An isotonic spatial scan statistic for
geographical disease surveillance

Martin KULLDORFF

The smitial scan stabiztic i commonly. used in geagraphical dissase surveillance as o test for
spaitia) rondamme=s Lo detect and evaluale geographical dissase clumtors, The authar propeses @n
isotonic version of Lhe (el where e clisfer under the albemative hepothesis & omodeled wsimg an
inatonte regression funclion with stuecessively decreasing dgk with inereazing distince fromn the
cluster conter. The twe methods are cotpared on the same breast cancer moriality dita 1. The
resull Ts basically the same for ithe lwo methods, detecting the same cluster, Bl thene are subi e
differences betwedn e Lests that makes one o the other the prefered choice depentding on the

particular sitaalion inowhich they are ased.
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1 Introduction

Lpidemiclogists are often called on to investignle
geenranfic disease cluster dliarms. These may have beo)
detecied by an olservanl citizen group, by medical
doctors, by jowrnalists doing mvestigative reporting, or
by Tacal health officiale. For mmtural reagons, the alarms
are typically accompanied by considerable worry within
the communities affected, Examples of past cluster
alarms inchule : leukemia dround Sellafield, England!
brain concer in Los Alamos, USAY - levkemia in Krim:
mel, Germany®'; and myeloma in Tokushima, Japan®.
In the United States alone, the state health departments
receive 3 fotal of abioot 1500 cancer cluster mguires
CVETY Near,

Must disedse clusters dre due to random geographical
variation m disease incidence, prevaldence or mortality,
as some areas are hound to have hivher disease rales
than oaher, stmply doe ta chipnee, On the other hand, the
detectinn of disease clusters has sometimes led 1o impors
tant new knowledge, such: as the discovery of serious
health threats in unexpected lacations®™, the discovery
al ew disease etiologies™ and more rarely, the discoy-
ery of pew diseases'"" When disease cluster are found,
it is fmpoctant to use statistical methods o evaluate
whether an observed excess may reasonably be due to
IMeTsion of Binstalistics
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chance or net While nal the only eritera; that will help
determine whether @ thoreugh epidemialogical invest-
ation 15 warrangted, or whether resources are better
spiil elsewhere.

An alternative to post-alarm cluster analyses due to
ad hoe cluster alarms, js & prosactive appraach, system-
dtically sereening a region for geographical clusters ina
surveitlance: setting. 1f an ad-hoc cluster alorm subse-
guently does oceur, it can then be quickly evaluated by
Iraking up the resull from the previous analysis, already
conducted through the systematic surveiliance. 1 there
is not a significant cluster at the lcation in question, the
alarm can be quickly dismissed as a probable chance
ocourrence, althougrh some further inwestigation may
atill be warranted depending on the exact nature of the
alarm. If there is o significant cluster at the location of
the alarm, then the epidemiologist are not taken by
surprise, but will have had a head start on investigiting
e disesse cluster, Moreover, a systemitic approach to
prographical disease surveillance may detect important
disesse clusters that would otherwise o Unnoliced

One method that can b used {or geographical disease
surveillance as well as for the evaluaion of geagraphi
cal disease cluster alarms, iz the spatial scan sbatis
L% The spatial scan stitistic has the following
features, making it suitable for geographical disease
survelllance ; (13t Lakes the uneyven gegeraphical distr-
bution of the papulation risk into accouny, and adjusts
for any number of confounding variablies, such 6z age,
gender or other known or suspected cisk factors | (27t
searches  for clhosliers  wilhot

making any apriori
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assumptionz about their lncation or size; (3 it adjusts
for the multiple testing inherent in the multiple cluatey
locations and sizes considered ; (411 the null hypothesis
is rejected, it specifies the lecarton of the eluster that
caused the rejection : (5) it is able to detect and evaluate
nultiple clusters 1f they exist ;) and (6) iU can be vsed to
detect areas of excess risk (clusters) as well as areas of
lower rigle.

I this paper, we firal deseribe the spatial soan stitis
tic. We then present an isctonic spatial sean statistic. 1Y
has the same properties as listed above for the standard
spatial scan statistic. Both aré constructed as a likeli-
hond ratio tests, hut they differ in the way in which
clusters are modeled under the alternative hvpolhesis:
The sotonic spatial scan statistic is ustrated using o
breast cancer mortality data set previowsly analyvzed
using the standard spatial scan statistic™, and the two
methods are compared,

2 The Spatial Scan Statistic

The spatial scan statistic imposes & circular window
on a map and lets its centroid move across the study
region. For any given pesition of the centroid, the radius
of the window is changed continuously to take any value
betwesn zern and some upper limit. In total the method

uses 2 sel 2 containing @ very large number of disting
circles; cach with & different location and size, and eacl)
heing a potential cluster. A small sample of the many
cireles used are shown in figore 1.

