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Adult Leukemia: A Spatial Analysis

Steve Selvin and Deane W. Merrill

Abstract: A simple and direct analysis of the spatial distribu-
tion of adult leukemia data results from a geopolitical map
transformed to have a uniform density of the population at risk.
Geographic displays and statistical assessments then lead to a
series of informative descriptions of the observed spatial pat-

tern for six sex- and age-specific categories of non-Hispanic
white individuals. Using a statistical/graphical approach, no
consistent pattern of disease is observed; however, indications
emerge of isolated nonrandom influences among young females
(ages 10-29 years). (EpiDEMIOLOGY 2002;13:151-156)
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he study of the spatial distribution of leukemia

has a long and rich history (reviewed by Alex-

ander and Boyle!). The vast majority of this
research focuses on childhood leukemia. These studies
fall into three broad categories: ad hoc observations that
frequently generate post hoc hypotheses,’ space-time
analyses,’ and statistical analyses of routinely collected
population-based data. Population studies of leukemia
can be further separated into two general kinds: those
generated from data surrounding putative point sources
of exposure* and those generated from surveillance data.’
The use of surveillance data is particularly plagued by
two inherent problems: sparseness of cases and the spa-
tial heterogeneity of human populations. Various meth-
ods have been proposed to analyze such data (reviewed
by Moore and Carpenter®). The present study, based on
surveillance data, differs from most previous studies in
two respects. The analysis concerns adult rather than
childhood leukemia, and the scale of measurement is
based on human population distributions rather than
geographic distances.

The spatial distribution of cases of disease is so dom-
inated by the influences of the spatial distribution of the
population at risk that a direct plot on a geopolitical map
is rarely useful in the study of disease patterns. Human
populations tend to concentrate in specific areas and,
therefore, regardless of the other factors, human disease
similarly tends to concentrate in these same areas. An
approach to the display and statistical evaluation of a
spatial disease pattern with the influence of a heteroge-
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neous population at risk removed involves redrawing the
geopolitical boundaries. These boundaries are trans-
formed so that the density of the relevant population is
equal over the entire study area; spatial patterns detected
on such a density-equalized map then result from influ-
ences other than the distribution of the population at
risk.”

This transformation is accomplished by a computer
algorithm that expands densely populated subareas and
contracts sparsely populated subareas, producing a map
with equal density of the population at risk. For this
analysis of adult leukemia, the 441 census tracts of two
California counties (Contra Costa and Alameda Coun-
ties) serve as the subareas for such a transformation,
producing six sex- and age-specific equal-density maps.
A map redrawn to reflect variables other than geo-
graphic distance is called a cartogram. A population-
based cartogram can be created with commercial soft-
ware® for small, simple maps; and a detailed description
of a computer implementation’ of a specific density-
equalizing algorithm!® is available for detailed maps di-
vided into a large number of subareas (approximately
400 in the presented analysis). The algorithm used to
produce the density-equalized map is a finite approxima-
tion to a theoretical cartogram'® providing a unique
solution that “minimally distorts” the map.

A map transformed to have an equalized population
density directly reflects disease risk and, at the same
time, is easily analyzed and interpreted. The transformed
map visually displays a population-free distribution of
cases of disease; also, the newly created distribution has
a simple statistical structure, namely a bivariate uniform
distribution, when the probability of disease is constant
among the members of the population at risk. Taking
advantage of this simple statistical structure, “two-di-
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FIGURE 1. A geopolitical map of the U.S. census tracts of

Contra Costa and Alameda Counties (San Francisco Bay area,

CA); 1990.

mensional” quantile plots are used to assess statistically
the sex- and age-specific spatial patterns of adult leuke-
mia incidence. Furthermore, these density-equalized
maps are used to pinpoint graphically the regions of
highest risk for this disease on geopolitical maps.

