Computational, Statistical and Graph-Theoretical
- Methods for Disease Mapping and Cluster

Detection
by
Shannon Christine Wieland
B.S., B.A., Ohio State University, 1999
Submitted to the Harvard-MIT Division of Health Sciences and Technology
in partial fulfillment of the requirements for the degree of
DocCToR OF PHILOSOPHY
in the field of
MATHEMATICS AND MEDICAL ENGINEERING
at the

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

September 2007 ‘

(©Shannon Wieland, 2007. All rights reserved.

The author hereby grants to MIT permission to reproduce and to distribute publicly paper and
electronic copies of this thesis document in whole or in part in any medium now known or
hereafter created.

2 1 o5 R N
Department of Mathematics

Harvar:i-m%‘ lfivision of Health Sciences and Technology

il s i . August 9, 2007

CVE WY W g s e

Certified by.........................

Certified by... e

Bonnie Berger, Ph.D.

Thesis Supervisor,_Prgfessor ypplied Mathematics

Accepted by ........cooiiii ( e. ...

Alar Toomre, Ph.D.

o~ fhairperson, Applied Mathematics Committee

Accepted by .. .

o/ David Jerison, Ph.D.

Chairperson, Department Committee on Graduate Students

Accepted by .......... e

' . - VT Martha L. Gray, Ph.D.

TARSSACHOSET TS NGTTTOTE] sErsmeTrorE] Edward Hood Taplin Professor of Medical and Electrical Engineering

OF TEOHNOLOQY Director, Harvard-MIT|Division of Health Sciences and Technology
oct 0 & 2007

' ARCHIVES

LIBRARIES







Computational, Statistical and Graph-Theoretical Methods

for Disease Mapping and Cluster Detection
by

Shannon Christine Wieland

Submitted to the Department of Applied Mathematics and the Harvard-MIT
Division of Health Sciences and Technology
on May 18, 2007, in partial fulfillment of the
requirements for the degree of
Doctorate in Applied Mathematics and Medical Engineering

Abstract

Epidemiology, the study of disease risk factors in populations, emerged between the
16th and 19th centuries in response to terrifying epidemics of infectious diseases such
as yellow fever, cholera and bubonic plague. Traditional epidemiological studies have
led to modifications in hygiene, diet, and many other practices that have profoundly
altered the dynamic between humans and diseases.

In this thesis, we develop mathematical techniques to address modern challenges,
including emerging diseases such as SARS and West Nile virus, the threat of bioterror-
ism, and stringent legislation protecting patient privacy. Within spatial epidemiology,
one problem is to map the risk of disease across space (i.e., disease mapping), and
another is to analyze the data for clustering. We propose a general technique, car-
tograms created from exact patient location data, that can address both of these
problems. We also develop a graph-theoretical method to detect spatial clusters of
any shape based on Euclidean minimum spanning trees. For mapping applications,
we present an optimal strategy for mapping patient locations that preserves both
privacy and spatial patterns within the data. For real-time disease surveillance, in
which the goal is early detection of outbreaks based on time-series data, we intro-
duce a generalized additive model that maintains constant specificity on various time
scales.
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Chapter 1

Introduction

Terrifying epidemics have swept through populations throughout human history.
Most famous among these is the bubonic plague, which spread in every direction
from the Gobi desert in China in the 1320’s, devastating parts of Asia and Africa.
The plague reached Cyprus in 1347 and killed about one third of the European popu-

lation in only two years [2]. In recent history, 500 million people contracted “Spanish

Vg &
(ke :

Figure 1-1: Die Seuche by A. Paul Weber, depicting the bubonic plague entering a
city. Image courtesy of the National Library of Medicine.

influenza” in 1918 and 1919 [3]. The epidemic began among soldiers in March of 1918
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at Camp Funston in Kansas. In late August, three nearly simultaneous outbreaks in
Boston, Massachusetts, Freetown, Sierra Leone, and Brest, France signaled the start
of a global pandemic which claimed at least thirty million lives [4]. The fear inspired
by uncontrollable and fatal epidemics, such as the plague, yellow fever, cholera, and

influenza, was a driving force for early advances in the field of spatial epidemiology.

The first disease dot maps were published by a young surgeon named Valentine
Seaman in 1798, showing the locations of yellow fever victims in New York City. Sea-
man created the maps to support his theory that yellow fever was caused by “putrid
effluvia,” which was ultimately disproved [5]. An English surgeon named John Snow
is often credited with founding the field of spatial epidemiology for his 1854 study
of cholera in London (see figure 1-2). At the time, frequent outbreaks of cholera,
resulting in severe diarrhea and death due to dehydration, were generally thought to
be caused by “miasma” in the air. Snow, who happened to live close to the epicenter
of a large outbreak occurring in late August, 1854, correctly theorized that cholera
was spread through contaminated water. He plotted the cases, revealing that they

clustered around one pump on Broad street. Seven days into the outbreak, he pre-

(a) John Snow, 1847. (b) Map of cholera cases in London, 1854.
Figure 1-2: The English physician John Snow created a dot map showing that cholera

victims lived close to one public water pump, which was the source of the outbreak.
Images courtesy of the National Library of Medicine.
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sented his findings to the local Board of Guardians. The pump handle was removed,
ending the epidemic. The map was used to support Snow’s theory in a subsequent
publication “On the mode of communication of cholera” [6]. Snow’s success showed
the potential power of spatial methods in epidemiology: his finding not only saved

lives, but also gave new insight into the transmission of a poorly understood disease.

From the earliest disease dot maps, methods in spatial epidemiology have evolved
to include a range of statistical and graphical techniques encompassing several distinct
areas of study. Disease mapping explores spatial variations in disease risk, taking into
account variations in the underlying at-risk population. Disease clustering studies
investigate whether or not cases tend to cluster together more than expected, or
seek to find localized subsets of patients comprising clusters. Ecological analysis
investigates the relationship between the distribution of cases and environmental risk

factors [7].

Despite its long and productive history, there are several challenges still facing
the field of spatial epidemiology. These include the need to rapidly detect emerging
diseases, such as Severe Acute Respiratory Syndrome and West Nile Virus, and bioter-
rorism events, such as the dissemination of anthrax through the United States postal
service in 2001. There is also an increased public awareness of issues surrounding pa-
tient privacy, and more stringent legislation protecting privacy of patient-identifiable
information, including geographic identifiers. Furthermore, there are recent advances
in geographical information systems and cartography methods that can be leveraged
for spatial epidemiology.

In this thesis, we respond to these new challenges and advances with several re-
lated projects. In chapter 2, we create a new graph-theoretical method to detect
spatial clusters of any shape. Existing disease cluster detection methods cannot de-
tect clusters of all shapes and sizes, or identify highly irregular sets that overestimate
the true extent of the cluster. We introduce a graph-theoretical method for de-
tecting arbitrarily-shaped clusters based on the Euclidean minimum spanning tree
of cartogram-transformed case locations, which overcomes these shortcomings. The

method is illustrated using several clusters, including historical data sets from West
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Nile virus and inhalational anthrax outbreaks. Sensitivity and accuracy comparisons
with the prevailing cluster detection method show that the method performs simi-
larly on approximately circular historical clusters, and it greatly improves detection

for non-circular clusters.

The use of cartograms based on exact location data, developed for this method, is
explored in other contexts in chapter 3. Density-equalizing cartograms of disease case
locations are used to adjust for variation in the underlying at-risk population for the
purposes of visual representation and statistical analysis of disease risk. The use of
cartograms has been limited to analyzing count data in a small number of settings. We
show how to create and interpret cartograms from exact location data collected using
various types of traditional epidemiological studies. For mapping applications, there
is a simple relationship between cartogram case density and disease risk; for analysis,
the cartogram simplifies the null distribution of constant disease risk, enabling the

use of a variety of well-advanced statistical methods.

In chapter 4 we develop an optimal strategy for balancing the need for patient
privacy with the need to share information about the spatial distributions of diseases
for research and health surveillance. Ethical and legal mandates protect the privacy of
patient data collected for medical care and research. Accidental disclosures sometimes
occur, either because the guardians of the data do not anticipate a method of linking a
released data set to individuals, or because of methodological flaws in the procedures
used to ensure privacy. The prevailing solution, releasing data aggregated by large
areas, usually preserves privacy but suffers from substantial information loss. We
develop an alternative de-identification strategy to move individual locations based
on linear programming. The method guarantees that privacy is protected. It moves
patients in an optimal manner to ensure they move the minimal possible distance
for the level of privacy protection. Thus the de-identified set is ideal for subsequent
cluster detection or disease mapping studies. We illustrate how to de-identify patients
in New York county, New York, showing that privacy is guaranteed while moving

patients very short distances.

In chapter 5, we develop a temporal method to detect aberrant health events
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for surveillance in real time. Detection of abnormal disease patterns is based on a
difference between patterns observed, and those predicted by models of historical
data. The usefulness of outbreak detection strategies depends on their specificity;
the false alarm rate affects the interpretation of alarms. We evaluate the specificity
of four traditional models: autoregressive, Serfling, trimmed seasonal, and wavelet-
based. We apply each to 12 years of emergency department visits for respiratory
infection syndromes at a pediatric hospital, finding that the specificity of the four
models was almost always a non-constant function of the day of the week, month,
and year of the study (p < 0.05). We develop an outbreak detection method, called
the expectation-variance model, based on generalized additive modeling to achieve
a constant specificity by accounting for not only the expected number of visits, but
also the variance of the number of visits. The expectation-variance model achieves
constant specificity on all three time scales, as well as earlier detection and improved
sensitivity compared to traditional methods in most circumstances. Modeling the
variance of visit patterns enables real-time detection with known, constant specificity
at all times. With constant specificity, public health practitioners can better interpret

the alarms and better evaluate the cost-effectiveness of surveillance systems.
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Chapter 2

Density-equalizing Euclidean
minimum spanning trees for the
detection of all disease cluster

shapes

2.1 Introduction

Tests for the detection of disease clusters [8] are essential tools for identifying emer-
gent infections and elucidating demographic and environmental factors influencing
diseases. The shapes of these clusters are unpredictable [9, 10, 11, 12, 13]. However,
the prevailing cluster detection method, a scan statistic that applies a likelihood ratio
test to a large number of overlapping circles in a study region, reports only circular
clusters (14, 15]. Straightforward extensions of the circular scan statistic, such as an
elliptical scan [16] and a rectangular scan [17], are also limited to detecting specific

outbreak shapes.

Originally published as: Wieland SC, Brownstein JS, Berger B, Mandl KD. Density-equalizing
Euclidean minimum spanning trees for the detection of all disease cluster shapes. Proceedings of
the National Academy of Sciences. May 22, 2007.
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Few methods aim to detect clusters of arbitrary shape. One class of methods
based on graph theory has recently emerged to address this problem [18, 19, 20, 21].
However, these have several limitations: they are restricted to clusters that fit inside
a circular region of fixed size [18], they attempt to examine a set of potential clusters
too large to exhaustively search [19], they have poor specificity [20], or have yet to

be implemented or evaluated [21].

In addition to the difficulties inherent in any disease cluster detection method,
such as accounting for the underlying population density and controlling the level of
significance given multiple potential clusters of various sizes and in various locations,
arbitrary shape cluster detection presents particular challenges. As more shapes are
considered, the statistical power declines, and the computational running time may
become unreasonable for typical problem sizes [18]. Furthermore, if the exact case
locations are available, then considering every conceivable shape is problematic; it is
always possible to draw a bizarrely shaped region of infinitesimally small total area
that includes every case. This problem surfaces when data are aggregated into small
regions. Indeed, one study identified excessively large clusters with highly irregular
shapes having greater likelihood ratios than the inserted clusters which were the

detection targets [20].

In this study, we address these challenges by removing the notion of shape from
consideration, and replacing it with a mathematical formalization of potential clusters
based on intercase distances. We introduce a method to locate clusters of any shape
based on Euclidean minimum spanning trees (EMST’s), which have previously found
application in heuristic methods to divide other kinds of data into a pre-determined
number of subsets [22, 23]. Application of the method to synthetic, West Nile virus,
and anthrax data sets show that sensitivity and accuracy are substantially improved
compared to the circular scan statistic method applied to non-circular clusters, which

likely include the majority of real disease clusters.
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2.2 EMST Cluster Detection

Our cluster detection method consists of three sequential tasks. A density-equalizing
cartogram of the study region and disease cases is first constructed from a Voronoi
diagram of the controls. Second, the family of potential clusters to evaluate is defined,
since it is not computationally feasible to consider all 2" subsets of n cases. Third,
the statistical significance of each potential cluster is evaluated. We address each of

these tasks below.

2.2.1 Cartogram Construction

We begin with the precise spatial coordinates of a set of disease cases and controls,
and a map of the study area. We first create a Voronoi diagram of the control
locations, which subdivides the study area into the regions closest to each control
location [24] (see figure 2-1). The density of controls within each Voronoi region is
simply the number of controls in the region, which may be more than one if multiple
controls can occur at the same location, divided by the region’s area. We use this
density function to create a density-equalizing cartogram of the Voronoi diagram.
Cartograms have previously been used for aggregate data to test for clustering of
several diseases [25, 26, 27, 28, 29]. To construct one, each point on the original map
is essentially magnified or demagnified according to its local density. The result is a
distorted map on which the density of controls is constant everywhere. Each case is
placed on the cartogram at a random location within the region corresponding to its
original Voronoi region, and all subsequent analyses are performed using these new
case locations. Under the null hypothesis of constant relative risk, the new locations
of the cases on the Voronoi diagram cartogram are uniformly and independently
distributed. We use a diffusion-based cartogram construction algorithm [29], although

other contiguous cartogram algorithms may also be suitable.
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Figure 2-1: Construction of the Voronoi diagram cartogram. a) One hundred cases
(green) and 50 controls (red) are distributed on a map. b) The case locations are
superimposed on the Voronoi diagram constructed from the controls. ¢) A density-
equalizing cartogram of the Voronoi diagram distorts the original map so that all
Voronoi regions have the same area. New case locations are assigned on the cartogram
by randomly plotting each case within its corresponding Voronoi region.

2.2.2 Potential Clusters

We call a potential cluster a subset of points S satisfying the property that every
subset of S is “closer” to at least one other point in S than to any other point outside
of S. To formalize this definition, we begin by defining the distance p(X,Y’) between
two sets X and Y to be the smallest distance separating the sets:
Minecx pla,b) f X #DandY #0
€

pX,Y) = (2.1)
00 otherwise

where p(z,y) is the Euclidean distance between two points. We also define the internal
distance of a nonempty set S to be the maximum distance between any two nonempty

subsets of .S whose union is S:

p(S) = max p(X,Y) (2.2)

PCXC

pCYCS

Xuy=S
We formally define a potential cluster as follows:

Definition Let V be a nonempty set of cases of a disease. A potential cluster is a

nonempty set S C V satisfying p(S) < p(S,V — S).
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Note that the entire set V' is a potential cluster, as are the sets {v} for every v € V.
If v is the nearest neighbor of w and w is the nearest of v, then {v, w} is a potential

cluster.