Under Lhe alternative hypothesis, there j= at least one
circle for which the underlving risk is higher nside the
cirele as eompared to outside, For each circle. the
chserved mnd expected number of caseés are noted, 1t is
then possible to ealenlate (he likelihind to observe the
actually observed number of cases within a circle. The
circle with the maximom lkelthood ig defined as the S
mas! fikely elestor, This is the cluster that is least Hkely
to have ocoured by chance.

The likeéllhood can be caleulated assuming either a
Pojgzon ar Bermeulli model, depending on how the cases
are generated. The Poisson medel should be used [or
incidence and morta)ity rates, where the population at
risk peflect the number of person vears, The Bernoulli
minelel should be vsed i we have 0] observations soch
as children with birth defects compared Lo total births,
ar lale stage breast cancer #s compared ta the tutal
cases of breast cancer

Conditioning on the observed total number of caszes,
N, the definition of the spatial scan statistic is the
maximum Hkelihond ratio over all possiblecircles 27 %

Fignre 1

A small =ample of the many eiveles sl by the spatial scan statistic
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whire L(Z) is the maximum likelihood for circle Z,
expressing how Hkely the observed data are given a
differential rate of events within and outside the zane,
and where [, iz the likelihood function under the null
hypothesis,

Let w1 be the number of cases in circle Z. For the
Bernonlli model, let M be the total number of cases aned
controls, and let s be the combined number of cases
and controls in circle Z. Then
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where £ is the prabability that an individual within zone
Z is a case and where ¢ is the same probability for an
individuzal outside the zone. Maximizing the likelihond
over p oand ¢ gives
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For the Poiszon model, let p(Z)} be the expecied
number under the nall hypothesis, so that @A) =N for

(3)
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A, the total region under study. [t can then be shown
thut
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if 31z Z) and one otherwise, Details, including deriva-
tions as likelihood ralio tests, have been given else-
where™,

Ax this likelihood ratio is maximized over all the
circles, it identifies the one that constitutes the most
likely diseasze cluster, [ts p value is obtained through
Maonte Carlo hypothesis testing'™. Conditioning on the
total number of cases, 9999 random replications of the
data set are generated under the null hypothesis. For
each of these, the maximum Yikelihood is calculated in
the same way as for the real data set. The 10,000 values,
from the real and random data sets, are then ranked
from highest to lowest, H the null hypothesis is froe,
then the maximum likelihood ratio frem the real data
set has the same distribution as the maximum likelihood
ratio calewlated from any of the random data sets.
Hence, its rank R on the list is uniformly distrubuted
between 1 and 16,000, that is, it is equally likely to take

any of the 10,000 positions among the ranked values.
This means that the prabability of heing among the top
5 percent values is, exactly, 5 percent, and its p value
can be calculated as p = R/10000.

Caleulations can be done using the SaTScan soft-
ware!™ developed at the National Cancer Institute, and
available free of charge.

3 An Isotonic Spatial Scan Statistie

For the standard spalial scan statistic, and for a given
centroid, the risk is modeled as Leing higher within some
unknown distance & from the centroid, as compired to
beyend that distance. The distance « correspond to the
radius of the circle used. and as mentioned before, this
ridius fs not specified apriori. This means that the risk
i= modeled as a function #(d) of the distance from the
centroid, and that it uses a step function with a single
dizcontinuity at 4.

Such a formulation leads to a natural extention of the
spatial scan statistic, in that the risk function could be
modeled as a non increasing function with multiple
locatinns where the function takes a step down, littde by
little. If we don't make any apriori assumptions about
the mumber or locations of those steps, the risk functien
can be fitted using maximum likelibood in what is called
smofonde regression'’ The isotonic regression function is
defined as the one which, amony all possible non

increasing functions, gives the highest likelihaod.

Mathematically, the only difference as compared Lo
the standard version is L{Z). Firstly, rather than using a
large ot of circles, we will use a large set € of circle
centroids. For a particular centroid C& C, order the
census dareas in order of distance from the centroid, with
the closest first. Let m, f=1......f be the number of
cHses in census area J.

For the Bernoulli model, let g, 7=1,.....f he the
prabability that an individual in census area jis a case,
and let sy be the total number of cases and controls in
that ares. Let

L(C o oo p)=TTpR =) (5)
We then define

L1C) max PRSI ) ()
and

};.:P mux P S—— (7

The test statistic is

()

: I
Se=max — 8
Se=max =~ (8)
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Nate that Le does not depend on C, and has the same
value a5 for the standard apatin) scan statpstic,

FFor the Poisson model, et g be the expected numbir
of cases in census aren ¢ (under the nuil hypothesis). The

test stakistic s then

T TCA 4e)™
Se= max 4

. ( }:I % I,-.:r_.)x (9)

where N as hefore is the total number of cases.

