distribution from the 100,000,000
replicates. In order to check this, we used the cumula-
tive distribution function (cdf) of each fitted distribution
to find the critical value of the log-likelihood ratio cor-
responding to the nominal a-level. We then ranked
each critical value among the 100,000,000 log-likelihood
ratios in the gold standard distribution to find the true
probability of rejecting the null at that critical value. We
call this the rejection probability, and for the test to be
unbiased, the expected value of this rejection probability
must be equal to the nominal (desired) a-level. For each
type of distribution, we did this 1000 times which
resulted in 1000 critical values and, therefore, 1000
rejection probabilities. The average of these rejection
probabilities is an estimate of the true (actual) a-level,
which is then compared with the nominal a-level.
Here we present a formal description of this process; a

schematic diagram is shown in Figure 2. Let d x( ) be

the probability density function (pdf) of the distribution,
d, obtained by using the log-likelihood ratios generated
from the Monte Carlo replicates to estimate the para-
meters for d. Here we use d = normal, lognormal,

gamma, and Gumbel. Let Φ d x( ) be the associated cdf.

For the nominal a-level,  n , and each distribution, we

first find the critical value  d n, for which

1 − ( ) = ( ) =
∞

∫Φ d d d nn

d n

x dx  
 

,

,

; that is, we find

 d d nn, = −( )−Φ 1 1 . Note that  d n, is the value for

which the area under d x( ) and to the right of  d n, is

( )x . Now, let ( )x be the true pdf of the log-
likelihood ratios and let Γ( )x be the corresponding cdf.

Then 1 − ( ) = ( ) =
∞

∫Γ  
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n
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tion probability associated with  n from distribution d.

Of course, Γ( )x is unknown, and here we use the

observed 100,000,000 replicates as a proxy. Effectively,
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where llri is the ith log-likelihood ratio in the gold-stan-

dard distribution. The average of the 1000 rd n, ’s is our

estimate of the true a-level, when the nominal a-level is
 n . Note that the a-level found using Monte Carlo

hypothesis testing, which we denote  MC n, is proven

theoretically to be correct, so that  MC nn, ≡ .

( )  true pdf of the
log-likelihood ratios
x

, nd

area n
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ndr
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 empirical/asymptotic
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d x

Figure 2 Schematic for finding the rejection probability. First
find the critical value  d n, from the fitted distribution, then use
that value to find rd n, , the ‘true’ probability of rejecting the null
hypothesis in the ‘gold standard’ pdf obtained from the 100,000,000
replicates under the null.
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In addition to the baseline set-up, we repeated the
same experiment with different numbers of cases, differ-
ent maps, different probability models, different maxi-
mum circle sizes, and different numbers of Monte Carlo
replicates. We also repeated the experiment adding a
temporal dimension. The combinations that we used are
summarized in Table 1. United States 3-digit zip code
populations were obtained from the 1990 United States
Census [31]. For each set of conditions in Table 1, we
performed the experiment using 99, 999, and 9999
Monte Carlo replicates to generate the fitted distribu-

tion. We chose 5 nominal a-levels ( n = 0.05, 0.01,

0.001, 0.0001, 0.00001). All scan statistics were calcu-
lated using the SaTScan™ software.

Results
a-levels
The most important evaluation criterion in classical
hypothesis testing is to ensure that the a-level (type I
error) is correct. For the baseline experimental set-up,
each histogram in Figure 3 shows 1000 rejection prob-
abilities, one for each set of 999 Monte Carlo repli-
cates generated under the null, for each fitted
distribution. The mean of these rejection probabilities
is an estimate of the true a-level achieved through this
process. Note that in order to maintain the correct
a-level, it is enough for the mean of the distribution
to equal a, while the variance around a is irrelevant.
Therefore, to maintain the correct a-level, it is suffi-
cient that the rejection probabilities are centered
around the desired a-level. Among the distributions
assessed here, the rejection probabilities from the
Gumbel approximation are centered around the nom-
inal a-levels; for the other distributions the rejection
probabilities are centered to the right of the nominal
a-level. Thus, using any of these distributions other
than the Gumbel distribution to approximate the
underlying distribution of the spatial scan statistic
results in anti-conservatively biased a-levels, or in