We wish to consider every potential cluster in V, but it is not straightforward from
the definition how to locate potential clusters, nor how many of them are present.
Progress was made toward finding potential clusters in a different application in
bioinformatics [23] using the minimum spanning tree of V, a connected graph T

spanning a set of points having minimal total weight

w(T) = Z w(e) (2.3)
ecE(T)

where E(T') denotes the set of edges of T, and the weight w(e) of an edge e is in
this case the Euclidean distance between the endpoints of e. (For a detailed review
of graph theoretical definitions, see [30].) Given a set V' of n points, every potential
cluster is a connected subgraph of the EMST T of V' [23]. However, even for small
epidemiological data sets, the number of connected subgraphs may be extremely
large; EMST’s of 50 and 75 random points have approximately 10 and 108 connected
subgraphs, respectively.

We prove that it is not necessary to comsider all connected subgraphs of T' to
find the potential clusters. Remarkably, there are at most 2n — 1 potential clusters,
of which n are trivial sets consisting of only one vertex. Furthermore, the potential
clusters may be quickly found from an EMST using a greedy edge deletion procedure.
After constructing an EMST of the set of cartogram case locations V, we iteratively
delete the longest remaining edge of T. At each iteration we consider the two newly
emergent connected components, each of which is a potential cluster. In this way, we
evaluate all n — 1 nontrivial potential clusters for statistical significance using a test

described below (see Figure 2-2).

We prove that this procedure identifies the set of potential clusters by showing
that that potential clusters, characterized by the definition above, are in one-to-one

correspondence with a small class of subsets of an EMST T. For w > 0, we define
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Figure 2-2: Procedure to locate potential clusters illustrated on a set of 15 cases.
The EMST is first constructed (top left). This is a tree connecting each case (circle)
that minimizes the total summed edge distance. At each step, the longest remaining
edge is deleted, forming two new connected components (red). Components that were
unchanged from the previous step are shown in blue. The connected components are
in one-to-one correspondence with the set of potential clusters.

T, to be the graph derived from T by deleting all edges of T having weight greater
than w. We label the n — 1 edges of T' in order of decreasing weight, so that w(e;) >
w(ez) > -+ > w(e,—1) > 0. If the edge weights are distinct, then there are n distinct
graphs T,; these are the graphs T' = Ty(e;) 2 Tw(es) 2 *** 2 Tw(en_s) 2 To- Twersr)
is formed from T, ,) by deleting one edge, which splits one connected component of
Tw(e,) into two components. Thus T, ,,) has k£ + 1 connected components, k — 1 of
which are present in T, (,), and two of which are newly created. There are 2n — 1
total distinct connected components among all the graphs T,, (see Figure 2-2). If the
edge weights are not distinct, then a variation of this argument shows that 2n — 1
is an upper bound on the number of distinct connected components. The following

characterizes the connected components:

Lemma 2.2.1 Let V be a nonempty set of points in a plane (representing cases of
a disease). Let T be a Euclidean minimum spanning tree of V, S a nonempty subset
of V, and Ts the subgraph of T induced by S. The set S is a potential cluster if and

only if Ts is a connected component of Ty or of Tyy(e,) for some k.
The proof is made easier by two simple lemmas.
Lemma 2.2.2 Let Ts be a connected subgraph of T with vertex set S. Then p(S)
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(Eq. 2.2) is equal to the mazimum weight of an edge in Ts if |S| > 1, and 0 otherwise.

Proof: If |S| = 1, then S = {z} and

p(S) = max p(X,Y) = p({z},{z}) = plz,2) = 0.

UY=

If |S| > 1, let € = (v1,v;) be an edge of maximum weight in Ts. Ts — e has two
components with vertex sets V] and V3. We first show that p(V1, V3) = w(e), where
w(e) is the weight of e. We have

p(‘/h %) = Izré{/np(:z;,y) < p(’Ul,’Uz).
yEVé
Assume the inequality is strict, so there exist wy € V7 and wy € Vs with p(w;, ws) <
p(v1,v2). The graph T — e+ (w;, wo) is a spanning tree of V having lower weight than
T, which is a contradiction. Hence p(Vi, V2) = w(e).
We now show that p(S) = w(e). Since
p(S) = max p(X,Y) 2 p(11,V3) = w(e),

9CYCS
XOY=8

we need only prove that p(S) < w(e). This is true if p(X,Y) < w(e) for every X and
Y satisfying the conditions } C X C S, 0 CY CSand XUY =S. Let X and Y be
arbitrary sets satisfying these conditions. If X and Y share a common element, then
p(X,Y)=0<w(e). If X and Y have no common element, then since they partition
the vertices of T into two nonempty sets, there exists some edge f = (z,y) of Ts

spanning X and Y. We have

p(X,Y) = min p(a,b) < p(z,y) = w(f) < w(e).

beyY
Hence p(S) = w(e).
Lemma 2.2.3 If S is a nonempty, proper subset of V, then p(S,V — S) is equal to
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the minimum weight of an edge in T spanning the cut (S,V — S).

Proof: Let e = (v3,v2) be an edge of T of minimum weight spanning (S,V — S). We

have

p(S,V =8) = min pla,b) < p(vy,v) = w(e).

beV-5
It suffices to prove that p(S,V — S) > w(e), which holds if p(a,b) > w(e) for every
a € Sand b € V — §. Suppose there exist some a € S and b € V — S for which
p(a,b) < w(e). The edge (a,b) must not be in T since e has minimum weight of
all edges spanning (S,V — S). The graph T + (a,b) therefore contains exactly one
cycle, and the cycle contains some edge f # (a,b) spanning (S,V — S). The graph
T+(a,b)— f is a spanning tree of V', and w(T+(a,b)— f) = w(T)+w ((a, b)) —w(f) <
w(T) + w(e) — w(e) = w(T), contradicting the minimality of the weight of T. Hence
p(a,b) > w(e) for every a € Sand b€ V — S, and so p(S,V — S§) > w(e).
Proof of Lemma 2.2.1: We first show that every potential cluster induces a con-
nected component of Ty or of T ,) for some k. Equivalently, we show that if a
subgraph H of T is not a connected component of T, ,) or of Ty, then the vertex
set of H is not a potential cluster. Xu et al. [23] showed that every potential cluster
induces a connected subgraph of T', so that if H is not connected, then its vertex set
is not a potential cluster. Suppose H is a connected subgraph of T" which is not a
connected component of T, for any &, or of Ty. H must have at least one edge; let
e; be an edge of H of maximal weight. Let C be the connected component of Ty,
containing e;. Since H is a connected subgraph of Ty ;) containing e;, H C C We
refer interchangeably to a graph and its vertex set to simplify notation. There exists
some edge e € T spanning H and C — H, and since e € C, w(e) < w(e;). By lemma
2.2.2, p(H) = w(e;), and by lemma 2.2.3, p(H,V—H) < p(H,C-H) < w(e) < w(ey).
Hence p(H,V — H) < p(H) and H is not a potential cluster.

To finish the proof, we must show that every connected component of T, for any
k or Ty is a potential cluster. This is trivial for Tyy,) = T or for Ty, whose components
are the individual vertices. Let Ts be a connected component of Ty, # T with

vertex set S. Then p(S) < w(ex) by lemma 2.2.2. Since V — S # 0, there must be
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some edge e € T spanning S and V —S. Since the edge is not in Ty, ), w(e) > w(ex).
This is true for every spanning edge, so by lemma 2.2.3, p(S,V — S) > w(ex). Hence
p(S) < p(S,V — S), and so S is a potential cluster.

Note that the proof does not rely on the uniqueness of 7', so degenerate EMST’s
do not affect the ability of the method to capture all potential clusters. If the set of
cases V' are continuously distributed on the cartogram, as in the present study, then
in theory the EMST is unique with probability 1. However, degenerate EMST’s may
occur with extremely low probability due to the inability of computers to support

arbitrary precision.

2.2.3 Statistical Significance

In order to assign a p-value to any potential cluster, a test statistic is required,
along with its distribution under the null hypothesis Hj of independently, uniformly
distributed cases on the cartogram. Let ¥ be a potential cluster generated under Hy,

and let .S be an observed potential cluster. We define
Ps = Pr{w(X) < w(S) | card(X) = card(S)}, (2.4)

where w is the weight of the potential cluster subgraph, and card denotes the number
of cases. Ps is the p-value corresponding to the observed candidate cluster weight,
conditioned on the number of cases in S. Because cases in a true cluster are closer
together than expected, the weight w(S) of a potential cluster S corresponding to
a hot-spot is likely to be smaller than a random EMST potential cluster subgraph
containing the same number of cases. Consequently, a hot-spot should have a low
value of Ps. We define the test statistic P to be the minimum value of Pg over the
set of nontrivial potential clusters containing at most half of the cases. Monte Carlo
techniques are used to fit Pg as a function of w(.S) to a Gaussian distribution for each
possible value of card(S). The null distribution of P is subsequently estimated, again
by Monte Carlo, and a cutoff value corresponding to the desired level of significance

o is obtained.
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The most significant cluster is reported, but the method could easily be modified

to report all significant clusters without affecting the asymptotic running time.

2.3 Results

We applied the SaTScan circular scan statistic [15] and EMST method to several
types of data sets, finding that the EMST method was substantially better able to
detect non-circular clusters. The SaTScan Bernoulli model was used with a maximum
geographic window size containing 50% of the cases for each data set. For each method
and data set, the most significant cluster with a p-value of at most 0.05 computed
using 9,999 Monte Carlo replications was reported; thus the specificity, defined as
the probability of reporting no significant cluster in data generated under the null
hypothesis, was 0.95 for both methods and all data sets. The sensitivity, equal to the
fraction of clusters that were detected, was calculated for each data set and method.
To quantify the extent of overlap between the most likely cluster and the actual
cluster, we defined two other measures. We defined Fr¢ to be the fraction of true
cluster cases that were correctly found in the most likely cluster, and Fyc to be the

fraction of cases in the most likely cluster that coincided with the true cluster.

2.3.1 West Nile Virus, New York City, 1999

The EMST method and SaTScan had similar performance detecting a 1999 outbreak
of West Nile virus in New York City [31]. This was encouraging because the 56 cases
appear to have an approximately circular distribution (see Figure 2-3), suggesting
an advantage for the circular scan statistic. We defined a study area consisting of
Connecticut, New Jersey and New York, and generated 10,000 controls within the
map distributed in proportion to 2000 U.S. census county population data. In order
to evaluate the methods, we required data sets with both outbreak and non-outbreak
cases. In addition to the West Nile virus cases, we generated 400, 600, 800, 1000 or
1200 additional non-outbreak background cases distributed according to the underly-

ing population distribution. As the number of background cases increased, the West
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SaTScan EMST Comparisons
n SN FTC FMLC SN FTC FMLC ASN A FTC A FMLC
400 |{1.00 0.69 061 [1.00 080 0.53 | +0.5% +16% -14%
600 | 1.00 0.63 054 [{1.00 069 048 |+02% +9.1% -11%
800 |[0.99 058 048 [1.00 061 044 |+0.7% +5.1% -8.5%
1000 | 0.99 0.55 0.44 | 099 055 041 | -04% -01% -6.8%
1200 )1 0.89 0.49 0.40 | 0.96 050 0.38 | +8.0% +3.4% -4.6%

Table 2.1: SaTScan and EMST method applied to West Nile virus. n, number of
background cases added to cluster cases; SN, average sensitivity; Frg, average frac-
tion of true cluster detected; Fypc, average fraction of most likely cluster coinciding
with the true cluster (averaged over data sets for which a significant cluster was
found); A, percent difference.

Nile virus cluster became harder to detect. We created 1000 data sets for each back-
ground case number. The data sets could represent, for example, emergency visits for
neurological symptoms in a multi-state surveillance area, with controls drawn from all
emergency visits. Figure 2-3 shows a typical data set along with its Voronoi diagram
cartogram transformation and the most likely cluster obtained by both methods. The
results of applying SaTScan and the EMST method to the data sets are summarized
in Table 2.1.

Both methods displayed similar comparative performance for all numbers of back-
ground cases. The sensitivity of both methods declined from 1.0 for 400 background
cases to 0.96 and 0.89 for 1200 background cases for the EMST method and SaTScan,
respectively. The percent change in Fr¢ of the EMST method compared to SaTScan
varied from -0.4% to 16%, and the percent change in Frc varied from -14% to -6.8%.

2.3.2 Inhalational Anthrax, Sverdlovsk, Russia, 1979

The EMST method had greater accuracy than SaTScan when applied to a highly non-
circular outbreak of 62 cases of inhalational anthrax occurring in Sverdlovsk, Russia
in 1979 [9]. Because we lacked spatial references for the data necessary to geocode
the case locations, we used a uniform distribution within a square study region to

generate 10,000 controls. The set of cases consisted of 400, 600, 800, 1000, or 1200
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Figure 2-3: Detection of 1999 New York West Nile virus cases by SaTScan and the
EMST method. a) A typical data set consisting of the 56 West Nile virus cases
(red and orange) and 400 background cases (blue and gray) are shown on a map
of Connecticut, New Jersey and New York. Only part of the map is shown for
clarity. The West Nile virus case locations have been randomly skewed for privacy
[1]. The most likely cluster identified by SaTScan is shown (red and blue). The
green shading represents the density of controls in each county. b) The Voronoi
diagram cartogram of part of the study area is shown along with the transformed
case locations. Although the Voronoi diagram cartogram regions are not shown, the
distortion of county boundaries induced by the cartogram transformation is apparent.
The minimum spanning tree (black edges) connects the most likely cluster identified
by the EMST method (red and blue). The control density varies by less than 2.0%
over the entire map.
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SaTScan EMST Comparisons
n SN FTC FMLC SN FTC FMLC ASN A FTC A FMLC
400 | 098 032 0.65 | 098 048 049 | -04% +48% -24%
600 |0.88 028 053 [0.86 0.39 0.40 |-23% +38% -25%
800 |[0.60 0.19 0.44 |0.72 032 032 | +19% +68% -28%
1000 | 0.53 0.17 0.37 |0.60 0.26 0.26 | +12% +55% -31%
1200 | 0.35 0.11 0.32 | 0.52 0.21 0.22 | +46% +100% -31%

Table 2.2: SaTScan and EMST method applied to anthrax. n, number of background
cases added to cluster cases; SN, average sensitivity; Frc, average fraction of true
cluster detected; FyLc, average fraction of most likely cluster coinciding with the true
cluster (averaged over data sets for which a significant cluster was found); A, percent
difference.

uniformly distributed background cases, in addition to the anthrax case locations.
These could represent, for example, visits for respiratory complaints to an emergency
department, with controls drawn from all visits. For each number of background
cases, 1000 data sets were generated. A typical data set is shown in Figure 2-4, along
with the most likely cluster detected by SaTScan and the EMST method. The mean
sensitivity, Fr¢, and Fypc are summarized in Table 2.2.

The EMST method had comparable or greater sensitivity than SaTScan for all
background population sizes, and it correctly identified a greater fraction of the an-
thrax cases (Fpc) for all background population sizes. Both methods’ sensitivity
declined as more background cases were added: from 0.98 to 0.52 for the EMST
method, and from 0.98 to 0.35 for SaTScan. The EMST method had a lower value of
Fuwc than SaTScan, indicating that it overestimated the cluster to a greater extent
than SaTScan. However, the percent decline in Fy¢ incurred by using the EMST

method instead of SaTScan was about half of the gain in Frc.