The collection of centroids © can be chosen in differ-
ent wiays, but for the test stutistic to be a scan statistic,
searching the area for clusters, it is fmportant that the
centroids are at [east as cluse Lo each other as are the
census preds, and thal they cover the whoale geograph
cal area under study. [n the forthcoming application,
described in the next section, we simply wsed the coordl-
nates of the 245 counties as cirele cenfroids.

If there iz only ane centroid in C, we do no longer
hive @ scan statistic, but rather what is called a focused

cluster |patihin

=3 In fact, we get the T, test proposed
by Stone for tecused cluster analyvses, alithowsh he did
ot imiplement It due to the difficulty in aolitaining an
asymptotic distribution of the test stati=tic, nsing only
the first

Focused Lests are vsed to see whether a diseize cluster

isotonic . regression estimator  instead™,

b7

exist around some potentis] patative health hazard at
sime specified foch, when that focl 15 specifivd apriori,
without first loaking at the case counts. For example,
Lawson has used such a test to sée whether there were
a cluster of respiratory cancer around a source of air
pollution in Armadale, Scotland™

If a suspected health hazard exist before [ooking at
the daty, & focused lest shoald be wsed rather than a seun
statiatic, s the focused test will hove higher power 10
detect @ cluster in that particular location 1 on the
ather hand, a ¢luster is Hrat found, 7 fnoused test cannot
be used, as they would be erroneous prvalues due Lo
presalection bias: To evaluate cluster alarms, one should
Instend use the spalial scan statistic, as il does not make
apriofi assumptions an the cluster location and size.

4 Dreast Caneer in Northeastern United

States

KulldorfT €1 al. used the standard spatial scan statistic
to study the peographical distribution of female breast
cancer mortality in Northeastern Lnited States' This
data set dncompasses the vears 1988- 1092 and covers the
245 counties and county equivalents in Connecticut,
Delaware, Distyict nf Columbia, Maine, Maryland, New
Hampshire, New Jersey, New Yorck, Pennsylvania,

Buffalo
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Must Ukely cluster of breast cancer mortality In noriheastern Linited States. 1988 182 wsang e sbanaaro syl
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Table ] Muost likely eluster ol breast cancer mmrtallty in the Nonhesstern United Stoes, 1988 1892, comparing the
standard vorsus the l2otonic spatia) scan statistic.

-lL?t -_"TH Likety (_.lilfj'lt'.r Counties Cases Experted 7 H]? -WV]_L](TV ) 1 ‘-Tﬁ_m'
Stgclird NYC Philadelphiz Arca A2 ZEA LA bivd 57 1001
[sotame NYC Philadelphia Area in I5aH2 24601 (RErill 2.7 00001

TRelative risk compared 40 thie rest of the Northeast, onpeide the cluster.
Lo likeliboael rictin

Buffalo
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Figure 3 :'&.tnl.wl 'Ii.In_jI.}.' .r'I.n:.-'tu.-r of breast cancer moertality in northeastern United States; 19881992 using the isalanic spatial

Table 2 Most Nikely cluster of breast cancer mortality in the Northeasteen United
Slates, [98R- 1992 using the [sstonic spatial seihn stakisee

Step Counties Cames Expected RRT
Ocean, Burlington, Monmauath

1 Atlantic, Mercer, Camden Middlesex; e il 1.126

Phitadelphia

2 Gloucest 15 105 1135

i Richmeond, Somersel, 1nion [ Lk 1017

| Remaimng 28 counties 18724 |BETE 1053

Combined ZA5RY 2460 LTt

IRelative risk compiared Lo the vest of the Northeast, outside the cluster.
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Rhode Island, and Vermont. There were a total of 58,941
cases among a population of 29535210 women. The
annmual mortality rate was 399 per 100,000 women. All
analyses in this paper uses the Poisson mindel, and are
adjusted for age vsing 18 different {ive year age groujps
U=d, 3-8, ... 80-H4, and BH+.

Figure 2 and table 1 show the result using the standard
spalial scan statistic,. The most likely cluster was
centered around Mommouth enunty in New Jersey, just
south of New York City along the Atlantic ocean. The
cluster contains most of the New York City-Philadel-
phia metropolitan area. With a toral of 24,044 cases
compared to 23,040 expected, the mortality rate is 7.4
percent higher than the remaining parts of Northeasiem
United States. The cluster is significant with a p-value
of 0.0001. A secondary elester was found arourd Bufl
falo, but this cluster was nnt statistically significant (p=
0.12).

