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Detection of Excess Disea;e Near an Exposure Point: A Case Study

Abstract

Many studies have evaluated the likelihood of adverse health effects associated with environmen-
tal contamination from point source exposures. Two statistical measures used in these studies are the
ratio R of the observed to the expected number of cases occurring in the area containing the point and
the average distance D between the cases and the point. This paper estimates the probability of detect-
ing an association between disease and exposure when one actually exists (power) for R and D for
several specific and plausible statistical models. Results are presented in the context of rare diseases
such as congenital malformations. The practical implications of using these measures for the evaluation
of risk of disease in environmental epidemiologic investigations are discussed.

INTRODUCTION

Public concern about the posSibility of adverse health effects associated with environmental con-
taxﬁination from nuclear power plants and chemical storage or disposal sites has led to a variety of stu-
dies to evaluate risk associated with point source exposures.'”'® Some researchers wrﬁpare the rate of
disease in arcas believed to have been contaminated with the rate of disease in unexposed areas.'™
Others compare the distribution of the distances between cases and the exposure point to the
corresponding distribution in a set of controls.*” Finally, the distribution of the distances between the
cases and the exposure point has been evaluated on maps transformed so that the interfering influence

of the resident population has been removed.**

Two statistical measures used in these studies are: the ratio, R, of the observed number of cases
to the expected number of cases occurring in the area around the point and the average distance, D,
between the cases and the point. If more cases are observed than are "expected” or if the average dis-
tance from cases to the point is smaller than "expected”, it is inferred that an association exists between

the point source of exposure and the disease.

This paper: 1) explores estimates of the probability of detecting an association between disease
and exposure when one actually exists (statistical power) for the ratio R and the distance D; 2) applies
these results to studies of rare diseases such as congenital malformations; and 3) discusses the practical

implications of using these measures for the evaluation of the risk of disease in environmental
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epidemiologic investigations:. The goal is to further understand the issues involved in analyzing the

spatial distribution of disease by investigating several specific statistical models.
METHODS

Fundamental to any statistical analysis is a null hypothesis. For spatial analysis it is typically
postulated that the spatial distribution of disease is unrelated w0 a particular éxposure point, implying
that every person at risk has an equal probability of developing the disease in question. Two possible
alternative hypotheses are: 1) the risk of disease is uniformly elevated in the exposed area compared to

the unexposed area, and 2) the risk of disease is inversely related to the distance from the exposure

. point. These two risk patterns will be referred to as dichotomous and continuous, respectively.

Suppose the .study area consists of an exposed area proximal to the exposure point and an unex-
posed area consisting of the remainder of the study area Denote the size of the population-at-risk in

the exposed area by N, and in the unexposed area by N; so that the proportion of the population '

exposed is ¢ = N,/N, where the total population is N =N, + N;. The probability of disease in the

exposed area is represented by p, and in the unexposed area by p;, so that the relative risk of disease ‘

comparing the two areas is then RR = p,/p;.

If one assumes a baseline frequency of disease (cases/population), the ratio R can be statistically
evaluated by using either the entire study area or the eipoSed area only. For example, if the boundary
of the contaminated area is known, the analysis is focused on the number of cases occurring in the
exposed area, using only the baseline frequency of the disease p, derived from a relevant unexposed
population 1o calculate the expected number of cases. However, if the boundary of the exposed area is
unknown, then it is necessary to consider everyone in the study area as exposed and statistically evalu-
ate the number of cases occurring in the exposed and unexposed areas combined. Denote the R statis-
tic obtained wheh the exposure boundary is known as R, (e = exposed area only). Similarly, R, (t =

total area) refers to the R statistic calculated when the exposure boundary is unknown.
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To derive expressions for the approximate statistical power for R, and R,, the common assump-
tion is made that the observed number of cases follows a Poisson distribution with parameter A. That
is, the risk of disease is constant and small for all individuals at risk. When the risk of disease is
incorrectly assumed constant and the sampled data are combined over a series of sub-areas which are
heterogeneous for risk of disease, the variance for the estimated parameter is overstated.!! However,
this assumption serves as a first approximation to study the consequences of using ratio statistics to

assess risk of disease.

- The average distance measure D can also be used to evaluate the spatial distribution of disease in

two ways, either on a map with standard geopolitical boundaries or on a specially constructed map.

'~ called a Density Equalized Map Projection (DEMP).>%2 Cases of disease may appear to cluster on a
geopolitical map because of variable population density even when all members of the population-at-
risk have the same probability of disease. A DEMP is a map which has been transformed so that area
is proportional to population; i.e., population density is .constam. Therefore, cases are uniformly distri-
buted on a DEMP when the null hypothesis is true, and apparent clustering causéd by unequal distribu-

tion of the populadon-at-risk is no lbnger a factor in the analysis. The average distance statistics

" obtained from the geopolitical and transformed maps will be represented by Dg (G = geopolitical map)

and D7 (T = transformed map), respectively.