2.3.3 Circular Clusters, Boston, Massachusetts

We also compared the ability of the EMST method and SaTScan to detect circular
clusters. Because the circular scan statistic is optimized to detect circular clusters,
we were surprised to find that the EMST method was as sensitive as SaTScan. The

study area consisted of the 59 zip codes within 10 km of Boston, Massachusetts. Ten
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Figure 2-4: SaTScan and EMST Detection of 1979 Sverdlovsk anthrax outbreak. a)
A representative data set of 63 anthrax cases (red and orange) and 400 uniformly
distributed background cases (blue and gray) is shown, along with the most likely
cluster determined by SaTScan (red and blue). b) The EMST method most likely
cluster (red and blue) is shown for the same data set, connected by the minimum
spanning tree of the cartogram-transformed cases (black edges).

thousand controls were distributed on the map in proportion to zip code population
data from the 2000 U.S. census. Data sets of 500 total cases were created, each
containing a synthetic circular cluster in a random location with a radius of 1, 2 or 3
km. placed within the study region. We defined the relative cluster density to be the
case density within the cluster divided by the case density outside the cluster. This
ratio varied from 2 to 5 in the data sets. For each combination of outbreak radius

and relative cluster density, 1000 data sets were created.

For small clusters containing on average fewer than 35 cases, the EMST method
had greater sensitivity. However, it is likely that stochastic effects caused such clus-
ters to have non-circular shapes in general. Indeed, the smaller the cluster, the more
pronounced the EMST method’s relative improvement in sensitivity. For larger clus-
ters, the EMST method had similar sensitivity to SaTScan (0.1% less to 4.1% greater)
and similar values of Frr¢ (3.4% less to 0.4% greater). However, SaTScan always had

a greater value of Fjc, indicating that it located large circular clusters with greater
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Parameters SaTScan EMST Comparisons

r d m SN FTC FMLC SN FTC FMLC ASN A FTC A FMLC
1 2 8.2 0.03 0.03 0.39 |0.07 0.06 0.22 | +112 +128 -42
1 3 129 [0.23 021 0.75 1029 026 0.54 | +25 +26 -28
1 4 16.3 [ 045 0.41 084 |049 045 066 | +7.1 +83 -21
15 20.8 | 0.65 061 0.89 [069 0.65 0.73 | +5.7 +6.4 -17
2 2 33.7 1030 0.25 0.79 {0.39 0.30 0.59 | +27 +20 -25
2 3 50.1 {0.79 0.73 091 [0.81 0.73 0.76 | +2.3 -0.3 -17
2 4 644 (094 089 094 {095 090 0.82 | +1.1 +04 -13
2 5 75.7 1099 095 096 |0.99 095 0.86 0.0 -0.3 -10
3 2 795 |0.74 065 086 |0.77 0.63 0.72 | +4.1 -3.4 -17
3 3 1089 (098 093 095 |[0.99 092 0.82 | +0.8 -2.0 -13
3 4 133.0 | 1.00 0.97 097 |1.00 096 0.88 | -0.1 -1.1 -9.8
3 5 153.8 { 1.00 0.98 0.98 |1.00 097 0.91 0.0 -0.8 -7.3

Table 2.3: SaTScan and EMST method applied to circular clusters. r, radius of
cluster in kilometers; d, relative cluster density; m, mean cluster size; SN, average
sensitivity; Frc, average fraction of true cluster detected; Fyc, average fraction of
most likely cluster coinciding with the true cluster (averaged over data sets for which
a significant cluster was found); A, percent difference.

overall accuracy than the EMST method. Table 2.3 summarizes the results.

2.3.4 Rectangular Clusters, Boston, Massachusetts

In a study of rectangular clusters, we found that the EMST method had greater
sensitivity than SaTScan. Sets of 500 cases containing artificial rectangular clusters
having a height-to-width ratio of 1, 4 or 16, and relative cluster density between 2
and 5 were generated within the same study region as above, and 10,000 controls
were distributed in proportion to the background population as above. The cluster
area was fixed at 20 km?, and 1000 data sets were generated for each combination of
parameters by randomly placing a rectangular cluster within the study region map.
The results are summarized in Table 2.4.

In general, the EMST method had greater sensitivity than SaTScan (0.2% less
to 166% greater), with the greatest percent increase in sensitivity when the cluster
signal strength was weak or the height-to-width ratio was large. The EMST method

captured a greater extent of the true cluster (Fr¢) than SaTScan for all cluster types
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Parameters SaTScan EMST Comparisons

T d SN FTC FMLC SN FTC FMLC A SN A FTC A FMLC
1 2 0.56 047 0.82 [0.61 050 0.65 | +82% +6.0% -20%
1 3 092 082 090 |095 0.86 0.78 | +3.2% +4.7% -13%
1 4 099 091 093 [099 094 0385 | -02% +26% -8.9%
1 5 1.00 093 095 {1.00 097 088 | +0.2% +4.5% -7.3%
4 2 0.43 0.26 0.69 |0.58 0.42 062 | +36% +63% -10.0%
4 3 095 064 0.77 {097 086 0.74 | +22% +34% -4.4%
4 4 1.00 0.73 0.79 | 1.00 0.95 0.80 | +0.1% +29% +0.4%
4 5 1.00 0.78 0.81 | 1.00 097 0.84 0.0% +25%  +3.2%
16 2 0.21 0.06 0.66 | 055 031 0.52 | +166% +419% -21%
16 3 0.82 025 0.72 | 098 0.74 0.60 | +21% +199% -17%
16 4 099 031 0.76 |1.00 086 0.67 | +0.9% +177% -11%
16 5 1.00 0.35 0.77 | 1.00 093 0.73 0.0% +166% -6.0%

Table 2.4: SaTScan and EMST method applied to rectangular clusters. r, ratio of
cluster height to width; d, relative cluster density; SN, average sensitivity; Frc,
average fraction of true cluster detected; Fyc, average fraction of most likely cluster
coinciding with the true cluster (averaged over data sets for which a significant cluster
was found); A, percent difference.

(2.6% to 419% greater). For most cluster types, there was a parallel decline in the
fraction Fypc of the most likely cluster coinciding with the true cluster (20% less to

+3.2% greater).

2.3.5 Arbitrary Shapes

It is possible to gain insight into the EMST method’s performance on other cluster
shapes without additional intensive computer simulations. The EMST test statistic
depends only on the cartogram, the total number of cases, and the cardinality and
weight of a potential cluster. Hence, we can extrapolate the p-value obtained for one
potential cluster to others having different shapes, but the same number of cases and
weight. To illustrate this, we selected one most likely cluster of 35 cases from one of
the Boston analysis data sets. The EMST method assigned a p-value of 0.0001 to this
potential cluster. Figure 2-5 shows several configurations of potential clusters having
the same number of cases and EMST weight, but very different shapes. If embedded

as potential clusters within a Boston data set of 500 total cases, they would each
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Figure 2-5: Equally detectable potential clusters of various shapes. A most likely
cluster of 35 points selected from among the Boston circular cluster data sets, along
with its minimum spanning tree, is shown in the upper left. Seven other configu-
rations of 35 points, having minimum spanning trees with exactly the same weight,
are also shown. Subject to the constraint imposed by the definition of a potential
cluster above, all eight clusters have equivalent detectability by the EMST method.

If embedded as potential clusters in a Boston data set of 500 total cases, all would
achieve the same p-value of 0.0001.

achieve the same p-value of 0.0001. In fact, any potential cluster of 35 cases of any
shape can be scaled in size to have the same weight, illustrating that the method can

capture an infinite array of regular and irregular shapes.

2.4 Discussion

We find that the EMST method is a powerful and accurate alternative to the circular
scan statistic for non-circular clusters. At a specificity of 95%, the method had com-
parable sensitivity to SaTScan applied to large synthetic circular clusters and to an
approximately circular West Nile virus outbreak. When applied to small circular clus-
ters, synthetic rectangular clusters, and a highly irregular anthrax cluster, the EMST
method had greater sensitivity. Although SaTScan had better accuracy detecting
large circular clusters, the EMST method had comparable or superior accuracy for
all other cluster types. The EMST method is also able to detect a large variety of
shapes, including highly irregular ones.

In addition to accurately locating clusters of any shape and size, the EMST

method has two unique properties. First, its test statistic is based only on the weight
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of the potential cluster subgraph. To our knowledge, all other tests that provide
the location of any detected clusters while allowing the user to set the level of sig-
nificance for the test utilize the likelihood ratio test statistic developed by Kulldorff
and Nagarwalla [14]. This test statistic requires the area of each region considered,
which in turn requires a precise definition, including the shape, of the region. Second,
we formally define a cluster in mathematical terms that are independent of cluster
geometry, and which depend only on intercase distances. Traditionally, clusters are
often imprecisely defined; for example, Knox’s frequently cited definition is “a geo-
graphically bounded group of occurrences of sufficient size and concentration to be

unlikely to have occurred by chance” [32].

Of other cluster detection methods designed to capture clusters of any shape, the
EMST method is most similar mathematically to the upper level set method of Patil
and Taillie [21], which examines a well-defined family of contiguous administrative
regions with high relative rates. Assuncao et al. [20] used non-Euclidean minimum
spanning trees of a graph with different vertices, edges and edge weights to con-
sider contiguous administrative regions having similar disease rates, whether high or
low. By contrast, we locate sets of individual cases corresponding to a mathematical

formalization of a cluster, using specific subsets of the EMST.

General tests of clustering [8] such as Tango’s maximized excess events test [33],
and disease mapping methods, such as Bayesian partition models [34, 35|, kriging [36],
and generalized additive models [37, 38|, handle arbitrary geometric configurations
of cases without difficulty. However, these address separate problems within spatial
epidemiology, and comparison of clustering and disease mapping methods to cluster
detection methods is not straightforward [39].

The EMST method can easily be extended to analyze regional summary data,
consisting of counts of observed and expected disease cases for each region on a map.
A cartogram is constructed to equalize the density of expected disease cases, and each
observed case is randomly placed on the cartogram within its region of occurrence.
After constructing the cartogram, the procedure for case-control data is followed.

One limitation inherent in this and other methods for aggregated data is that
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exact spatial locations are not used, which decreases cluster detection sensitivity and
accuracy [40]. This is also a limitation for the procedure detailed above for case-
control data, since a loss of spatial information is incurred by randomizing cases
within their regions of occurrence on the Voronoi diagram cartogram. Because the
expected area of each region on the cartogram tends toward zero as the number of
control locations increases, this loss can be minimized by increasing the number of
controls. For 10,000 distinct controls on a square map, as used in our study, the loss
of spatial information is modest; each case is expected to move approximately 1% of
the length of one side of the square.

We found that the EMST method gains in Fp¢ for non-circular clusters were
partially offset by a decline in Fjrc, indicating that the EMST method reports fewer
false negatives, but more false positives, than SaTScan. The relative cost to society
of false negatives and false positives depends on many factors. The cost of false
negative cases includes, for example, an increased risk of spread of a disease and
the possibility that infected individuals who are unaware of the outbreak may not
seek early treatment for symptoms, while the cost of false positive cases includes
unnecessarily investigating and alarming the community.

In retrospective research and prospective surveillance, the shape of true clusters
are not known a priori. Thus, in most cases, a method that is able to detect clusters of
any shape is preferable. Hence the EMST method may represent a practical adjunct

to methods currently used in public health practice.
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Chapter 3

Cartograms for Mapping and
Analyzing Event Disease Data

3.1 Introduction

From the earliest disease dot map [5] to information-rich modern maps such as the
annual U.S. cancer atlases, representations of the spatial distribution of diseases have
flourished. Disease maps serve several functions: describing a disease prior to more
rigorous statistical study, identifying areas of increased risk or features that may be
missed by mechanical mathematical analysis, and even suggesting etiology and control
strategies. Dot maps showing the exact locations of disease cases compromise privacy
[41] and do not account for variation in the underlying population. This has motivated
the use of choropleth and isopleth maps, depicting the average risk in administrative
regions, and smooth risk functions, respectively. Disease maps typically use one
of several standard cartographic projections, in which areas on the map reflect the
surface area of regions represented, with the degree of distortion depending on the

projection. Thus a map of disease risk shows an approximation to the amount of

Joint work with John S. Brownstein, Karen Olson, Athos Bousvaros, Bonnie Berger and Kenneth
D. Mandl
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land area in each region of increased risk. However, as noted by Dorling [42], diseases
infect people, not land. A standard map showing an increased relative risk confined
to a small area does not distinguish between a major outbreak in a dense metropolis

and a few cases in a rural community.

Cartograms have recently been introduced to capture this distinction. A car-
togram, or density-equalizing projection, is a distorted map in which the area of each
region is proportional to some quantity associated with the region, such as its popula-
tion. Cartograms based on total census population have been used to simultaneously
depict the relative risk and the total population affected by leukemia [27], lung cancer
[29], cryptosporidiosis [28] and childhood cancers [25, 26, 43]. Cartograms have also
been used to test for global clustering of disease cases [43, 27, 25].

Although the recent development of an efficient algorithm to create minimally
distorted cartograms [29] has increased the practical possibilities for disease mapping
and analysis, the use of cartograms has been limited in scope. First, disease car-
tograms have usually been based on estimates of total population taken from census
data. In contrast, traditional epidemiological studies accommodate a multitude of
methods for defining the underlying population at risk. Second, cartograms used for
mapping and global clustering studies have only been constructed from count data,
in which the number of cases and the underlying population size are aggregated by
administrative regions such as counties. Aggregation results in a loss of spatial infor-
mation, limiting the power for statistical analysis [40] and the ability to see trends.
Exact point location data (usually termed “event” data [44]) is increasingly available
due to clinical databases and fast geocoding software. The use of event data to create

cartograms is an unexplored alternative to count data.

In this study, we extend the use of cartograms of event data to other areas of
spatial epidemiology including disease mapping and global studies of clustering (see
figure 3-1). We show how cartograms based on event data can be used to visualize
and analyze several types of traditional epidemiological studies. For disease mapping,
there is a simple relationship between the density of cases on the cartogram and the

risk of the disease. For statistical tests related to clustering, the null hypothesis is
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Figure 3-1: Applications of cartograms to spatial epidemiology.

simplified by the cartogram transformation. This makes it possible to apply existing
statistics developed for other fields to spatial epidemiology problems. We illustrate
the use of cartograms based on event data for disease mapping using several simulated
distributions of cases and controls. We also apply the method to cases of pediatric
inflammatory bowel disease (IBD) in Massachusetts between 1995 and 2006, finding

an increased relative risk in the southern half of the state.

3.2 Event Cartograms

3.2.1 Data

We begin with a set of two-dimensional coordinates on a map, each having a binary
label (case or non-case) representing disease status. Ideally, this would consist of all
the members of the population at risk for the disease in a study region. Since this is
not feasible in practice, the data may be collected using a standard epidemiological

study design including:

1. a case-control study, in which the exposures of a group having the disease are
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compared to those of a group without the disease.

2. a cohort study, in which a group is monitored (either prospectively or retro-

spectively) for the development of a disease over time.

3. a cross-sectional study, in which the health and exposure characteristics of a

group are measured at a single point in time.