Methods

Data

We abstracted incident cases of adult leukemia (In-
ternational Classification of Diseases, Adapted diagnosis
codes 204.0 to 208.9"") for two San Francisco Bay Area
counties, Contra Costa and Alameda, from data col-
lected as part of the National Cancer Institute’s Surveil-
lance, Epidemiology and End Results (SEER) program.
These two counties, made up of 441 census tracts, in-
clude 1.75 million people who vary widely in demo-
graphic characteristics. We restricted abstracted cases of
leukemia to non-Hispanic white individuals who were
diagnosed during the years 1989, 1990, and 1991 and
who reported ages and census tracts of residence. The
counts of “non-Hispanic white” individuals result from
an adjustment of the 1990 U.S. census data using the
classification by race and the classification of Hispanic/
non-Hispanic individuals. The sex- and age-specific
counts of the populations at risk within the 441 census
tracts, each containing roughly 4,000 individuals, also
originated from the 1990 U.S. census enumeration.

The census tracts are displayed in Figure 1 for the
two-county region. Incident cases of adult leukemia are

analyzed by sex and age (10-29, 30—49, and 50-69
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FIGURE 2. A comparison of the distributions of hypothet-
ical cases of disease and populations at risk displayed on geo-
political and density-equalized maps.

years). For each of the six sex and age strata, the cases
are located at a random point within the 1990 U.S.
census tract of residence (untransformed), because more
exact geographic detail (eg, addresses) is not available
from the SEER public-use database. The lack of geo-
graphic location introduces a slight but unimportant
bias.

We describe the analysis for females 10-29 years of
age in detail as an illustration of the six stratum-specific
analyses. For the other five age strata, we present only
the statistical results and geopolitical maps.

Density-Equalized Transformation

To illustrate a density-equalizing map transformation,
we constructed a simple hypothetical region consisting
of six subareas. This hypothetical study area is con-
structed to have six equal-risk subareas, as described in
Table 1. Figure 2A displays the 18 cases of “disease” on
a geopolitical map. As expected, the majority of cases are
found in the same areas as the majority of the population
at risk (Figure 2B). Figure 2C displays the same “cases”
on a density-equalized map, in which the subareas are
transformed to have equal densities of populations (75.8
persons per square unit area). The displayed distribution
of the “cases” appears random, because risk is the same
for all six areas and the number of individuals at risk is
now identical for any two areas of equal size (Figure 2D).
Therefore, both visual and statistical spatial comparisons
are possible over the entire density-equalized map, and
the geographic subareas are no longer relevant; that is,
comparisons are no longer influenced by the varying
population at risk.
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Quantile Plot

Again using a density-equalized map, the proportion
of the total study area associated with each transformed
disease data point (x, ;) is

. [(EY=y) - B(EX-x)7
i [(EY ~Y) - B{(EX — ‘x,)]

i=1,2,3,..., n=number of points

where

B ="
J Xj"Xj+1

Note that uppercase letters denote the coordinate
points describing the boundary of the study area in terms
of an m-sided arbitrary polygon (j = 1, 2, ..., m). The
boundary point (X, Y;) is the vertex of the triangle
containing the observed data point (x;, y;) formed by
connecting the centroid (EX, EY) to the two consecu-
tive points on the study area polygon boundaries, namely
(X, Y;) and (X1, Yj41). That is, the triangle containing
(x;, ;) is described by the three points (?Si, Y), (EX, EY),
and (X}, Y;4+,). A formal definition of P, is given in the
Appendix.

The ordered proportions P,, P,, Ps, ..., P, associated
with the n transformed disease locations (x;, ¥;), (%2, ¥3),
(X3, 3), -+ (X, ¥,) are the basis of a typical quantile plot.
The P-values form an estimate of a cumulative distribu-
tion function, which is an estimate of the uniform cu-
mulative distribution function when no spatial pattern
exists. A plot of the estimated values P; ordered from low
to high against the values P, = i/n randomly deviates
from a straight line (intercept = 0 and slope = 1) when
no spatial pattern of disease exists. The n differences
between the estimated and the expected values (ie, | P,
— P;|) can be statistically evaluated with the classic
Kolmogorov test. Both the graphic display and a rigorous
statistical test provide a useful assessment of the ob-
served spatial pattern of disease, addressing the question
of whether or not the distribution is random. In addi-
tion, a similar strategy, based on estimating two cumu-
lative distributions, could be used to explore differences
between the spatial patterns of disease observed in dif-
ferent groups (Kolmogorov-Smirnov test).