The result for the isclonic spatial scan statistic is
shown in table 1 and figure 3. The most likely cluster i=
now centered around Ocean county, just =outh of the
previovs center in Monmouth county. The general loca-
tion and size 15 the same as for the standard spatial scan
statistic, but somewhat expanded southward to include
eight additional counties.

The jsotonic step function has four levels, as showr in
table 2. There 15 a fairly large inner circle, with an

Figure 4

excess risk of 12,6 percent, There is then two smaller
steps, with only one and three counties in them respec-
tively, with successively lower cisk. The fourth step is
wgrain large, containing 28 counties, but the excess risk is
now only 5.5 percent. The cluster as a whoele has a 7.0
percent egxcess risk, as compared to the 7.4 percent
exicess found in the somewhat smaller cluster from the
standard spatial scan statistic,

The isctonic spatial scan statistic also delects a secon
dary eluster in the Buffalo ares, with a two sten isotonic
risk function. There are three counties in the inner ciccle
(Cattaravgus, McKean, Alegany) and one in the outer
(Erie). It is nol statistically significant though, with p=
0,34, Other non-significant secondary clusters contained
anywhere between £ and 6 steps in the isotonic regres-
sion function.

5 Discussion

For the breast cancer mortilily data, the result is
basically the same wherher ane uses the standard or the
isotonic spatial scan statistic. As has been pointed out
previously**, the spatial scan statistic can detect the
general location and size of a cluster. but its exact
bourdaries must remain uncertain, This is because the
likelihood will not change much when adding or remov.
ing d few smaller counties to or from the most likely
cluster. The same observation is valid for the isolonic

County specific mortality rates: Peccent above or below expected

1. Natl. Inst. Public Health, 418{2): 1940
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spatial scan statistic, and not only for the cluster as a
whole, bt plso for the intermediate steps in the risk
funection.

So, which method shauld he ysed, the standard or the
mgbonic spatial sean statistic? How do they differ? What
are their pros aml conse We canmol  compare  the
methods by the magnitede of their respective lug likeli-
hood ratio values, Since the circles in the standard
version are all special eitses of the isotonic risk madel,
it s mathematically impesaible for the standard version
ty have a higher log Lkelibood ratio than the Eotanic
yersiu,

One apparent advantawe of the isolonke version is that
we chiain information ahout which parts of the cliuster
has highier versus lower rates: Thit informmaticn can he
deceptive thoueh, as gure 4 Nostrate. Thiere are sy
eral connties i the outer band that has an excessas high
or higher han the central counties, white ane county in
the inner hand haz fewer cases than expected, OF course,
these individual county estimates are highly variable,
but it iNustrates the point already raised, that while we
can pinpoint the general location and size of a cluster,
wie catrsay nothing whoot its exact houndaries, and even
less about the variahility m risk within the ¢loster.
Hence, the variable rates within the chster, as producisd
Ly the isotonic spatial scan statistic; may be more likely
to confuse the reader of the map thao W provide useful
information. For deseriptive details, it is belter o pro-
vidie the type of map given in Figore 4.

Onedifference between the two lests ¢opcerns statisti-
ca) power. The isalanic version will have somswhal
higher power 1f the troe cluster s such that the risk is
higher In the center of the ¢luster as compared to the
edees of the chuster, bub 30 will have somewhat lower
power 11 the true cluster has approximately equal risk
throughour, the ¢luster area or if the risk is higher 0 the
autlying as coanpared o the cenrral areas of the ¢luster
The miggnitude of the power difference is unknown, and
merits further investigation, bul = lkely W be fairly
small.

Some peegraphical phenomena sre very gradual, such
as air pollulion or aceess Lo health care, while other
diaplay abrupt ehanges, such as sources of waler supply
and certain sociceconemis variables, The choice of
method should depend on what Lypes of axposure we
thinle are most likely (0 coosge any clusters that we
mischt find, which of course in g surveillance setting is
el 2438y Lo say.

Both metheds are computer intensive, In the sense
that they are hased on Monte Carla replicatinns for

calculating v values. The difference is computing time

i not large though: For the current: diata set. using 9999
Monte Carlo replications; the isotonic spatial scan
slatistic needed 4 minutes (o run ona 400 MHz Peatium
PC, while the standard spatial scan statistic took 10
minutes to run The standard version is sldwer not
bBecause the computations are more complex, bt
because the code wsed s optimized for situations with
many census areas. With fewer cases bul more census
areas, the comparison would have been the apposite,
with the standard version vsing less computing time.

In sumrmary, there are sometimes advantages of using
the isatonic spatiil scan statistic, but the simplicity of
eodicept Gnd interpretation will tenet to favor the stan-
dird spatial scan statistic inmany sileations,
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