We require the collection process to preserve spatial information about disease risk. A
study in which subjects are selected at random from the total population would clearly
satisfy this requirement, but may not be possible. As an alternative, a collection
process that is independent of spatial location would be suitable. However, even this
may not be possible. For example, consider a cohort of patients enrolled at a single
clinic monitored for the development of a certain disease. The collection process itself
is not spatially neutral; the chance that a patient visits the hospital likely depends on
his or her distance from it. However, the study may still preserve spatial information
about risk if, conditional on location, the odds of entering the study for those with

and without the disease is a constant. The precise requirement is:

p(enter study|case, location L)

=C. 3.1
p(enter study|non-case, location L) ¢ (3.1)

For cohort and cross-sectional studies, subjects enter the study independent of disease
status, so ¢ = 1. For case-control studies, c is the ratio of the total number of cases
to controls.

Continuing the example above, the cohort study taking place at a single clinic
may or may not satisfy this requirement. For example, if the clinic specializes in the
treatment of the disease under study, its reputation may draw those with symptoms
consistent with the disease from a larger area than patients without such symptoms.
Patients close to the clinic may visit regardless of disease status, but distant patients
may be more likely to choose the clinic if they have the disease.

A more common example of a study that does not preserve the spatial risk struc-

ture is a matched case-control study, as previously noted [45]. Choosing controls to
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match the potential confounding characteristics of the cases is problematic because
the spatial distribution of the matched controls may not be the same as a random

sample drawn from the total population of all non-cases.

3.2.2 Event cartogram construction

To create a cartogram from event data, a Voronoi tesselation (or Voronoi diagram)
is first created from the set of non-cases. (We will refer to the non-cases as controls
for simplicity, without loss of generality.) First described by Voronoi in 1908 [46],
Voronoi tesselations have found applications in diverse fields including forestry [47],
operations research [48], and computational geometry [49], as well as epidemiology
[50, 51, 35]. Given n controls ¢i, ¢y, .. . cn, the Voronoi tesselation partitions a map
M into regions called Voronoi cells, consisting of the part of the map falling closest

to each control:
vor(c;) ={p € M | d(p,c;) <d(p,c;) Vj=1,...n}[24]. (3.2)

In regions with a high density of controls, the Voronoi cells tend to be smaller than
in low density regions. Figure 3-2 shows an example of a Voronoi tesselation.

We assign a population to each Voronoi cell by counting the number of controls it
contains. This number is usually one, but it may be greater if multiple controls may
occur at the same location on the map. For example, multiple family members in a
house or inhabitants of an apartment building may share the same geocoded location.
Next, we use the Voronoi tesselation map to create a cartogram, on which the area of
each projected cell is proportional to the number of controls in the original Voronoi
cell. Hence the density of the controls is uniform throughout the cartogram. We use
a fast diffusion-based cartogram construction algorithm developed by Gastner and
Newman [29] that produces minimal distortion. The algorithm simulates diffusion
of the population from regions of high density to low density regions, carrying map
boundaries along during the process, until the density is equalized. Other contiguous

cartogram construction algorithms may also be used.
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Figure 3-2: Example of a Voronoi tesselation. Left: One thousand points are dis-
tributed on a map. Right: The Voronoi tesselation of the points divides the map into
1000 regions. Each region consists of the portion of the map closest to one point.
The density structure is preserved in the tesselated map; regions of small Voronoi cell
area correspond to high point density.

As Bithell [52] notes, computational artifacts may arise during cartogram con-
struction that render the cartogram unsuitable for subsequent statistical analysis.
These include a failure to produce an equalized map; we apply the diffusion algo-
rithm iteratively until the control density differs by no more than 1% over the entire
map. Because an initial step of the algorithm involves replacing the continuous den-
sity function with a discrete set of values on a grid, small regions of very high or low
density may be missed entirely in the digitization. If this occurs, the software may fail
to contract or expand these regions. To avoid this, we position the digitization grid so
that the region of highest or lowest density is always captured. Finally, Voronoi cells
may be specified by very few vertices, and as the cartogram is created, edges which
should bend in space remain straight and may cross one another; we eliminate this
possibility by adding additional vertices on the Voronoi edges until crossing edges are
not encountered.

After constructing the cartogram of the Voronoi tesselation, each case is plotted

on the cartogram in a random location within the region corresponding to its Voronoi
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cell on the map. Although it is possible to show cases in their exact cartogram-
transformed locations, they must be randomized because density is not equalized
within each Voronoi cell, as noted by Merrill [26]. Randomization represents a loss of
information, but the loss is small given sufficient numbers of distinct controls. Indeed,

it tends to zero as the number of distinct control locations increases.

3.2.3 Mapping the disease risk

The density of transformed cases on the cartogram is proportional to the risk of the

"R of np < n Voronoi cells on the original

disease. To see this, consider the set {R;
map M. Let a; and b; denote the number of cases and controls, respectively, in region
R;fori=1,...,ng. For cohort and cross-sectional studies, the quantity ‘—;f estimates
the odds of the disease in region R;. For case-control studies, the relative risk of the

disease is approximated by ;- - 3, where m is the total number of cases.

Let R; denote the transformation on the cartogram of the region R; for each ¢,

and let 5

J(R,) _ # cases in~Ri (3.3)
area of R;

denote the density of cases in the cartogram region R;. The number of cases in R; is

equal to the number of cases a; on the original map falling into the Voronoi cell R;,

by the procedure outlined above. Because the cartogram scales areas to equalize the

density of controls, the area of region R; is proportional to the number b; of controls

in R;. That is,
area(R;) = c- by, (3.4)
where c is a constant. The area of the entire cartogram M is also proportional to the
total number of controls, so
nR
area(M) = c- ij =c-n. (3.5)
j=1

The Gastner and Newman cartogram procedure preserves the total map area, so
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area(M) = area(M). Solving for the constant of proportionality ¢ gives

area(M) - b;

area(R;) = -

(3.6)
This is simply the observation that % of the controls lie in region R;, so R; occupies
Y n

% of the total cartogram area. Thus the density of cases on the cartogram is

§(Ri) = % : b— (3.7)

Hence for cohort and cross-sectional studies, the odds of the disease is approximately
the density of cases on the cartogram divided by the average density of controls on the
original map. For case-control studies, the relative risk of the disease is approximately
the density of cases on the cartogram divided by the average density of cases on the

original map.

3.3 Examples

3.3.1 Simulated Distributions

We first illustrate the use of cartograms of event data for visualizing hypothetical
diseases having known relative risk surfaces. We generated cases and controls for three
examples: a constant risk surface, risk increasing with latitude, and a circular cluster.
Five thousand controls, used for all three examples, were randomly distributed on a
map of the continental United States in proportion to 2000 census county population
estimates [53]. To generate each control, a zip code was drawn from a multinomial
distribution with probability proportional to its census population. A map location
for the control was then randomly selected from a uniform distribution within the zip
code boundary.

To illustrate constant risk, 2500 cases were distributed in proportion to the under-
lying population as above. Figure 3-3a shows the distribution of cases and controls.

Figure 3-3b shows the cartogram derived from the Voronoi diagram of the controls,
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as well as the transformed locations of cases. The cases appear to be uniformly dis-
tributed, consistent with a relative risk of one everywhere on the map. Figures 3-4a
and 3-4b show isopleth relative risk surfaces for the same data set. The surface on the
map was created by dividing a kernel case density estimate by a kernel control density
estimate [54]. There are regions with extremely high relative risk estimates on the
order of 1000. The cartogram surface estimate, also created using kernel methods, is

much closer to the true relative risk of one everywhere.

The second example illustrates a smooth transition in relative risk. The relative
risk of the 2500 cases increased linearly by a factor of four from south to north. A
north-south gradient was chosen to illustrate diseases with latitude-dependent risk,
such as stroke, multiple sclerosis and melanoma. Figures 3-3c and 3-3d show the map
of cases and controls, and the cartogram-transformed case locations. The change in
relative risk is difficult to detect on the original map, but suggested by the cartogram-
transformed cases. Figures 3-4c and 3-4d show the corresponding isopleth risk sur-
faces. The latitudinal gradient is apparent on the cartogram, but is hard to detect
on the standard map due to the presence of multiple locations having extremely high

relative risk estimates.

The third example illustrates the presence of a localized cluster in the data. Within
the 2500 cases, a cluster was generated to roughly approximate the geographic distri-
bution of a large multi-state mumps outbreak occurring in 2006 [55, 56]. The circular
cluster was centered in Iowa and involved neighboring states. The relative risk inside
the cluster was three times the risk outside the cluster. The cases could represent,
for example, national syndromic surveillance of fever, with controls drawn from all
syndromes. The cluster is difficult to discern on a dot map of cases and controls
(figure 3-3e). It appears on an isopleth surface created using a standard map (figure
3-4e), but is accompanied by artifactual regions of very high relative risk. The cluster
is clearly apparent on a cartogram scatter plot of cases (figure 3-3f), and is captured

with fidelity on a cartogram isopleth risk surface (figure 3-4f).
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3.3.2 Pediatric Inflammatory Bowel Disease, Massachusetts,

1995-2006

We also used the cartogram method to visualize the spatial distribution of IBD among
the pediatric population in Massachusetts, finding an increase in relative risk in the
southern portion of the state. Cases were drawn from patients diagnosed with IBD
at any of 10 pediatric gastrointestinal clinics affiliated with an urban tertiary care
pediatric hospital in Boston, Massachusetts. All 1163 patients who were diagnosed
between January 25, 1995 and March 21, 2006 were considered. Of these, the ad-
dresses of 87 patients could not be geocoded. Of the remaining 1076 patients, the
cases were selected to be the 901 patients residing in Massachusetts. Controls were
drawn from clinic patients (exclusive of the cases) seen during the same time period
who were diagnosed with ICD9 codes 564.00 (constipation), 789.00 (abdominal pain,
unspecified site) or 564.1 (irritable bowel syndrome). Of these, the 7988 patients hav-
ing addresses within Massachusetts were selected to be controls. The cartogram and
new case locations are shown in Figure 3-ba. The density of cases on the cartogram

is increased in the southern part of the state, reflecting an increased relative risk.

3.4 Discussion

Cartograms of event data, based on Voronoi diagrams of control locations, produce
maps of the variation in disease risk across space that can be used for visual displays
or statistical analysis. Visual interpretation of the cartogram is straightforward: the
density of cases reflects the odds or relative risk, and area reflects the size of the
population at risk. The method requires no user-specified input parameters, and it
minimizes the loss of spatial information. It is applicable to analyses on any scale,
from local epidemiological studies to national initiatives such as BioSense and CDC
influenza surveillance.

Previous applications of cartograms to disease mapping and analysis have been

limited to count data, aggregated by administrative regions such as census tracts
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[27, 28, 25, 26, 43] or zip codes [29]. This is a reflection of the general disease mapping
literature; event data have received less attention [52] despite their greater precision
and information content. It is conceivable that count data may in fact be superior
because of the larger baseline of census population data. However, many epidemio-
logical studies cannot draw baseline information from census data. For example, a
cohort selected for inclusion in a study may have characteristics differing from avail-
able census categories. Furthermore, the use of event data for cluster detection has

been shown to improve sensitivity compared to count data [40].

Alternative methods of creating cartograms from event data exist. In fact, any
method of estimating a continuous or discrete control density function from event
data may be used as the input for a cartogram. One example is binning by fixed ad-
ministrative regions [28, 26]. This is essentially an aggregate method since it converts
event data into count data, and hence it loses spatial information. Our proposed
method “bins” data into dynamic regions that usually contain only one control. If
a different estimation method is used, it must be unbiased. That is, the estimate of
the mean density of controls in each region must tend to the exact distribution as
the number of controls increases. Otherwise, the null hypothesis of constant, inde-
pendent individual risk does not lead to complete spatial randomness of the cases on

the cartogram.

Because there are existing methods for mapping and analyzing disease event data
that do not involve cartograms, we wish to consider the benefits and drawbacks of
using cartograms compared to these methods. In the case of mapping, cartograms
simultaneously depict the risk of the disease and the size of the underlying popula-
tion; there is no straightforward way for standard methods to achieve this. However,
the cartogram’s distortion of familiar map boundaries may detract from its visual
appeal. Either cartograms or standard methods may be used to create dot, choro-
pleth, or isopleth maps. Standard dot maps show where the preponderance of cases
occurs, reflecting the burden on health care infrastructure. Although commonly used
(for example, [57, 58, 59, 45, 60]), it is difficult to visually compare the spatial dis-

tributions of cases and controls to assess variation in risk. In addition, dot maps
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may compromise patient privacy; maps containing minimal spatial references may be
reverse-geocoded, frequently to the exact addresses of patients [61, 41]. Cartograms
suffer from the same limitation if any spatial features, such as peninsulas, islands and
sharp corners in administrative boundaries, can still be recognized after the cartogram
transformation. Appreciating spatial variation in risk on the cartogram requires dis-
cerning deviations from complete spatial randomness. Although large deviations are
obvious (for example, in figure 3-3f), the eye is not expert at this task, tending to

find patterns where none exist.

Choropleth maps bin event data by pre-existing administrative regions, and use
shading or color to represent the odds ratio [62] or prevalence [63] in each region. In
addition to the loss of information incurred by binning, several problems with choro-
pleth maps have been noted in the literature, which apply equally to standard and
cartogram methods. Administrative boundaries are unrelated to the disease process.
Their irregularity may make the map difficult to interpret, and the choice of admin-
istrative groupings used may change the appearance of the map [36]. Regions with
smaller denominators are subject to greater random variation, producing more ex-
treme rates [64]. Furthermore, sparsely populated areas are often clustered together
on the map, compounding the visual effect. The gray or color scale used to produce
the map may strongly affect the visual appearance [7]. In choropleth maps using stan-
dard projections, large areas may dominate the map, irrespective of the underlying

population size [36].

Isopleth maps, which estimate a smooth risk surface throughout the map, are an
alternative to choropleth maps. Although many methods exist for creating standard
isopleth maps from count data (for example, [36, 34]), the methods for event data are
limited in number. Bithell used separate kernel estimates of case and control densities
at each point, dividing to estimate the odds function [54]. Kelsall and Diggle used
kernel estimates of the conditional probability of being a disease case, given location
[38]. These methods do not allow adjustment for covariates. To address spatial
confounding, which occurs when risk factors for a disease are not uniformly distributed

in space, Kelsall and Diggle also introduced the use of generalized additive models

26



that adjust for covariates. They modeled the log odds as the sum of a nonparametric
function of the location and a parametric function of the covariates. One limitation
of these methods is that under the null hypothesis of constant individual risk, the
variance of the estimate changes throughout the map. In regions of high density, the

variance is lower than in sparse areas.

On the cartogram, the density of cases may be estimated at each point to derive the
odds (for cross-sectional and cohort studies) or relative risk (for case-control studies),
giving rise to an isopleth surface. Kernel density estimation is a natural choice, which
would result in a variation of Bithell’s method in which the bandwidth is the same
for the numerator and denominator, but adjusted (relative to the original map) at
each point depending on the local density of controls. This is preferable because the
variance of the estimate at each point is constant. Generalized additive models can
also be used in this setting to estimate the density while adjusting for covariates. This
improves the procedure proposed by Kelsall and Diggle by equalizing the variance of

the estimate.