Now, consider the dichotomous aliernative hypothesis which assumes that risk of disease is uni-
formly elevated in the exposed area. To evaluate R,, the Poisson expectation is A = N;p; + (RR)N, Pz
and, under the null hypothesis, A = N p,. Furthermore, to evaluate R,, A = (RR)N, p; and, if the null

hypothesis is true, A = N, p;. In evaluating R,, the approximate power is given by

210 + c VNP1 —RR)J

Power =P |Z >
[ V1-c(1 -RR)

and, in evaluating R, , the approximate power is expressed as

21a + VeNp, (1 - RR) }

Power = P [Z > TR
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where Z represents a standard normal random variable (mean = O and variance = 1) and 2z, is the

100(1-a)* percentile of this distribution.

The evaluation of the approximate power for both D statistics for the dichotomous alternative risk

patiern can also be estimated using a normal approximation where, in general,

EDo) + 21-aVV(Dy) - E(DY)
Vv(Dy)

Power = P|Z <

The quantities E (Do), E(Dy). V(D o). and V(D)) are the expectations and variances of the particular D
statistic under the null and alternative hypotheses, respecti{/ely. These expectations and variances

depend on the shape of the study area under investigation.

A map of a study area can be viewed as a series of polygons (e.g., census tracts) defined by X
and Y coordinate values (e.g., latitude/longitude). To obtain the means and variances of Dg and Dy
under the null and alternative hypotheses, first define D? as the squared distance between a random
point in the study area aﬁd the exposure point, denoted by (xo, yo). The expectation, p, and variance,

o, of D? are functions of the moments of the coordinates X and Y and are given by
R=EXH+EX?) +x5 +y¢
and

FC=EXY+EXY+2EX?) - 4lxoEX) + yoE (Y] + xFEX ™) + dy@EX )

—EXD +EXHP +8xyoE (XY) = 4[yE(X?Y) + xgE (X Y],
where X =X - E(X),Y =Y ~E(¥). x0 =x0- E(X), and yg = yo - E(Y).

The approximate expectations and variances of the D statistics can be expressed as functions of yu and

o? using a Taylor series approximation or

— a2
ED)=Yu (1 - —
@)=l - 25
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and

2 . o

V(E) = m[l - -l-g-u—z-

1,

where n represents the number of cases of disease.

The moments E (X*Y") for the particular geographic area under study can be approximated as
weighted averages of the centroids of the census tracts (or any small subareas) of the study area;
EX*Y") = Tw;j(x; - D)y, - ) where T = Jw;x;, ¥ = Xw;y; and (x;, y;) locates the centroid of
the j* census tract. For Dg, w;=RR;P;/3RR,P; with P; = the population in the j* census tract and
RR; = the relative risk in the j* census tract For Dr,w; =RR,~a,/ZRR,a, with g; = the area of the

j* census tract.

Simulation methods were used to evaluate the power for both distance measures for .the continu-
ous alternative hypothesis. Suppose there are n cases of disease in the total study area (exposed and
unexposed areas combined). The probability that any particular case falls. in the j* census tract was
modeled by p; = [d; + e’I/Z[dj + g]“ where d; is the distance between the centroid of the j* tract
and the exposure point. This expression for p; provides probabilities that fall off rapidly as the distance
from the exposure point increases, i.e., the likelihood of exposure as a cause for disease decreases sﬁar-
ﬁly as distance from the exposure point increases. The constant € (i;i the same units as d;) was arbi-
trarily chosen 0 accommodate the possibility that the exposure point may be located at the centroid of

the census tract. Power estimates were based on 2000 simulated values of D for each sample size, n.

To study the power for R, for the continuous alternative, the values of p; are summed for all
"exposed” areas (i.e., p = 3 p;, where the summation extends over the "exposed” tracts only). The
expectation A takes on the value Ay = nc when the null hypothesis is true and the value A, = np under
alternative hypothesis. That is, under the null hypothesis, everyone has the same probability of disease
so the expected number of cases in the "exposed” area is equal to the total number of cases in the entire

study area (n) multiplied by the proportion of the population residing in the exposed area (¢). On the

-
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other hand, when the alternative risk pattern holds, the expected number of cases in the "exposed” area

is equal to the total number of cases (n) multiplied by the probability that a case falls in any of the

exposed subareas (p). The approximate power is calculated as:

)‘O-zl-am-ll
VA,

Power = P|Z >

We chose Santa Clara county, California (Figure 1) to explore these power estimates because it
has previously been studied for environmcn@ exposures and disease. Three exposure points, dgnoted
by darkened circles in Figure 1, were identified to illustrate how power depends on the location of the
exposure point. Adverse reproductive outcomes associated with point 1 have been studied as a result of
a leak of organic solvents into the ground water.!®> Points 2 and 3 were chosen arbitrarily for the pur-
pbses of illusuﬁion and ha\;g not been previously associated with environmental contamination. The
three corresponding "exposed™ areas, denoted by shading in the figure, were chosen so that the propor-

tion of the population "exposed™ did not vary by location of the exposure point. The population-at-risk

-was defined as the 13,273 white male infants born alive to residents of the county in 1980. Of these

13,273 births, 6.2% were residents in the hypothetically exposed area; i.e., N = 13,273, and ¢ = 0.062.
Finally, the baseline prevalence of disease was assumed to be 1 per 1000 livebirths, corresponding to

the prevalence of a frequent congenital malformation.