other words, p-values that are too small. This can also
be seen in Figure 4, where we show a plot of the ratio
of the estimated true a-level to the nominal a-level for
each distribution. Figure 4 shows that the Gumbel
approximation has very little bias. When 999 or 9999
Monte Carlo replicates were used the slight bias is
conservative, whereas the bias from all other distribu-
tions is large and anti-conservative.
The above results are all based on the baseline

experimental setting. For the other settings, the true
a-levels are presented in Tables 2 and 3 for the Gum-
bel distribution, showing the robustness of this
method. Overall, the Gumbel approximation works
quite well. The a-levels are slightly conservative when-
ever 999 or 9999 Monte Carlo replicates were used,
and slightly anti-conservative with 99 replicates. The
bias becomes increasingly conservative with an increas-
ing number of replicates, and this conservatism is
more pronounced in the space-time settings. The
worst spatial results using the Gumbel distribution
were for the very extreme scenarios when there are
only 6 disease cases in all of the northeastern United
States, when there is a non-negligible conservative
bias. This is probably due to the extremely small sam-
ple size, and can be viewed as a worst case scenario.
When the maximum scanning window size was limited
to contain at most one county, there is a non-negligi-
ble anti-conservative bias. In this one-county experi-
ment, every single county is evaluated as a potential
cluster, but two or more counties are never combined
to form a cluster. We are still taking the maxima when
calculating the test statistic but it is a maxima over
only 245 rather than tens of thousands of potential
clusters. This may explain why the Gumbel extreme
value distribution does not work as well in this
scenario.
We also evaluated the other three distributions using

all of the settings, and the bias was similar to, and as
bad as, the results shown in Figures 3 and 4 (data not
shown).

Table 1 Combinations of settings used; bold indicates baseline settings

Number of cases Region Probability Model Maximum cluster size

Spatial combinations 600 NE counties Poisson 50% population

600 NE counties Bernoulli 50% population

600 NE counties Poisson 1 county

600 US 3-digit zip codes Poisson 50% population

6 NE counties Poisson 50% population

6000 NE counties Poisson 50% population

60000 NE counties Poisson 50% population

Space-time combinations 600 NE counties, 60 days Poisson 50% population, 7 days

600 NE counties, 60 days Space-time permutation 50% population, 7 days
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Statistical power
Statistical power is another important evaluation criter-
ion. While the variance in the probabilities depicted in
Figure 3 do not influence the a-level, a larger variance
will slightly reduce the statistical power of the test, as
implied by the proof of Jöckel [27]. We informally com-
pared the power for the Gumbel approximation to the
power obtained from Monte Carlo hypothesis testing by
looking at the variance of the rejection probabilities
used to calculate a-levels. Using the parameter set from
the baseline experimental settings, Figure 5 shows the
same type of histograms of the rejection probabilities as
in Figure 3, but only for the Gumbel approximation and
from Monte Carlo hypothesis testing, and using variable
numbers of Monte Carlo replicates. The figure suggests
that the variance in the rejection probabilities from the
Gumbel approximation is smaller than the variance in
the rejection probabilities from Monte Carlo hypothesis
testing. Numerically, the ratio of the standard deviation
of the rejection probabilities from the Gumbel approxi-
mation to the standard deviation of the rejection prob-
abilities from Monte Carlo hypothesis testing is less
than 1 when the same number of replicates are used for
both methods, indicating that the scan statistic has
greater power when the Gumbel approximation is used
than with traditional Monte Carlo hypothesis testing.

When we use 9999 replicates for Monte Carlo hypoth-
esis testing and only 999 replicates for the Gumbel
approximation this ratio is about 1; the same is true if
999 replicates are used for Monte Carlo hypothesis test-
ing and 99 replicates are used for the Gumbel approxi-
mation. This suggests that in this example, 10 times as
many replicates are required in order to get about the
same power with Monte Carlo hypothesis testing as
with the Gumbel approximation. Approximately the
same relationship was observed in the space-time and
other spatial settings.