The use of cartogram-transformed data for statistical analysis may be compli-
cated by computational artifacts arising during the cartogram construction [52]. We
verify that the cartogram does indeed equalize the density of controls to within 1%
throughout the map. The null hypothesis of constant, independent individual risk
implies that cases are uniformly and independently distributed on the cartogram. For
studies of clustering, this is a simplified version of the usual problem in which the
underlying at-risk population has uniform density. In many cases, a statistical test
used for the general problem can be simplified for use on cartogram-transformed data.
However, the main benefit of using cartograms over standard methods for statistical
tests of deviation from constant disease risk is that it enables the use of a host of
methods that have been developed to analyze a single point process (cases) instead
of two point processes (cases and non-cases). Because the problem is easier, the body

of such methods is farther advanced than methods for two point processes.
For example, tests for the detection of clusters find localized “hotspots” of dis-

ease. The most commonly used test is the scan statistic developed by Kulldorff and
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Nagarwalla [14, 15], which evaluates the statistical significance of a large number
of circular regions using a likelihood ratio test. The cartogram transformation does
not preclude subsequent use of the scan statistic; it may still be applied to test the
null hypothesis that cases arise from a homogeneous Poisson process. However, in
addition to standard cluster detection tests, the cartogram transformation allows the
application of tests of deviation from a uniform null distribution. An example is the
graph-theoretical cluster detection method developed in Chapter 2 to detect clusters
of any shape. There are no corresponding methods available for two point processes

to detect arbitrarily shaped clusters in event data, so the cartogram is necessary.

Cartograms are also useful for tests of global clustering, which detect the general
tendency of cases to cluster in space. Of the methods developed to compare two point
processes on standard maps, most suffer from the problem of multiple hypotheses due
to a variable parameter related to the scale of clustering. This makes it difficult to
calculate the probability of type I error. One exception is a statistic proposed by
Tango [33], which is the minimum p-value of a parameterized statistic that sums an
index of goodness-of-fit and one of autocorrelation [65, 66]. The test is for count data,
so event data must first be aggregated to use it. Simpler statistics such as the mean
nearest-neighbor distance and Ripley’s K-function are available to test for global clus-
tering of event data on the cartogram. Selvin and Merrill [27] developed a statistic
for cartogram-transformed data based on concentric polygons, defined to be poly-
gons within a boundary polygon having the same centroid and parallel boundaries.
They first ordered the cases on the cartogram by their distance from the cartogram
boundary, from furthest to nearest. Then for each %, they calculated the proportion
P; of the cartogram area contained in the concentric polygon passing through the ith
case. The value of P, approximates the value of the uniform cumulative distribution
function of a uniform random variable on the interval [0, 1]. The expected value is .

The expected and observed distributions were compared using the Kolmogorov test.

We illustrated the use of cartograms for making dot and isopleth maps with a
preliminary analysis of an IBD case-control study. IBD is characterized by chronic

gastrointestinal inflammation believed to result from immune dysregulation. The
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term encompasses both ulcerative colitis (UC), which affects the large intestine, and
Crohn’s disease (CD), which may affect the entire gastrointestinal tract. Both cause
a range of symptoms, such as diarrhea, weight loss, fever, abdominal pain, bleeding,
and bowel obstruction. They are also associated with a variety of extra-intestinal

manifestations, such as arthritis, skin nodules, and thromboembolic disease [67].

IBD is an interesting disease to study for clustering because its epidemiology is not
completely understood. Linkage analysis studies have implicated regions on several
chromosomes in susceptibility to UC and CD [68], with the most strongly associated
genetic mutation occurring on a gene involved in the innate immune response [69].
The rates of concordance among identical twins with UC and CD are 20 [70] and
67 [67] percent, respectively, indicating that environmental factors play a significant
role. Several factors are known to modify the genetic risk of IBD, most notably
cigarette smoking, appendectomy [71] and the use of oral contraceptives [67]. Other
potential risk factors, such as childhood hygiene, Mycobacterium paratuberculosis
infection, childhood viral infections, diet, and blood transfusions have shown weak
associations with IBD or have not been well studied [72]. In general, the environ-
mental IBD risk modifiers are poorly understood, and further epidemiological study

is needed.

Previous IBD clustering studies have yielded some interesting preliminary results.
There is evidence for concordance among spouses and friends [73], and one study of
clustering at a global level among Swedish IBD cases found that patients were likely
to have been born closer together in time and space than expected by chance [74]. No
evidence of global clustering was detected in a study of CD cases surrounding Not-
tingham, England [75]. A seasonal pattern of IBD hospital admissions and a greater
prevalence of IBD in the northern U.S. than in the south were found by Sonnenberg
et al. [76]. A study of focused clustering concluded that a suspected cluster of four
cases in an eight-year period in one district of France was statistically significant [77];
another found increased prevalence in a region of Ireland suspected to have a high
burden of IBD [78]. While such focused studies are potentially illuminating, the

investigation of previously suspected clusters raises statistical concerns [64].
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Our study found an increased density of cartogram-transformed IBD cases in
the southern portion of Massachusetts. While this may reflect an actual increase
in relative risk in the south, it may also result from a violation of the assumption
that spatial risk information is preserved by the study collection process, defined in
equation 3.1. This could result, for example, from a bias in referral patterns to the
gastrointestinal clinics. Our finding, although preliminary, gives cause for further

investigation of IBD spatial clustering.
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Figure 3-3: Dot maps and cartograms of three hypothetical disease distributions. Dot
maps of 5,000 controls (blue) and 2,500 cases (red) are shown in the left column (a, c
and e). The controls are distributed in proportion to the underlying population. The
cases are distributed to illustrate constant relative risk (a), risk increasing linearly
by a factor of four from north to south (c), and a localized cluster with a three-fold
increase in relative risk in Iowa and neighboring states (e). The right column (b, d
and f) shows the cartogram-transformed case locations for the three distributions.
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Figure 3-4: Isopleth surfaces estimating the relative risk of three hypothetical disease
distributions on standard maps (a,c and e) and cartograms (b,d and f). The exact
locations of the cases and controls are shown in figure 3-3. The case distributions
illustrate constant risk (a and b), a four-fold increase in risk from south to north
(c and d) and a cluster of three-fold risk increase centered in Iowa (e and f). The
patterns are obscured on the standard maps because of the presence of high relative
risk artifacts, but are clear on the cartograms.
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Figure 3-5: Pediatric inflammatory bowel disease risk in Massachusetts, 1995-2006. a)
A standard map of the study area. b) A cartogram was constructed from the Voronoi
diagram of the 7988 control locations. The 901 IBD cases were randomly placed
within the cartogram regions corresponding to their original locations on the Voronoi
diagram. An isopleth relative risk surface was calculated from the transformed case
locations using kernel methods. Original case and control locations are not shown to
protect patients’ privacy.
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Chapter 4

Optimal anomymization of patient

spatial data

4.1 Introduction

Since the first disease dot map was published more than 200 years ago, it has be-
come a staple of the epidemiologist’s toolkit. Dot maps are frequently used as an
initial step in studying the spatial epidemiology of a disease, revealing associations
among the cases and with the landscape. Often published in medical journals, dot
maps represent one common and useful instance of sharing information about the
geographical distribution of diseases with the scientific community and the public.
Spatial data in other formats are also shared between individuals and institutions
for many purposes: to identify focal clusters, to study etiological factors influencing
disease risk, and ultimately to improve medical care and public health.

Despite their potential for public good, geographical identifiers such as zip codes,
street addresses, and locations on maps are highly identifying protected health infor-
mation that pose a threat to patient privacy. Even coarse identifiers can be linked

to individuals: one study found that 87% of subjects could be uniquely identified by

Joint work with Christopher A. Cassa, Kenneth D. Mand] and Bonnie Berger
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their gender, zip code and date of birth [79]; another found that low-resolution dot
maps of diseases published in several medical journals could be used to trace most

cases to single addresses [41].

For this reason, data are frequently aggregated to preserve privacy. Aggregation by
zip codes (in the United States) or census enumeration districts (in the United King-
dom) is common for published maps, spatial epidemiological studies, and prospective
health surveillance. However, aggregation may erase spatial information useful for
research and health surveillance; for example, cluster detection methods to detect
spatial clusters are significantly less sensitive and specific when data are aggregated
by zip code [40]. Furthermore, in many instances, aggregation by zip code may not
be sufficiently privacy-preserving. In the 2000 U.S. census, 1210 inhabited zip codes
contained fewer than 100 people, and the least populated of these contained only one

person [53].

For research, disclosures of zip codes and other geographical identifiers is limited
by the Health Insurance Portability and Accountability Act of 1996 (HIPAA). Under
this legislation, zip codes may be released as part of a limited data set, accompanied
by a data use agreement. The rule also defines a category of “non-identifiable data
sets,” whose dissemination is not restricted. Either of two criteria must be met for
a data set to qualify. The first specifies that only the first three digits of a zip code
are included, provided that at least 20,000 people share the same first three digits.
Unfortunately, this is even coarser and less useful for research and public health
than zip codes. Furthermore, the level of privacy protection depends on the number
of patient records. For example, if it is revealed that 20 patients having a certain
disease reside in a region containing 20,000 people, then there is a ﬁ chance that

a randomly selected individual from the region is one of the patients. However, if

200 patients with the disease live in the region, then the probability that a random

1

individual from the region is among the set of patients increases to 13-

The second criterion specifies that “the risk is very small that the information
could be used, alone or in combination with other reasonably available data, to iden-

tify an individual” [80]. In line with this, several strategies have been developed to
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create a de-identified data set by applying a spatial transformation to each patient in
the original set. These include the family of “geographical masks” [81], deterministic
or stochastic functions of geographical identifiers designed to de-identify patient loca-
tions, while preserving the approximate spatial distribution of cases. These encompass
previous approaches such as aggregation and translation by fixed distances, as well as
affine transformations (consisting of scaling and rotation followed by translation) and
random perturbations. Cassa et al. [1] evaluated a probabilistic randomization scheme
using a bivariate Gaussian distribution with standard deviation inversely proportional
to the population density to standardize the level of privacy protection throughout
the map. Although these techniques represent a significant advance over aggrega-
tion, they apply the same transformation independent of the local geography, the
number of patient records, and, in several cases, the underlying population counts.
Consequently, the probability that any of the de-identified records originated from a
single individual depends upon all of these variables. Although it may be possible to
quantify this probability, the dependence on the variables may be complicated and
the method of quantification would not be straightforward. However, a quantitative

measure that captures privacy protection is essential for ethical and legal reasons.

We present a principled approach to de-identifying patient locations based on
linear programming that specifies the maximum probability of associating any of the
transformed locations with any individual in the population. This re-identification
probability is a user-specified parameter of the method. The solution is optimal in
that it guarantees that patients are moved the minimum distance for the level of
privacy protection offered. The method has the advantage that it does not move
patients to unrealistic locations, such as lakes and rivers. It may be used to create
de-identified data sets in accordance with HIPAA for publishing maps of diseases,
for cluster detection, or for other epidemiological investigations. Application of the
method to de-identifying patients in New York county, New York shows that a high

level of privacy can be achieved while moving patients very short distances.
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4.2 Methods

Given the locations of a set of patients, the aim is to randomly assign new, de-
identified locations that can be associated with the original patients with very low
risk. The distance between the original and new locations should be minimized. The
original locations may be any discrete geographical identifiers. For example, they
may be zip codes, census block groups, street addresses, or even pixels in an image.
The set of available locations must be known in advance; for example, these could be
all the census block groups in a state, or all the residential addresses within a city.
This problem can be captured by a linear programming (LP) model, a simple type
of mathematical model that consists of a set of decision variables, constraint equa-
tions, and an objective function. Given m available locations, the decision variables

are the transition probabilities Pj; of assigning a patient in location 7 to a new loca-

tion j (see figure 4-1). Once values have been assigned to the decision variables, each

L&l

-
[T

Figure 4-1: Schematic of transition probabilities. A patient found at each location
may transition to any other location. In this simple example, there are three locations
(represented by houses) and nine transition probabilities (represented by arrows). The
probabilities are variables solved by linear programming.

of s patients in a list of original locations is moved to a new location independently
of the other patients. If a patient is originally in location ¢, a new location is drawn
from the set j € {1,2,...,m} using a multinomial distribution with probabilities P
The goal is thus to assign a value to each decision variable P,; so that this procedure

ensures privacy and minimizes patient movement.
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Constraint equations specify conditions that must be satisfied by the decision

variables P;;. Since the decision variables are probabilities, each must be nonnegative:
0<P; forall 1<i<mand1<j<m. (4.1)

In addition, every case must be moved somewhere (“moves” to the original location

are allowed), so

Y Pj=1forall 1<i<m. (4.2)

j

A final constraint guarantees that the risk of linking any randomized location with
any original patient is small. In formal terms, we specify that the probability that
any location from the randomized data set originated from any specific individual in

the underlying population is at most :

m

Hj—g-;nk-zﬂkjgovz',j. (4.3)
In this equation, £ is a user-specified privacy bound between zero and one, s > 1
is the number of patients in the data set to be de-identified, and n; is the number
of people in region i. For example, if the regions are census block groups, then the
constants {n,;}; may be corresponding populations drawn from the same census. If
the regions are exact addresses, then n; is assumed to be 1 for each 3.

To derive this constraint, consider the probability of re-identifying a set of s cases
that have been randomized to new locations. Given m available locations, let P;;
denote the probability of transition from location ¢ to location j for 1 < 4,5 < m.
Given the set of s locations comprising the de-identified data set, we require the
probability that any one of these derived from one specific individual to be at most .
Equivalently, the probability that a location from the randomized data set originated
from an arbitrary specific individual is required to be at most f Let X and Y
denote the original and transformed locations, respectively. This condition is formally
expressed as:

p(patient ¢[Y = j) < (4.4)

® |
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for every individual ¢ in the population and every location j € {1,2,...,m}. The

left hand side of this inequality is equivalent to

p(patient ¢ N X = L(g)|Y = j), (4.5)

where L(q) is the location of individual g, or

p(patient ¢|X = L(q)) - p(X = L(q)|Y" = j). (4.6)

Assuming that all individuals in location L(q) have an equal chance of having the

disease, we have

. 1
p(patient ¢|X = L(q)) = : (4.7)
NL(q)

where np () is the number of people in location L(g). Hence the condition expressed

by equation 4.4 is

pX = L@IY = ) S mugy - © (1)

for every individual ¢ and location j. Since the location of ¢, L(g), may only take on

the values 1,2, ..., m, this is equivalent to
v 13
pX =idlY =j)<n;-= (4.9)
s

for every i and j in the set 1,2, ..., m. After multiplying both sides of equation 4.9 by
p(Y = j), the left hand side becomes p(X =iNY = j), or p(Y = j|X =i)-p(X =1).
Furthermore, p(Y = j|X = i) is simply the transition probability from location ?
to location j, so it is equivalent to the decision variable Pj;. Hence equation 4.9 is

equivalent to

Py p(X =i)<nS-3 By p(X =) (4.10)
k=1

for all 7 and j. Assuming that all individuals in the population have an equal proba-
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bility of having the disease, we have
P(X =1i) = <—. (4.11)
Hence, we rearrange equation 4.10 to obtain
§ n
ij_;.an.ijSO (412)

for all j, and for all ¢ having n; > 0. However, if n; = 0, then no patients can be
found in location 4, so any conditions on P;; do not affect the strategy. Hence we

require that the inequality holds for all ¢ and j.