Areas of High Incidence

For disease locations distributed over a defined area,
various smoothing techniques exist to estimate a two-
dimensional incidence density.!? Additionally, these
techniques provide estimates of the contours of the
estimated density, specifically locating areas of high in-
cidence. When contours are estimated from cases of
disease plotted on a density-equalized transformed map,
they pinpoint the areas of high risk independent of the
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FIGURE 3. The geopolitical and density-equalized maps of
the eight cases of adult leukemia among non-Hispanic white
females of ages 10-29.

distribution of the population at risk (a continuous “two-
dimensional rate”). Regions located on a density-equal-
ized map can then be directly translated (inverse-trans-
formation) to the corresponding geopolitical regions and
displayed in terms of natural distances on the original
map.

Results

The locations of the eight incident cases of leukemia
observed among young females (10-29 years) are plotted
on a geopolitical map of the two-county area (Figure
3A). Figure 3B displays transformed locations of the
eight leukemia cases on an equal-density map in which
each of the 441 transformed census tracts has the same
density of individuals at risk for this analytic subgroup.
The boundaries of these census tracts are not shown
because they are not relevant on a density-equalized
map.

The quantile plot associated with the eight cases of
leukemia is displayed in Figure 4A constructed from the
values of the cumulative distribution functions (ob-
served and expected values) given in Table 2. The
Kolmogorov test based on the maximum distance ob-

A. Quantile plot B. Contour Display of Incidence

1.0

08
,

04

observed proportion
06

02

e
~ks-statistic = 0.494; p-value = 0.026
00 02 04 06 08 10

0.0

Kilomsters

FIGURE 4. The quantile plot and the estimated contours of
the incidence density based on the eight cases of adult leuke-
mia among non-Hispanic white females of ages 10-29.
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A. White females, age 10-29

B. White females, age 30-49
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C. White females, age 50-69
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FIGURE 5. Six sex- and age-specific geopolitical maps of adult leukemia in Contra Costa and Alameda Counties, CA (shaded

areas indicate the areas of highest risk).

TABLE 1. Description of the Hypothetical Study Area by Subarea
Area Density
Subarea (Per Square Unit) Population (Per Square Unit) Cases Rate/1,000
1 50.0 4,000 80 4 1.0
2 25.0 8,000 320 8 1.0
3 12.5 2,000 160 2 1.0
4 25.0 1,000 40 1 1.0
5 100.0 2,000 20 2 1.0
6 25.0 1,000 40 1 1.0
Total 2315 18,000 75.8 18 1.0

served between the step function (data) and the values
expected (theoretical uniform distribution) produces a
P-value of 0.025. That is, the maximum deviation of
0.494 would be observed by chance alone with proba-
bility 0.025 when no spatial pattern exists.

Using standard smoothing techniques,'? contours of
the disease-incidence density on a density-equalized map
are estimated, as displayed in Figure 4B. The area of
“highest risk” is somewhat arbitrarily defined as the

lowest-level contour producing a single region of high
incidence of disease on the density-equalized map. In
less technical terms, this selection amounts to locating
the highest single “peak” of disease incidence occurring
within the studied region. For example, the contour
labeled 0.3 (Figure 4B) indicates the highest-risk area for
this population subgroup. As a last step, this highest-risk
area is untransformed and plotted on a geopolitical map
(Figure 5A). Because any census tract identified on the
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TABLE 2. Cumulative Distribution Functions P; and P,
Associated with the Eight Cases of Adult Leukemia on His-
panic Females Ages 10-29 Years.

i P, P, - P i
1 0.103 0.125 0.022
2 0.189 0.250 0.061
3 0.289 0.375 0.086
4 0.309 0.500 0.191
5 0.362 0.625 0.263
6 0.363 0.750 0.387
7 0421 0.875 0.454
8 0.506 1.000 0.494

transformed map corresponds to the same census tract
on the geopolitical map, the shaded area (Figure 5A) on
the geopolitical map indicates the area of highest risk for
adult leukemia in young females independent of the
distribution of the population at risk.