Discussion
We have shown that the Gumbel distribution can be
used to obtain approximate p-values for the spatial and
space-time scan statistics with great accuracy in the far
tail of the distribution. This can be done using far less
computation than required by the traditional method
based on Monte Carlo hypothesis testing. As a rule of
thumb, we suggest using at least 999 random Monte
Carlo replicates to estimate the parameters of the Gum-
bel distribution, when possible, but the approach also
works with a smaller number of replicates.
A key question is then when to use Monte Carlo

hypothesis testing versus Gumbel based p-values. If the
primary interest is in 0.05 and 0.01 alpha levels, or if the

Figure 3 Histograms of the rejection probabilities obtained from each of the fitted distributions. The vertical gray lines indicate the
nominal a-level. For a = 0.05, a = 0.01, and a = 0.001, the scales are the same within those columns with the scale marked at the bottom of
each column. For a = 0.0001 and a = 0.00001, the scale is different for the normal distribution than for the other 3 distributions, as is indicated
at the bottom of the histograms.
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data set is small so that it is easy to generate and calcu-
late the test statistic for hundreds of thousands of simu-
lated replicas, then traditional Monte Carlo hypothesis
testing works well, and the benefit of Gumbel based
p-values is at most marginal. However, there are several

instances in which the Gumbel approximations offer a
clear advantage.
If the same number of replicates is used, then the

Gumbel approximation has higher power than Monte
Carlo hypothesis testing. When the number of replicates

13:50 Friday, September 17, 2010 1

Figure 4 Ratio of estimated a-levels to nominal a-levels for 4 distributions and different numbers of Monte Carlo replicates used to
estimate the parameters for each distribution.
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divided by the desired alpha level is large, the difference in
power is marginal, but when it is small, there is a clear
advantage of the Gumbel approximation. More specifi-
cally, the Gumbel approximation with one-tenth the num-
ber of replicates used by Monte Carlo hypothesis testing
provides approximately the same statistical power, while
using one-tenth of the computing time. Although there is
some bias with the Gumbel approximation, the bias is
small and, in most cases, conservative.
The most important benefit of the Gumbel approxi-

mation is its ability to calculate very small p-values

with a modest number of simulated replicates. For
example, as shown in Figure 4, p-values on the order
of 0.00001 can be conservatively calculated with only
999 random replicates by using the Gumbel approxi-
mation, while it would require more than 99,999 repli-
cates to get the same precision from Monte Carlo
hypothesis testing.
The attempts to calculate p-values with the normal,

lognormal and gamma distributions all resulted in anti-
conservatively biased a-levels. The bias from these
approximations was so large that we do not recommend

Table 2 Estimated a-levels for the Gumbel approximation for different parameters, corresponding to five nominal
a-levels