The objective function to be minimized is the expected distance that a patient is

moved:

iz i " P, (4.13)

=1 j
where d;; is the distance between region i and region j. For example, this could be
the distance between census block group centroids, or between exact addresses.

Several standard linear programming techniques to solve LP models, such as that
specified by equations 4.1-4.13, have been developed. When applied to an LP model,
they either locate an optimal solution that minimizes the objective function, or they
prove that no solution exists. The latter happens if no probabilistic de-identification
strategy has a risk of re-identification of at most £&. For example, if there are m
available individual addresses, then no strategy to de-identify s < m patients can
achieve a risk of re-identification below . If no strategy exists, then a larger re-
identification risk can be specified (if acceptable for privacy protection), or the set of
available locations can be expanded.

Especially for address data and image pixels, there may be many available loca-
tions, and consequently a large number of decision variables and constraint equations.
This affects the running time and storage requirements of linear programming meth-
ods. The problem size can be decreased by allowing only transitions from each region

to its k nearest neighbors, for some fixed k. The solution to this modified problem
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may be slightly sub-optimal in terms of the distance patients are moved, but the

restriction does not affect the accuracy of the re-identification probability.

Simple variations of the linear program make it possible to capture other ob-
jective functions, constraint equations, or decision variable constraints. Instead of

minimizing the expected distance, the expected squared distance may be used:

Z E P (4.14)

=1 j=

The squared distance penalizes long distance moves more heavily than short moves,
which may be less likely to affect subsequent clustering analyses of the de-identified
data set. In fact, any objective function that is a linear combination of the decision

variables P;; may be used without complicating the analysis.

If a deterministic strategy which always gives the same answer is preferred to
a randomized strategy, this may be found by converting the problem into a binary
integer program. This specifies that only the values 0 or 1 may be assigned to the
decision variables. An optimal solution of the binary integer problem has the property
that for any fixed i, P,; is equal to 1 for exactly one value of j, and is equal to 0 for
all other values of j. The result is a mapping of the set of locations onto itself. For
a fixed j, the set I; = {i : P,; = 1}, if nonempty, has the property that >, IR £
In other words, the patients are binned into a subset of the locations, the number
and positions of the bins minimize the expected transition distance, and the total
population assigned to each bin is at least % In general, the optimal deterministic

strategy moves patients farther than the optimal randomized strategy.

It is also simple to add additional linear constraints to the problem. For example,
it is possible to guarantee that no case is assigned to its original location by specifying
that P,; = 0 for every i in the LP model. Although this would not increase the level
of privacy, it may assuage fears that original locations may be released. In general,

additional constraints increase the optimal value of the objective function.
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4.3 Example

To illustrate the method, we determine an optimal strategy to randomize patients in
New York County census block groups with a maximum re-identification probability
of 0.00005. We find that this bound is achieved while moving patients an average
distance of only 265 meters (m), and we show that the privacy bound is robust to
inaccurate census counts. The strategy preserves privacy to a greater extent than

both aggregation by zip code and aggregation by the first three digits of zip code.

4.3.1 New York county census blocks

We consider de-identifying case locations in New York County, NY grouped by census
blocks. A census block is a small geographical unit typically containing approximately
1500 people [82]. According to the 2000 census, the 988 census blocks in New York
County contain between 0 and 15112 people (see Figure 4-2). We devise the optimal
strategy to de-identify one patient with a maximum re-identification probability of
0.00005. This is consistent with the spirit of the HIPAA legislation since the first
three digits of a zip code may be released if shared by at least 20,000 people. This is

also the optimal strategy to de-identify 10 patients with a maximum re-identification

1

355 OT, more generally,

probability of 2—0105, 100 patients with a maximum probability of

s
20000

1 < s < 20000 patients with a maximum probability of Transitions from any
census block were restricted to its nearest 100 neighbors. The LP model was solved
using CPLEX LP software, resulting in a 988 x 988 matrix of transition probabilities.
Each matrix row contained the transitions from a fixed census block to every other
census block; by constraint, at most 100 of these were nonzero.

Under the optimal strategy, the expected distance between a patient’s original and
de-identified location is only 265 m. Three of the 988 matrix rows are illustrated in
figure 4-3. These show three possible configurations: patients are re-assigned to the
same census block group or one of a few neighboring census block groups; patients

are re-assigned to a single nearby census block group; and patients are moved to

one of several possible census block groups which do not include the original location.
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Figure 4-2: Total population of each census block group in New York County, NY,
according to the 2000 census.

Even from this limited subset, it is clear that the optimal strategy would be difficult to
devise by hand. In particular, the optimal transition probabilities are not a monotonic
or regular function of the distance between census block groups, such as a Gaussian

function.

In general, transitions are more likely to occur between nearby locations, and the
likelihood of transition declines to zero as the distance between the regions increases
(figure 4-4). The vast majority of the 98,800 transition probabilities are zero, indi-
cating that transitions between most regions never occur; only 3155, or about 3.2%,
of the transition probabilities are non-zero. For a fixed i, at most eight outgoing
transition probabilities P;; were non-zero. Thus it is unlikely that the restriction to

100 such transitions affected the optimality of the result.
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Figure 4-3: Transition probabilities for the optimal strategy to de-identify s < 20, 000
patients from New York County, New York with a maximum re-identification proba-
bility of 55555+ Transition probabilities from three of the 988 census blocks are shown,
illustrating a few of the many possible transition distributions. The shading in region
J represents the value of the probability F;; of transitions into the region. a) Patients
in one census block (purple asterisk) may remain there, or they may transition to one
of several nearby blocks. b) All patients originally in one census block (purple aster-
isk) are assigned to one neighboring block. c¢) Patients are re-assigned from one block
(purple asterisk) to one of four nearby census blocks. No patients are re-assigned to
the original census block (i.e. P; = 0).

To examine the relationship between re-identification probability and the expected
distance moved by a patient, we calculated the optimal de-identification strategies for
a range of re-identification bounds. Because the total population summed over all
census block groups is 1,696,038, the minimum achievable re-identification probability
1S 75560380 OF $+0.00000059. This corresponds to the complete randomization strategy
of moving each person in a list of s < 1,696,038 people to census block i with

. The corresponding expected transition distance is 6.4 km. As the

re—1dent1ﬁcat10n probablhty is increased, the optimal strategy moves the patients less
in expectation. The least populated non-empty census block group contains only
one individual, so the strategy of re-assigning patients to their original locations
has a re-identification probability of 1 (which would be realized if one patient in a
“de-identified” set came from that census block group) and an expected transition
distance of 0 km. The optimal strategies for de-identifying patients were calculated
for a range of re-identification probabilities between these two extremes, and the

expected distance moved by each patient is shown in figure 4-5. The results are
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Figure 4-4: Histogram of the distance between original and de-identified locations
for an individual randomly chosen from the population, under the optimal strategy
to de-identify a set of s < 20,000 patients in New York County, New York to a

probability of 55555

shown in figure 4-5.

These optimal LP strategies move patients less than other HIPAA-compliant
strategies (figure 4-5). Creating a HIPAA limited data set by aggregating patients by
zip code moves patients an expected 519 m. The least populated zip code contains
884 people (excluding empty zip codes and one zip code containing only one person),
so there is a maximum re-identification probability of g2; for a set of s < 884 pa-
tients under this strategy. Aggregating by the first three digits of zip code to create
a HIPAA non-identifiable data set moves patients an expected 3.9 km, and has a
maximum re-identification probability of &%=. (In this case, the aggregated data set
would not qualify as non-identifiable under HIPAA since some digits are shared by

fewer than 20,000 people.) Figure 4-6 shows the spatial bins into which patients are
aggregated by zip code and by first three zip code digits.
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Figure 4-5: Relationship between the re-identification probability, the number s of
patients, and the expected transition distance for the optimal LP strategy to de-
identify patients by census block group in New York county, New York. As the level
of privacy protection decreases, patients are moved a smaller distance in expectation.
Aggregation by zip code (green diamond) and first three zip code digits (magenta
circle) are suboptimal strategies.

4.3.2 Sensitivity analysis

Inaccuracies in the census estimates for each location used as input to the LP model
may affect the re-identification probability. This happens when the number of people
in a location is overestimated. It is elementary to show that overestimating all the
census numbers by a factor of f leads to a re-identification probability of f - £ instead
of £ in the worst case. For example, if every region in the New York analysis had only
half the people reflected by the census, the re-identification probability in that analysis
would be 0.0001 instead of 0.00005. However, in practice, overestimating the census
numbers may have very little effect on the re-identification bound. To illustrate this,
we randomly chose 5% of the census blocks to have actual populations 10% below the
census estimates. For each ¢ and j, we re-calculated the re-identification probability
that a patient reported to be in location j of the de-identified set corresponded to
any specific individual in region ¢ using the strategy calculated above to de-identify
individuals with probability 55555 We found that only 1839 of the 98800, or fewer than
2%, of the re-identification probabilities violated the pre-specified bound of 0.00005.
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The maximum probability was 0.000052.

4.4 Discussion

In the current climate of public concern for patient privacy and legislation impos-
ing strict controls on the dissemination of patient-identifiable data, new strategies
for de-identifying data sets while preserving information for disease surveillance and
epidemiology are needed. It is imperative that strategies quantify the level of disclo-
sure risk. The LP technique presented here for de-identifying spatial data has several
benefits over existing methods. First, the user-specified level of privacy protection
afforded by the method is mathematically well-defined. This re-identification proba-
bility is simply the maximum probability that any patient in the de-identified data set
corresponds to any single individual in the population. This re-identification prob-
ability holds even if the exact randomized strategy is known to the data recipients.
In other words, even knowledge of the complete set of transition probabilities {P;;}
would not help re-identify patients beyond the pre-specified probability.

Second, the strategy moves patients a smaller distance than the common practice
of aggregating by zip code, and it is far superior to the strategy suggested in the
HIPAA legislation of aggregating by the first three digits of zip code. In fact, it
moves patients a smaller distance, on average, than every other possible strategy,
either deterministic or random, obeying the same re-identification bound that can be
expressed as a matrix of transition probabilities.

Third, the technique is flexible, and can be extended based on the requirements of
the user to minimize other objective functions or capture other constraint equations.
It may also be used to calculate an optimal deterministic de-identification strategy,
which always assigns patients to the same locations.

In addition, the LP strategy does not assign cases to unrealistic places, such as
bodies of water or other uninhabited regions. While this does not help in scientific
exploration of the distribution of the disease using the de-identified data set, it makes

for more attractive maps of the de-identified locations.
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The accuracy of the re-identification bound depends on a few assumptions. The
underlying population size at each location must be known in advance, although the
method appears to be robust to small inaccuracies. We also make the assumption
that no other information is available to influence the a priori probability that any
individual in the population has the disease. If any other information is available, it
must be incorporated into the problem. Otherwise, the re-identification probability
bound will not be correct, and privacy will not be guaranteed. For example, if the
final version of the data set is to contain both the location and the race of each patient,
then a de-identification strategy must be developed for each race represented. The
population sizes n; used in equations 4.3 and 4.13 must represent the number of people
of that race. Similarly, if age, sex, or any other identifier is released, a new LP model
reflecting the sub-population sizes must be solved for each value of the identifier. This
is not always possible since stratified population data may not be available. If the
population sizes are unknown, a lower bound on each population size will suffice to

ensure privacy, but the solution may not be optimal in expected distance.

For individual addresses, we recommend using a population size of 1 for each ad-
dress in the LP model. This limits the probability of associating any household with a
case to the re-identification probability. However, the public may not feel comfortable
with any addresses being released, even if the probability that an individual at that
address has the disease is very small. An alternative is to use small aggregations such
as city blocks or census block groups, as in the example presented in the previous

section.

The measure of privacy protection proposed here, equal to the probability that any
individual in the underlying population is among the de-identified patients, captures
what is essentially important to a patient: “Will I be identified as having a disease as a
result of the disclosure?” This measure is difficult to compute for previous strategies,
since it may depend on variables such as the number of patient records and the study
region itself. Several other measures of confidentiality have been proposed. These
include Spruill’s measure [81], equal to the proportion of records in the de-identified

set that lie closer to their original location than to all other locations in the original
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set. The exact value of the measure for the LP strategy depends not only on the
privacy bound &, but also on the number and locations of original records and on the
particular values for destination locations drawn from the multinomial distribution.
For low values of £ or a small number s of records, Spruill’s measure is close to
one. As ¢ tends toward 1, Spruill’s measure approaches % Increasing s also decreases
Spruill’s measure. The interpretation of this is unclear because Spruill’s measure does
not always capture the intuition about privacy. For example, creating a de-identified
set by shuffling the exact locations of all patients in the original set measures well
by Spruill, but is clearly unacceptable for privacy protection. Conversely, assigning
completely random locations to de-identify a data set of two patients measures poorly
by Spruill, but would certainly preserve privacy.

Armstrong et al. also proposed four other measures of confidentiality. The first of
these is a qualitative measure of vulnerability to geographical knowledge [81]. The
LP strategy has no disclosure risk by this measure, since knowledge of all the possible
locations does not decrease the re-identification probability. The second measures the
ability to infer from the de-identified set regions within the map having a high disease
risk. Like the de-identification strategies of aggregation and random perturbation, the
LP method may reveal regions of high disease risk. However, this is a strength of
the method, since the de-identified set may be used for disease mapping studies to
depict variation in the spatial risk. The third measures the ability to re-identify all
the patients, given the identity of some of the patients, and the final confidentiality
measure is the minimum number of unlabeled locations from the original data set that
can be used to compromise the entire de-identified set. There is no risk under the LP
strategy by these measures; since patients are randomly moved independently of each
other, relinking some of the patients cannot be used to compromise the identities of

others.
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Figure 4-6: Aggregation of patients in New York County, New York by zip code and
by first three zip code digits. Top) Census block groups have been aggregated by zip
codes. Each census block group was assigned to the zip code containing its centroid.
The expected distance moved by a randomly selected member of the population is 519
m, and the maximum probability that an individual is among a set of s de-identified
patients is gg7. Bottom) Census block groups are aggregated by the first three zip code
digits. The expected distance moved is 3.866 km, and the re-identification probability
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Chapter 5

Automated real time
constant-specificity surveillance for

disease outbreaks

5.1 Introduction

The release of anthrax in 2001, the Severe Acute Respiratory Syndrome (SARS)
outbreaks in China, Hong Kong and Toronto in 2002, and the emergence of new
diseases such as West Nile virus have underscored the need for automated, real-time
detection of outbreaks. Several such detection systems have been deployed in recent
years at the hospital [83, 84], city 85, 86, 87], regional [88, 89, 90] and national [91,
92, 93] levels. Many systems use time series algorithms to detect aberrant conditions,
such as CuSUM [94, 95, 96], variants of the Serfling method [85], multiresolution
wavelet-based models [97], and trimmed seasonal models [98].