This back-transformation can be further refined to
transform more exactly the identified areas, a process
that is mathematically complex and requires a sophisti-
cated computer algorithm. There are a number of ap-
proximate approaches, however, leading to locating ar-
eas on a geopolitical map once they are identified on a
transformed map.

The six sex- and age-specific spatial distributions of
adult leukemia display no consistent pattern (Figure 5
and Table 3). Three of the six maps (males ages 10-29
and 30-49, and females ages 10-29) show a tendency
for cases to occur in the southern portion of the two-
county study area. Based on the Kolmogorov test, the
pattern of incidence among females ages 10-29 is the
only significantly nonrandom (P = 0.025) pattern (Ta-
ble 3), but this observation is based on an incidence
density estimated from only eight cases of leukemia.
Such an estimate is extremely sensitive to a variety of
biases and is particularly influenced by extreme values.

Discussion

Maps of disease risk such as in Figure 5 dramatically
display the pattern of disease but contain essentially the
same information found in a set of rates for a series of
defined geographic areas. Much has been written re-
cently about the use of maps and geographic informa-
tions systems in epidemiology,'* some of it critical. The
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primary purpose of these leukemia maps is to provide a
graphic picture of the distribution of disease incidence.
As with tables of rates, such maps of disease risk occa-
sionally contain useful information on associations with
other risk factors although with no direct evidence of
causality. Additional information on how such analyses
can be performed and applied to public health practice is
presented in our earlier paper.’

In general, a statistical approach that reduces a two-
dimensional distribution to a one-dimensional summary
incurs a loss of information. Consequently, certain spa-
tial configurations of cases are not easily detected with
specific spatial summaries (low statistical power). It is,
however, likely that many such patterns would be no-
ticed by inspection or identified by other statistical tech-
niques. Not surprisingly, the degree of statistical power
associated with any summary of geographic disease data
depends largely on the postulated spatial pattern under-
lying the observed disease.

A density-equalized transformed map produces a
graphic display of the distribution of disease incidence,
free of the confounding influences of a heterogeneous
distribution of the population at risk. Although this
transformation is not the only way to estimate an inci-
dence density of a specific disease, it allows simple and
direct assessments of the impact of random variation on
the observed spatial pattern using elementary statistical
techniques. Furthermore, the process remains useful and
rigorous when relatively few observations are available.

Appendix
Definition of P,

A concentric polygon is naturally defined as a sub-
polygon contained entirely within a polygon with the
same centroid and all sides parallel to the sides of the
original polygon. The quantity denoted P, is the propor-
tion of the total study area contained within the bound-
ary of a subpolygon that intersects the point (x;, y;) and
is concentric with respect to the entire study area.
Therefore, for the kth ordered concentric polygon (low
to high), the quantity k/n is the proportion of points
expected to be within its boundaries when the n points
(x;, v,) are uniformly distributed over the entire polygon.

TABLE 3. The Analytic Results of Sex- and Age-Specific Cases of Leukemia (ICDA Diagnoses 204.0-208.9).

Sex/Age N k Statistic* P-Value
White females, ages 10-29 8 0.494 0.025
White females, ages 3049 26 0.171 0.386
White females, ages 5069 71 0.071 0.868
White males, ages 10-29 21 0.148 0.691
White males, ages 3049 50 0.105 0.603
White males, ages 50-69 114 0.056 0.867

ICDA = Intemational Classification of Diseases, Adapted.

* Kolmogorov statistic (maximum deviation).
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An exact concentric polygon can only be constructed
by the process described in the text when the angles
between successive boundary points [ie, (X, Y;) and
(Xi+1, Yj+1)] relative to the centroid of the study area
polygon (EX, EY) are a monotonic function of j. The
outline of most transformed geopolitical maps can be
smoothed (detail removed) so it is at least approximately
monotonic, typically leading to a useful but slightly

biased Kolmogorov test.
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