Nominal alpha

Number
of cases

Maximum
circle size Region

Probability
Model

Number of Monte
Carlo replicates 0.00001 0.0001 0.001 0.01 0.05

6 50% NE counties Poisson 99 0.000003 0.00004 0.0006 0.008 0.051

999 0.000001 0.00002 0.0004 0.007 0.048

9999 0.000001 0.00002 0.0004 0.007 0.047

600 50% NE counties Poisson 99 0.000013 0.00012 0.0012 0.011 0.054

999 0.000006 0.00008 0.0009 0.010 0.051

9999 0.000006 0.00007 0.0008 0.010 0.050

600 50% NE counties Bernoulli 99 0.000014 0.00013 0.0012 0.011 0.053

999 0.000007 0.00008 0.0009 0.010 0.050

9999 0.000007 0.00008 0.0008 0.010 0.047

600 50% US 3 digit zip codes Poisson 99 0.000014 0.00013 0.0012 0.011 0.054

999 0.000007 0.00008 0.0009 0.010 0.052

9999 0.000006 0.00008 0.0009 0.010 0.051

600 1 county NE counties Poisson 99 0.000033 0.00022 0.0016 0.012 0.053

999 0.000020 0.00016 0.0012 0.011 0.051

9999 0.000018 0.00015 0.0018 0.011 0.050

6000 50% NE counties Poisson 99 0.000013 0.00012 0.0011 0.011 0.053

999 0.000007 0.00008 0.0009 0.010 0.051

9999 0.000006 0.00007 0.0008 0.010 0.050

60000 50% NE counties Poisson 99 0.000013 0.00012 0.0011 0.011 0.054

999 0.000006 0.00007 0.0009 0.010 0.051

9999 0.000006 0.00007 0.0008 0.009 0.050

Table 3 Estimated a-levels for the Gumbel approximation for different parameters for the space-time scan,
corresponding to five nominal a-levels

Nominal alpha

Number of
cases

Maximum
circle size

Maximum
cluster length

Region Probability
Model

Number of Monte
Carlo replicates 0.00001 0.0001 0.001 0.01 0.05

600 50% 7 days NE
counties

Space-time
Permutation

99 0.000003 0.00004 0.0006 0.008 0.051

999 0.000006 0.00007 0.0009 0.010 0.053

9999 0.000003 0.00005 0.0007 0.009 0.051

600 50% 7 days NE
counties

Space-time
Poisson

99 0.000002 0.00005 0.0007 0.010 0.051

999 0.000006 0.00007 0.0008 0.010 0.051

9999 0.000003 0.00004 0.0006 0.008 0.049
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their use to approximate p-values for spatial or space-
time scan statistics.
The circular purely spatial scan statistic and

the space-time scan statistic are only two examples of
the many types of scan statistics. Other types include
the elliptical shaped spatial scan statistics [32], non-
parametric irregular shaped spatial scan statistics
[33-35], as well as spatial and space-time scan statistics

for ordinal [36] and exponential data [37,38]. While we
have not tested the Gumbel approximation for other
types of scan statistics, these statistics are all maxima
and generating p-values for any of them relies on
Monte Carlo hypothesis testing. It would be reason-
able, then, to evaluate whether p-values for these other
scan statistics could also be approximated with the
Gumbel distribution.

Figure 5 Histograms of the rejection probabilities obtained using the Gumbel approximation and from Monte Carlo hypothesis
testing based on 99, 999, or 9,999 Monte Carlo replicates.
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The method used here of fitting a distribution to the
statistics obtained from the Monte Carlo replicates can
be applied to any other application in which Monte
Carlo hypothesis testing is used and where very small
p-values are required or where computing time is lim-
ited. There is no reason to expect the Gumbel distribu-
tion to work well in all situations, however. In this
particular example it makes sense intuitively because the
scan statistic generated in each replicate is a maximum
over many circles and the Gumbel distribution is a dis-
tribution of maxima. Other applications may lend them-
selves naturally to a different choice of distribution.
To summarize, in applications in which the precision

of small p-values is not important, we suggest using
Monte Carlo hypothesis testing to obtain the p-values
for the spatial scan statistic. In applications in which the
precision of p-values is important or where each repli-
cate takes a long time to complete, the Gumbel based
p-values are often advantageous for reasons of both
computational speed and statistical power. To facilitate
its use, Gumbel based p-values have been added to ver-
sion 9 of the freely available SaTScan software, which
can be downloaded from http://www.satscan.org.

Acknowledgements
This research was funded by grant #RO1CA095979 from the National Cancer
Institute and by Models of Infectious Disease Agent Study (MIDAS) grant
#U01GM076672 from the National Institute of General Medical Sciences.