An outcome of any of these statistical methods — whether or not there is an alarm

on any given day — is uninformative without an estimate of the likelihood that an

Originally published as: Wieland SC, Brownstein JS, Berger B, Mandl KD. Automated real
time constant-specificity surveillance for disease outbreaks. BMC Medical Informatics and Decision
Making. 2007;7(1):15.
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alarm signals a true outbreak. This likelihood depends in part on the specificity of the
detection method, equal to the proportion of non-outbreak days for which no alarm

is raised. The specificity is related to the false alarm rate by the simple equation

false alarm rate = 1 — specificity.

Even small changes in the specificity of the detection method may have a large impact
on the likelihood of a true outbreak. Despite the importance of knowing the specificity,
analysis of the specificity of outbreak detection algorithms has been rudimentary, and
it is common practice to report one average value of specificity that is assumed to
reflect the true specificity on any day of the year or week. Implicit in this is the
assumption that the specificity is constant as a function of time. If this assumption is
incorrect — if instead the specificity of an outbreak detection system is a function of
time that deviates significantly from its average value — then on any given day, a public
health practitioner cannot know the specificity of the system or the related probability

that there is a disease outbreak, and therefore cannot respond appropriately to alarms.

The sensitivity of a method, or proportion of outbreaks detected, is negatively
associated with its specificity. Unlike the specificity, however, it cannot be evaluated
from non-outbreak data. This is because in addition to its dependence on the speci-
ficity, it also depends on the characteristics of an outbreak, including its duration and
magnitude. Hence the trade-off between sensitivity and specificity must be carefully
considered in the context of the outbreak type of interest to ensure that both fall in

a useful range.

We sought to characterize changes in the specificity of alarms produced by stan-
dard time series outbreak detection methods as a function of time. We further ex-
plored how these changes affect the sensitivity of detection methods to several out-
break types. We introduced a statistical technique that allows us to model properties
of time series not captured by traditional models, developing an outbreak detection
strategy with constant specificity that may be used by public health practitioners for

biosurveillance.
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5.2 Methods

5.2.1 Data

Data were collected retrospectively in the emergency department (ED) of an urban
pediatric tertiary care teaching hospital. All patients with respiratory presenting
complaints seen in the ED between August 1, 1992 and July 30, 2004 were included
in the study. The data were divided into a six-year training period, and a test
period consisting of the final six years. ED chief complaints were selected at triage
from among a constrained list, and classified as respiratory or non-respiratory using a
previously validated method [99]. The study was approved by the institutional review
board.

During the study period, approximately 137 patients were seen each day in the
ED. The number of daily visits for respiratory complaints varied from 2 to 78. The
mean number of respiratory visits was 21.05, and the standard deviation was 9.03
(see 5-1). These data and other hospital visit data time series have previously been
shown to depend significantly on the day of the week and the season of the year

[98, 100, 101, 102].

5.2.2 Time series algorithms

We implemented five traditional time series models used for outbreak detection: a
simple autoregressive model, a Serfling model, the trimmed seasonal model, a wavelet-
based model, and a generalized linear model. In addition, we introduced a model
of both the expectation and the variance based on generalized additive modeling
techniques. The input to each algorithm was a time series of historical daily ED
respiratory visit counts, and each returned a threshold number of visits for the day
immediately following the historical period. An alarm occurred when the actual
number of visits exceeded the threshold.

Autoregressive model. The autoregressive model predicted the number of ED

respiratory visits using linear regression on the number of visits during the previous
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Figure 5-1: Emergency department visits for respiratory presenting complaints, Au-
gust 1, 1992 - July 30, 2004. Daily time series showing the number of patients pre-
senting with respiratory complaints to the emergency department during a 12 year
period.
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seven days:

7
Ey=ao+ Y ap- Vi, (5.1)

k=1
where FE,; is the predicted number of visits on day ¢, V;_; is the actual number of

visits on day ¢ — k, and the coefficients a; were fitted by least squares regression using

training data.

Serfling method. The Serfling method and its variants have been extensively
used for surveillance of influenza and other diseases [85, 103, 104]. Our implemen-
tation modeled the number of daily visits using linear regression on sine and cosine
terms having yearly periodicities to capture seasonal effects, categorical variables for
the day of week, and linear and quadratic terms. Under this model, the predicted

number of visits on day ¢ was

6

.2 - doy(t 2m - doy(t

By =) _ o0 dow( Tar+as t+ayt'+aso-sin (__365—Y(l> +ay;-cos ( 3GSY( )) :
k=0 _

(5.2)
where dow(t) is the day of the week from 0 to 6, doy(t) is the day of the year from 1 to
365, and the Kronecker delta function 4, , is equal to 1 when x = y and 0 otherwise.
To calculate the day of the year during leap years, each day after February 28 was

treated as though it occurred on the previous day.

Trimmed seasonal model. The trimmed seasonal model is used in the AEGIS
system [105] for statewide real-time population health monitoring, and was imple-
mented as previously described [98]. Beginning with training set data, the average
number of visits was calculated and subtracted from the data. From this, the average
for each day of the week was calculated and again subtracted. To remove seasonal
effects, the average for the day of the year was calculated after excluding the highest
and lowest 25% of values for each day of the year, and again subtracted from the data.
A first-order autoregressive, first-order moving average (ARMA) model was then fit-
ted to the errors. The predicted number of visits E; was calculated by summing the
overall average, the average for the day of the week, the average for the day of the

year, and the ARMA prediction for day t.
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Wavelet model. The wavelet-based model was patterned after the wavelet
anomaly detector developed by Zhang et al. [97]. The method used the number
of daily visits in a training set, V3, V5, ..., Vi_1, to produce a prediction for day t. It

consisted of the following steps:

1. A low-frequency wavelet component of the visit signal having periodicity of
more than 32 days was calculated. This period was selected by Zhang et al. be-
cause it removes seasonal effects while preserving higher-frequency information,
and because it is a power of 2, which is mathematically convenient for wavelet

analysis. We used the Haar wavelet in our implementation of the model [106].

2. This low-frequency baseline was subtracted from the original signal, producing

a residual for each day in the training set.

3. The predicted number of visits on day ¢t was the value of the low-frequency

component on the previous day.

Daily alarm thresholds for the autoregressive, Serfling, trimmed seasonal, and
wavelet-based models were calculated as the sum of the expected number of visits
and a multiple A of the standard deviation of the model residuals on the historical
training data. The value of A was an adjustable parameter that affected the specificity
of each model.

Generalized linear model. The generalized linear model consisted of a Poisson
distribution function, an identity link function, and a linear predictor that included

day of the week, month of the year, holiday and linear trend terms:

5 11
Ey = 0o+ Z B+ 0 dowy T Z Br+s - Ok moy(r) + Bislpoliday (1) + ot (5.3)
k=0 k=0

where dow(t) and d,, are described in equation 5.2, moy(t) is the month from 1
(January) to 12 (December), and Iholiday(t) is an indicator function equal to 1 if
day t is a holiday, and 0 otherwise. An alarm sounded if the value of the cumulative

distribution function of a Poisson random variable with mean F; exceeded the desired
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specificity. This model was found by Jackson et al. [100] to have superior sensitivity
to a variety of outbreak types compared to several control-chart and exponential

weighted moving average models.

Expectation-variance model. In addition, we developed and implemented a
novel method for outbreak detection that captures changes in the ED visit standard
deviation, as well as in the expected number of visits. In contrast to previous surveil-
lance models, which assumed that the variance is constant or proportional to the
mean, it did not assume a functional form for the variance. Instead, the dependence
of both the mean number of visits and the variance was modeled explicitly. In other
applications, several statisticians have modeled the variance as a function of the same
or additional covariates used to model the mean using iterative successive relaxation
procedures (see, for example, [107] and [108]). We employed a simplified procedure
involving two distinct models: an expectation model of the daily expected number E,
of respiratory ED visits, and a variance model of the daily variance o2 of respiratory
ED visits. The number of daily visits is then modeled as a Gaussian with mean FE,
and variance o7. Both components are generalized additive models (GAM’s): non-
parametric extensions of linear regression models having several variants depending
on the choice of smoothing technique, the procedure used to find estimates of the non-

parametric functions for multivariate models, and the number of degrees of freedom

for each covariate [109, 110].

The GAM of the expectation accepted historical daily visit counts as input, and
modeled them as a function of linear time to capture a long-term trend, the day of

the year to account for seasonal trends, and the day of the week:

By = firend(t) + Fioy (405 (1) + fgon (dow(?)). (5.4)

No smoothing was performed for the day-of-week term, since many replicates were
available for each day of the week. A Gaussian kernel smoother was used for the trend
term, and a Gaussian kernel smoother with circular boundaries was used for the day-

of-year term since the day is a periodic covariate. Although a Gaussian was selected
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for its ease of interpretation, in general the choice of kernel function has little effect
on the model compared to the choice of bandwidth [109]. Optimal bandwidths of the
two Gaussian smoothers were estimated by a two-step procedure. First, to optimize
the bandwidth of the day-of-year Gaussian, the mean predictive squared error (PSE)
on a training set consisting of the first six years of ED visit data was calculated for
a range of bandwidths using 10-fold cross-validation for a model containing only the
day-of-week and day-of-year covariates. The bandwidth minimizing the mean PSE
was chosen, corresponding to a Gaussian distribution with a standard deviation of
five days. Next, the bandwidth of the kernel used for the trend term was chosen by
using 10-fold cross-validation to estimate the mean PSE on the training set of a model
containing all three covariates for a range of trend bandwidths, using the previously
determined optimal bandwidth of the day-of-year kernel. The minimizing bandwidth
was again chosen, corresponding to a standard deviation of eight days. Because the
model contained multiple nonparametric functions, an iterative backfitting procedure

was used to estimate each until the model converged [109].

The residuals of the expectation GAM on the historical data were squared and
used as the input to the variance GAM. This GAM was also a function of linear time,

day-of-year, and day-of-week variables:

0? = gtrend(t) + gdoy(dOY(t)) + gdow(dow(t)) (55)

The Gaussian smoothers were chosen to minimize the PSE on the training data set
using the same procedure as above. The optimal smoothers corresponded to Gaussian
distributions with standard deviations of 6 and 253 days for the day-of-year and trend

terms, respectively.

To set the alarm threshold for a given day, a composite expectation-variance
model consisting of the two GAM’s was trained on the previous six years of data.
The alarm threshold for the next day was calculated as the sum of the expected
number of ED visits, as predicted by the expectation GAM, and a multiple X of the
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expected standard deviation of ED visits, as predicted by the variance GAM:

A, = E,+X\-oy (5.6)
Forend(®) + Fdoy (doy (1)) + faow (dow(?)) (5.7)
X+ 4/9trend (t) + 9doy (0¥ (D)) + gon (dow(t)). (5.8)

The value of A\ was an adjustable model parameter.
All models were implemented using the Matlab software package, Version 7.0.1
[111). The Matlab system identification, statistics and wavelet toolboxes were used

for the wavelet, generalized linear, and expectation-variance models.

5.2.3 Model predictions based on historical data

We used the expectation-variance model to generate alarm thresholds for each day
during the test period from August 1, 1998 to July 30, 2004, which comprised the
last six years of historical data. All of the available data could not be used for
testing because a training period was required. To predict each threshold, the model
was trained on the previous six years of data, ending the day before the day to be
predicted, and was blind to the actual number of ED visits on the prediction day.
The backfitting procedures to estimate the model successfully converged for each day
of the study period. The model predictions for both the expected number of patients
and the variance were always positive numbers throughout the study period. The
average absolute predictive error was approximately four patients during the study
period.

For each day, an alarm threshold was produced for each desired outbreak detection
specificity between 0.01 and 0.99 in 0.01 increments. This was achieved by varying
the threshold parameter A appropriately. For example, to generate an alarm thresh-
old with specificity s on day T, the model was trained on the historical visit data,
Vr_2101,- .., Vr—1. This generated model estimates for the expected number of visits
for each day, Er_s191,..., Ep_1, E7, as well as estimates for the expected standard

deviation of visits, or_s101,...,07r_1,07. The parameter A was chosen so that the
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fraction of historical days for which the Z-score was at most A was as close as possible

to the desired specificity s. That is, A was chosen to have the property that
#{t:T-2191<t<T-land V;—E, < A-0;} =2191-s. (5.9)

The predicted threshold for day T was Er + A - or.

Alarm thresholds for each day of the test period and each desired specificity were
similarly calculated for the autoregressive, Serfling, trimmed seasonal, and wavelet
models. The alarm threshold for the generalized linear model was the largest integer
A; for which the cumulative distribution function of a Poisson random variable with
mean F; was at most s. With the exception of wavelet model thresholds, all alarm
thresholds were calculated using the six years of visit data immediately preceding the
prediction day. The wavelet model requires a training period having length equal to

a power of two, so 2048 days of training data were used.

5.2.4 Detecting variability in the specificity

To determine whether a given model at a particular mean specificity had constant
specificity as a function of the day of the week, we tabulated the proportion of alarm
and non-alarm days at that mean specificity by day of the week. A chi-square anal-
ysis was performed under the null hypothesis that all days of the week had an equal
fraction of alarm days. A p-value less than 0.05 indicated that the specificity was de-
pendent on the day of the week. To determine whether the specificity was constant as
a function of month and year, we performed similar chi-square analyses after tallying

alarm days by month of the year and by calendar year of the study, respectively.

5.2.5 Simulated outbreaks

In order to ascertain the sensitivity of the models to outbreaks, we superimposed three
synthetic outbreaks on the test data set: a flat outbreak of five additional patients per
day for seven days, a linear outbreak which increased from one to five patients over

five days, and a spike outbreak of 10 additional patients in one day. For each model,
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each outbreak type, and each day of the test period, we created a new semisynthetic
data set by adding an outbreak beginning on that day to the original data set. We
then made an alarm threshold prediction for each of the outbreak days, and for each
desired specificity between 0.01 and 0.99, based on training using the semisynthetic

data set.

5.2.6 Estimating sensitivity, specificity, and timeliness of de-

tection

The actual mean specificity for one model at each desired input specificity was de-
termined by running the model on the historical data set. Specificity was estimated
by calculating the fraction of days without alarms for each day of the week, month
of the year, or calendar year. Sensitivity calculations used the results of applying
each of the models to the semisynthetic data sets. The sensitivity was calculated
as the fraction of outbreaks for which there was at least one alarm day. Exact 95
percent binomial confidence intervals were calculated for each estimate of sensitivity
and specificity. Timeliness of detection was evaluated for each method by calculating
the mean lag in days between the start of a flat outbreak and the first alarm sounded.
Missed outbreaks, for which no alarms were sounded on any day of the outbreak,
were excluded from timeliness calculations. An alarm sounding on the first outbreak
day corresponded to a lag of zero. Timeliness calculations were calculated at the

benchmark specificity values of 0.85 and 0.97.

5.2.7 Comparing outbreak detection among models

To compare the outbreak detection performance of the expectation-variance model
with the traditional models, receiver-operator (ROC) curves were constructed for
all models. ROC curves show the dependence of the mean sensitivity on the mean
specificity, and the area under the ROC curve is an indicator of overall performance.