Authors’ contributions
AA programmed the simulations, analyzed the simulation results, and
drafted the manuscript. KK and MK conceived of the idea, provided
guidance, and helped draft the manuscript. All authors read and approved
the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 12 July 2010 Accepted: 17 December 2010
Published: 17 December 2010

References
1. Kulldorff M: A Spatial Scan Statistic. Commun Statist - Theory Meth 1997,

26(6):1481-1496.
2. Kulldorff M: Prospective time periodic geographical disease surveillance

using a scan statistic. J R Statist Soc A 2001, 164(1):61-72.
3. Naus JI: Clustering of Points in Two Dimensions. Biometrika 1965,

52:263-267.
4. Kulldorff M, et al: A Space-Time Permutation Scan Statistic for Disease

Outbreak Detection. PLoS Med 2005, 2(3):e59.
5. Gaudart J, et al: Oblique decision trees for spatial pattern detection:

optimal algorithm and application to malaria risk. BMC Medical Research
Methodology 2005, 5(1):22.

6. Gosselin P, et al: The Integrated System for Public Health Monitoring of
West Nile Virus (ISPHM-WNV): a real-time GIS for surveillance and
decision-making. International Journal of Health Geographics 2005, 4(1):21.

7. Fukuda Y, et al: Variations in societal characteristics of spatial disease
clusters: examples of colon, lung and breast cancer in Japan.
International Journal of Health Geographics 2005, 4(1):16.

8. Ozonoff A, et al: Cluster detection methods applied to the Upper Cape
Cod cancer data. Environmental Health: A Global Access Science Source 2005,
4(1):19.

9. Sheehan TJ, DeChello L: A space-time analysis of the proportion of late
stage breast cancer in Massachusetts, 1988 to 1997. International Journal
of Health Geographics 2005, 4(1):15.

10. DeChello L, Sheehan TJ: Spatial analysis of colorectal cancer incidence
and proportion of late-stage in Massachusetts residents: 1995-1998.
International Journal of Health Geographics 2007, 6(1):20.

11. Klassen A, Kulldorff M, Curriero F: Geographical clustering of prostate
cancer grade and stage at diagnosis, before and after adjustment
for risk factors. International Journal of Health Geographics 2005,
4(1):1.

12. Ozdenerol E, et al: Comparison of spatial scan statistic and spatial
filtering in estimating low birth weight clusters. International Journal of
Health Geographics 2005, 4(1):19.

13. Kleinman KP, et al: A model-adjusted space-time scan statistic with an
application to syndromic surveillance. Epidemiol Infect 2005, 133:409-419.

14. Nordin JD, et al: Simulated Anthrax Attacks and Syndromic Surveillance.
Emerging Infectious Diseases 2005, 11(9):1394-1398.

15. Yih WK, et al: Ambulatory-Care Diagnoses as Potential Indicators of
Outbreaks of Gastrointestinal Illness — Minnesota. MMWR 2005,
54(Supplement):157-162.

16. Besculides M, et al: Evaluation of School Absenteeism Data for Early
Outbreak Detection – New York City, 2001 – 2002. MMWR 2004,
53(Supplement):230.

17. Heffernan R, et al: Syndromic Surveillance in Public Health Practice, New
York City. Emerging Infectious Diseases 2004, 10(5):858-864.

18. Sheridan HA, et al: A temporal-spatial analysis of bovine spongiform
encephalopathy in Irish cattle herds, from 1996 to 2000. Canadian
Journal of Veterinary Research 2005, 69(1):19-25.

19. Dwass M: Modified randomization tests for nonparametric hypothesis.
Ann Math Statist 1957, 28:181-187.

20. Barnard G: New Methods Of Quality-Control. Journal of the Royal Statistical
Society Series A-General 1963, 126(2):255-258.

21. Besag J, Diggle P: Simple Monte Carlo Tests for Spatial Pattern. Applied
Statistics 1977, 26(3):327-333.

22. Kleinman K, Lazarus R, Platt R: A Generalized Linear Mixed Models
Approach for Detecting Incident Clusters of Disease in Small Areas, with
an Application to Biological Terrorism. Am J Epidemiol 2004,
159(3):217-224.

23. Kulldorff M, et al: Evaluating cluster alarms: a space-time scan statistic
and brain cancer in Los Alamos, New Mexico. Am J Public Health 1998,
88(9):1377-1380.

24. Kulldorff M, Information Management Services, Inc: SaTScan™ v5.1:
Software for the spatial and space-time scan statistics. 2005.

25. Marriott FHC: Barnard’s Monte Carlo Tests: How Many Simulations?
Journal of the Royal Statistical Society. Series C (Applied Statistics) 1979,
28(1):75-77.

26. Hope A: A Simplified Monte Carlo Significance Test Procedure. Journal of
the Royal Statistical Series B-Statistical Methodology 1968, 30(3):582-598.

27. Jöckel K-H: Finite Sample Properties and Asymptotic Efficiency of Monte
Carlo Tests. The annals of Statistics 1986, 14(1):336-347.

28. Gumbel EJ: Statistics of Extremes. Mineola, NY: Dover; 2004, 375.
29. Coles S: An Introduction to Statistical Modeling of Extreme Values.

Springer Series in Statistics London: Springer-Verlag; 2001, 208.
30. Kulldorff M, et al: Breast Cancer Clusters in the Northeast United States: A

Geographic Analysis. Am J Epidemiol 1997, 146(2):161-170.
31. U.S. Census Bureau:[http://www.census.gov/].
32. Kulldorff M, et al: An elliptic spatial scan statistic. Statistics in Medicine

2006, 25(22):3929-3943.
33. Duczmal L, Assunção R: A simulated annealing strategy for the detection

of arbitrarily shaped spatial clusters. Computational Statistics & Data
Analysis 2004, 45(2):269-286.

34. Tango T, Takahashi K: A flexibly shaped spatial scan statistic for detecting
clusters. International Journal of Health Geographics 2005, 4(1):11.

35. Assunção R, et al: Fast detection of arbitrarily shaped disease clusters.
Statistics in Medicine 2006, 25(5):723-742.

Abrams et al. International Journal of Health Geographics 2010, 9:61
http://www.ij-healthgeographics.com/content/9/1/61

Page 11 of 12

http://www.satscan.org
http://www.ncbi.nlm.nih.gov/pubmed/15719066?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15719066?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16026612?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16026612?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16159403?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16159403?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16159403?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15953394?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15953394?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16164750?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16164750?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15943865?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15943865?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17547744?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17547744?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15649329?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15649329?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15649329?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16076402?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16076402?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15962547?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15962547?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16229768?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16177708?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16177708?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15200820?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15200820?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15745218?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15745218?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14742279?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14742279?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14742279?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9736881?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9736881?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9230778?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9230778?dopt=Abstract
http://www.census.gov/
http://www.ncbi.nlm.nih.gov/pubmed/16435334?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15904524?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15904524?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16453376?dopt=Abstract


36. Jung I, Kulldorff M, Klassen AC: A spatial scan statistic for ordinal data.
Statistics in Medicine 2007, 26(7):1594-1607.

37. Huang L, Kulldorff M, Gregario D: A Spatial Scan Statistic for Survival Data.
Biometrics 2007, 63:109-118.

38. Cook AJ, Gold DR, Li Y: Spatial Cluster Detection for Censored Outcome
Data. Biometrics 2007, 63:540-549.

doi:10.1186/1476-072X-9-61
Cite this article as: Abrams et al.: Gumbel based p-value approximations
for spatial scan statistics. International Journal of Health Geographics 2010
9:61.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Abrams et al. International Journal of Health Geographics 2010, 9:61
http://www.ij-healthgeographics.com/content/9/1/61

Page 12 of 12

http://www.ncbi.nlm.nih.gov/pubmed/16795130?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17447935?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17688506?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17688506?dopt=Abstract

	Abstract
	Background
	Results
	Conclusions

	Background
	Introduction
	Scan statistics
	Monte Carlo hypothesis testing
	The Gumbel distribution

	Methods
	Results
	α-levels
	Statistical power

	Discussion
	Acknowledgements
	Authors' contributions
	Competing interests
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