The area was estimated by the trapezoidal method.
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5.3 Results

5.3.1 [Evaluation of specificity trends over time

As suspected, the specificity of the five standard models was not constant over time.
Hypothesis testing indicated that the specificity of the Serfling, trimmed seasonal
and generalized linear models varied with the study calendar year and study month
(p < 0.05) over a range of mean specificities between 0.50 and 0.99. The autoregressive
model demonstrated a variable specificity with the study month and day of the week
(p < 0.05) for the same range of mean specificities, and the wavelet model had variable
specificity (p < 0.05) on all three time scales (5-2). Several trends in the specificity
were apparent when the analysis was limited to particular values of mean specificity.
For example, at a mean specificity of 85 percent, corresponding to approximately
one false alarm each week, the autoregressive, Serfling, trimmed seasonal and wavelet
models had highest specificity in June and July and low specificity during the winter
months. The specificity of the autoregressive and wavelet models was highest in
the middle of the week and lowest on Sunday, and the Serfling, trimmed seasonal
and generalized linear models had higher specificity during certain study years (5-3).
Similar trends were observed at other mean specificity values, including 0.90, 0.95,
and 0.97 (data not shown).

By contrast, the expectation-variance model specificity was constant as a function
of the study year, study month, and the day of the week. Hypdthesis testing resulted
in a p-value above 0.05 for the entire range of input specificities on all three time
scales, indicating that there was no evidence to suggest that the specificity was non-

constant on any time scale (5-2).

5.3.2 Comparison of sensitivity and timeliness of new and

traditional methods

The expectation-variance model usually outperformed traditional approaches in terms

of sensitivity. The area under the expectation-variance model ROC curve was equal

94



= =O=- - Autoregression

0 —@— Serfling
10 ~
® 'S ﬁ = -~= - Trimmed seasonal
S il T i s ol o o
@
I A ui f’o %
210 } X 'Y 1 1| —e— Wavelet
‘ﬁ ] ’\ 1
10° - «O= - Generalized linear
h 4
Y s —e— Expectation-variance
---------------------- ar
-2 é
18 = = = = Cutoff (p=0.05)
0.5 0.6 0.7 0.8 0.9 1

Mean specificity

Figure 5-2: Evaluating variability in specificity on three time scales. Plots of p-
values for the chi-square test over various time scales for the five comparison models
over a range of mean specificity values from 0.50 to 0.99, as well as p-values for the
expectation-variance model. Top: calendar year of study. Middle: month of year.
Bottom: day of week. The expectation-variance model has a p-value over 0.05 for the
entire range of mean specificity values for all three time scales, so the null hypothesis
of constant specificity is not rejected. All plots not shown are highly significant
(p < 0.001) for non-constancy.
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Figure 5-3: Average specificity trends over time. Average specificity for each calen-
dar year, month, and day of week for the five comparison methods during the study
period. Data shown were recorded for each model implemented at 85% mean speci-
ficity. Similar trends were observed for all methods at 97% mean specificity (data not
shown).
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Table 5.1: ROC curve areas for traditional and expectation-variance detection models
applied to three different types of outbreaks superimposed on respiratory visits to an

urban pediatric ED, August 1998 - July 2004.
Detection method Flat outbreak Linear outbreak Spike outbreak

Autoregression 0.94 0.90 0.88
Serfling 0.93 0.88 0.89
Trimmed seasonal 0.95 0.91 0.89
Wavelet 0.93 0.87 0.86
Generalized linear 0.95 0.91 0.91
Expectation-variance 0.95 0.91 0.91

Table 5.2: Mean lag in detecting outbreaks of five additional patients per day super-
imposed on the pediatric ED respiratory visits, August 1998 - July 2004. Detection
lag calculations exclude undetected outbreaks. Hence the sensitivity of the method
must be considered when interpreting the detection lag.

Detection method Mean specificity Mean sensitivity Mean detection lag (days)

Autoregression 0.97 0.40 2.26
Serfling 0.97 0.36 2.37
Trimmed seasonal 0.97 0.42 2.26
Wavelet 0.98 0.38 2.43
Generalized linear 0.95 0.68 1.93
Expectation-variance 0.97 0.58 1.96

to or greater than that of the five comparison models for all three outbreak types
(table 5.1).

The expectation-variance method also performed well in terms of earliness of de-
tection. At a benchmark mean specificity of approximately 97 percent, it detected a
seven-day outbreak consisting of five additional patients each day with a shorter lag
than the autoregressive, Serfling, trimmed seasonal, and wavelet models (table 5.2).
The expectation-variance model also had earlier detection than these models at 85

percent specificity (data not shown).

5.3.3 Temporal sensitivity trends

The sensitivity of outbreak detection depends on the size and shape of an outbreak,
as well as on the amount of noise in the ED utilization signal. Thus even when the

specificity is held constant, it is natural for the sensitivity to vary with the season,
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day of the week, and trend. The ED visit signal had the least noise in the summer and
the most noise in the winter (5-4). Hence the signal-to-noise ratio was highest in the
summer for any fixed type of outbreak, and the sensitivity of any reasonable detec-
tion strategy should theoretically be greater during the summer than in the winter.
Summer and winter ROC curves for the expectation-variance and five comparison
methods confirmed that summer sensitivity was greater than winter sensitivity when
the specificity was held fixed (5-4 insets). However, at mean specificity values of 85
and 97 percent, plots of sensitivity over time for the autoregressive, Serfling, trimmed
seasonal and wavelet models showed a paradoxical increase in sensitivity to synthetic
outbreaks during winter months compared to summer months (5-4). These seemingly
contradictory results occurred because the mean specificity of these four comparison
models was not the actual specificity during either the summer or winter. The speci-
ficity was significantly higher during the summer, corresponding to a shift to the left
along the summer ROC curve and a concomitant decline in summer sensitivity. The
opposite occurred in winter. This anomaly was corrected by the expectation-variance
model (5-4), since it operated at the same specificity during all seasons. The gen-
eralized linear model exhibited variable specificity by month, but its specificity was
not highest during the summer months (5-3), and hence it also had greater summer

sensitivity than winter sensitivity.

5.4 Discussion

We found that the specificity of outbreak detection was not constant for five tradi-
tional algorithms. This is important because having a standardized interpretation of
the statistical characteristics of an outbreak detection test, including the specificity,
aids public health practitioners in making rational decisions regarding resource allo-
cation in the event of an alarm. The positive predictive value (PPV) of an alarm, the

probability that an alarm signals a real outbreak, bears directly on the priority and
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Figure 5-4: Seasonal sensitivity trends. Average sensitivity for each month of the
study period for the autoregressive (left), trimmed seasonal (center), and expectation-
variance (right) models when applied to data containing a superimposed spike out-
break of 10 additional patients during one day. Data shown were collected at a mean
specificity of 97%. The sensitivity of the trimmed seasonal and autoregression models
is higher during the winter than during the summer. Sensitivity is higher during the
summer than during the winter for the expectation-variance model. July receiver-
operator (ROC) curves lie below February ROC curves for all three models (insets).
Similar trends were observed for flat and linear outbreaks.
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extent of response required. The PPV is related to the specificity by the equation

sensitivity - p

PPV =
sensitivity - p + (1 — specificity) - (1 — p)’

(5.10)

where p is the prior probability of an outbreak. Because the specificity of an alarm
strategy affects its PPV, it is crucial to have an accurate estimate of the specificity on
any particular day. Even small differences in the specificity may have a great impact
on the PPV; an alarm strategy at 95 percent specificity may have a PPV nearly twice
as high as the same strategy at 90 percent specificity, depending on the nature of the
outbreak considered and the sensitivity of the system. A public health practitioner
responding to an alarm in the first case may wish to devote twice as many resources
to investigating the alarm than in the second case.

The specificity also affects the overall cost associated with a surveillance model.
Let crp, crp, cry and crpy denote the costs associated with true positive alarms, false
positive alarms, true negatives, and false negatives, respectively. Then the expected

total cost of an alarm strategy on a given day is a weighted sum of these costs:

Elcost] = crp-sens-p+cpn - (1—sens)-p+cpp-(1—spec)- (1—p)+ecry -spec- (1—p).

(5.11)
Lowering the specificity contributes to the cost due to fruitlessly investigating more
false positive alarms, reflected in the third summand of the equation. At a specificity
of, for example, 99%, one can expect to experience a false alarm every 100 outbreak-
free days. Lowering the specificity to 97% increases the false alarms to approximately
once per month. The cost equation can also be used to compare two alarm methods,
A and B. Strategy A is more cost-effective than strategy B if and only if the expected
cost of A is less than that of B:

(senss — sensg)(crp - p — ¢rn - p) < (specy — specg) (crp - (1 —p) — crn - (1 —p)).
(5.12)
Thus the greater the accuracy in the estimates of the specificity and sensitivity of

each method, the prior probability of an outbreak p, and the costs of each scenario,
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the more accurately a public health department can compare the cost-effectiveness of

the various available surveillance methods.

It may be desirable under certain conditions to have non-constant specificity. For
example, one may wish to adjust the specificity so that the PPV is constant as a
function of the day of the week, season, and trend. Alternatively, a high profile event
may merit special attention, requiring lower specificity surveillance to increase the
sensitivity to outbreaks. The expectation-variance model is preferable to traditional
models in these situations because its specificity is known more reliably than that
of traditional models. Therefore the specificity can easily be adjusted with time
according to public health needs. By contrast, current models operate with unknown

specificity, and adjusting an unknown quantity presents a difficulty.

To understand the inability of traditional models to maintain constant specificity
over time, it is useful to recast the outbreak detection problem in terms of percentiles
instead of means. A perfect outbreak detection model operating at a specificity of
0.95 would output an alarm threshold equal to the 95th percentile for each day,
above which an alarm would sound. More generally, a perfect model at specificity %ﬁ
would model the kth percentile. The autoregressive, Serfling, trimmed seasonal and
wavelet models assume that the data have normally distributed errors with constant
variance. They thus make a first approximation to this percentile by modeling the
mean, to which a constant (which depends on k) is added. One problem with this
approach is that the ED utilization signal is heteroscedastic — that is, its variance is
not constant as a function of time (5-5). In practical terms, this means that the kth
percentile is sometimes farther from the signal mean than at other times. Hence it
cannot be captured by adding a constant value to the mean. The result is that during
periods of greatest ED utilization variance, such as the winter months (5-5), the alarm
thresholds of these traditional models underestimate the kth percentile, leading to a
decreased winter specificity (5-3). Conversely, all four models overestimate the alarm
threshold during the summer months, when the ED utilization variance is lowest.
In fact, neglecting the dependence of the ED visit variance on the day of week, day

of year, or long-term trend when determining the alarm threshold introduces some
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Figure 5-5: Seasonal trends in the mean and variance of ED visits. Mean number
of ED visits (left axis, solid blue line) and mean variance in ED visits (right axis,
dashed green line) as a function of the day of year. Data were smoothed using 5-day
and 11-day moving averages, respectively. The ED utilization mean and variance are
highest in the winter and lowest during the summer.

degree of systematic error in the alarm threshold, although it may not be of sufficient
magnitude to cause statistically detectable variations in the specificity.

Although the generalized linear model does not assume that the variance is con-
stant, it does assume that the data are Poisson distributed, and consequently that
the signal variance is equal to the signal mean. However, the actual signal variance is
greater than the mean; the ratio ranges from approximately one to more than three
during the calendar year (5-5). The result is that during periods of high relative
signal variance, the specificity of the method is also relatively high. For example, in
October, both the ratio of signal variance to signal mean (5-5) and the specificity
(5-3) are high.

Changes in specificity may also result from systematic errors in the expected
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number of ED visits predicted by the algorithms. For example, our implementations
of the wavelet and autoregression models do not take into account day-of-week effects
on the number of ED visits. Hence during high-volume days, such as Sundays, these
models underestimate the expected number of visits. This in turn lowers the alarm
cutoff value and the specificity compared to low-volume days such as Wednesdays.
The Serfling model constrains the seasonal effects of ED utilization to a sine wave.
However, the normal seasonal pattern of respiratory visits includes a spring increase
that coincides with the allergy season (5-5), which cannot be captured by a sine curve.

This causes a May dip in the specificity of the Serfling model (5-3).

In addition to the approach considered here, it may be possible to apply a gener-
alized additive or other model to the squared residuals of a traditional algorithm. A
model for the alarm threshold would then be constructed in a similar manner to the
expectation-variance model. Because the specificity is affected by systematic errors
in both the mean and the variance, it would be necessary to apply a statistical test

to ensure that the specificity was constant.

The expectation-variance model is a general time series method which could be
applied to surveillance of other syndromes and populations. Implemented here in
Matlab, it could easily be imported to other platforms, and it requires minimal addi-
tional computational resources for public health departments collecting surveillance
visit data. It does, however, have several limitations. While useful for modeling syn-
dromes that are predictable functions of the trend, season, and day-of-week covariates,
such as respiratory or gastrointestinal illnesses, it would have limited utility compared
to simpler models for rare or sporadically occurring syndromes. The present study
has evaluated the specificity, sensitivity, and timeliness of detection using a training
set containing six years of data. However, this much historical data is not always
available for model training. Although the algorithm is easily adapted to shorter
training sets, future work is needed to assess its performance with such sets. Like
other detection methods, the training data must be free of an outbreak of interest
in order for the specificity estimates to be accurate. Thus the training set used in

the present study would be useful for detecting anthrax, other bioterrorism events,
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or large influenza outbreaks due to changing viral strains, but not for reliably de-
tecting yearly average influenza outbreaks present in the data. Like other time series
methods, the model also does not take advantage of geospatial information or data

streams containing different types of data.

A more subtle limitation of the expectation-variance model is that its output
is a binary variable — the absence or presence of an alarm. Kleinman et al [112]
proposed an approach to temporal and spatial surveillance which instead provides the
probability that an observed event would be expected in the absence of an outbreak.
This approach represents a shift from statistical testing to more detailed statistical
modeling techniques [113]. Although the current implementation of our method is
binary, it can easily be converted to a “modeling” approach. For example, a graph
of the specificity as a function of the alarm threshold corresponds to a predicted

cumulative distribution function of the number of visits on any given day.

In addition to the limitations of the model, our study is limited in its analysis of
sensitivity to various outbreak types. The sensitivity depends on the time series of
additional outbreak patient visits, of which an infinite array of possibilities exist. In
the absence of outbreak data capturing the essential features of the many diseases and
syndromes that may be monitored, we have used synthetic outbreaks having simple
functional forms or “canonical shapes” [114]. This makes comparisons between types
of outbreaks easy to interpret. Alternatively, the response to one or more known
outbreaks may be evaluated [100, 115]. This approach has the advantage that the
outbreaks are inherently realistic, since they are instances of true outbreaks. However,
they may be highly irregular and dominated by stochastic effects. Indeed, there is
no guarantee that they bear resemblance to future outbreaks of the same or other
diseases. The present study offers the promising conclusion that the expectation-
variance model has good comparative sensitivity for a limited number of artificial
outbreaks, but more detailed study in the context of outbreaks of interest would be
necessary to conclude that the model is preferable to previous models for real-world

surveillance.
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5.5 Conclusions

The interpretation of alarms using current outbreak detection strategies is difficult
because the specificity is extremely variable. The fluctuations in specificity are due to
changes on the same time scales in the variance of the ED utilization signal. Unlike
previous models, the model developed here accounts for changes with time of not only
the expected number of ED visits, but also of the variance of the number of visits.
It is our hope that this provides a useful method for achieving a signaling strategy
with known, constant specificity, enhancing the ability of public health practitioners

to interpret the meaning of an alarm.
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