RESULTS

The approximate power to detect elevated nisk described by the dichotomous alternative
hyﬁothesis is shown in Table 1 for statistical measures R, , R,, 55, and 51 for three exposure points
and for four values of the relative risk (RR = 1, 2, 5, and 10). Consistently higher power is obtained
using R,; i.e., knowledge of the exposure boundary increases the power. Conversely, if the exposure
boundary is unknown, the chances of detecting an increased risk in the exposed area are small; eg.,

the probability of detecting a relative risk of 5 using R, is 0.82 as compared to 0.27 for R,.
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Both D statistics have low power to detect a dichotomous risk pattern (Table 1). Further;
although the power of Dy is comparable to the power of Dg to detect this alternative, the power for Dy
is somewhat greater than that of Dg for areas 1 and 2 and is somewhat less than the power of Dg for
area 3. In addition, the power of Dg varies more by location of the exposure point than does the power
of Dy; e.g., the power of D to detect a relative risk of S varies from 0.20 to 0.54 depending on the

location of the éxposure point but the power of Dy is approximately 0.35 for all three exposure points.

Figures 2 and 3 illustrate the relation bétween the power 1o detect the dichotomous alternative
and the proportion of the population exposed (c) for.R.,, R,, and Dy. The power for R, is higher than
the power for R, for values of ¢ < 0.5 but is similar when ¢ 2 0.5; ie., wheh the exposed population
represents 50% or more of the total population (Figure 2). In addition, even whén the boundary of the
exposure area is known, the power available to detect small increases in risk is slight when c is less
than 0.10. For example, the prbbabilify of c.ietecu'ng a relative risk of 2 is gppmximately 0.30 when
10% of the population is exposed, assuming N = 10,000 and p, = 0.001. When Dy is used to assess
nisk and the ahcrﬁalive risk pattern is dichotomous, power first increases and then decreases as the pro-
portion of the population exposed increases (Figure 3). The comparison of Figures 2 and 3 shows that
R, has a larger probability of detecting small increases in risk than does Dy for all values of ¢ for the

dichotomous risk pattern.

The power of .R,. Dg,and 51 to detect the continuous alternative is presented in Table 2 for five
sample sizes (n = 5, 10, 20, 30 and 50). This alternative risk pattern corresponds to a relaﬁve risk
(RR = A/Ag) of 1.2, 2.5, and 2.0 in the three "exposed” areas, respectively. Similar 1o the results for
the dichotomous alternative, the power to detect the continuous alternative for Dy is higher than the
po;\/er for Dg for areas 1 and 2 but not for area 3. However, in contrast to results seen previously, the
power for Dy is dramatically greater than the power for Dg for areas 1 and 2. Also in contrast to the
dichotomous alternative, the power for Dy is generally greater than the pc;wcr of R, for each of the

three areas and for the range of sample sizes examined.

oS
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Finally, except for area 2, the power to detect this continuous alternative is not very high for any
statistic examined. For example, for areas 1 and 3, the probability of rejecting the null hypothesis in

favor of this continuous risk pattern ranges from 0.10 to 0.40 when there are 20 caSes of disease.

DISCUSSION ' | -

The power of two statistical measures to detect an increased risk of disease surrounding an expo-
sure point for two alternative patterns is contrasted. Of éouxse. the choice of which alternative pattern
to model should depend on the properties of the alleged exposure. For example, a dichotomous risk
pattern might be suitable for studying waterborne contaminants and a continuous risk pattern might be
an adequate model for smdying airborne contaminants because of the m@a in which each of these
potential exposures occurs in the environment. A specific alternative hypothesis may only approximate

the true exposure pattern in any particular situation and certainly will not apply in all studies; however,

.plausible statistical models must be constructed to evaluate the performance of a statistical measure.

The power of both D statistics to detect the dichotomous alternative is lower than the power of
R,. This occurs primarily because information regarding actual distance to- the exposure point is not
relevant. Therefore, if risk is adequately'described in a dichotomous manner, then it is preferable to
use R, rather than Dg or Dy. In addition, R, is traditional, simple to calculate, and easily interpreted.
However, when risk truly decreases as a function of distance from the exposure point, it is preferable in
terms of power to use ‘57 to evaluate the risk rather than the R, statistic. The contrast of R, and Dy
illustrates the general statistical principle that the efficacy of a statistical summary depends on the ques-

tion being investigated; i.e., the alternative hypothesis.

The power of both D statistics to detect a uniformly increased risk in the area surrounding the

exposure. point appears to increase as the exposure point moves away from the population centroid of

the study area. On the other hand the power for both R statstics is unaffected by the location of the
expésure point. Regardless of the alternative risk pattern examined, the power of Dr is higher than the

power of D when the exposure point is located near the centroid of the study area. However, when
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thé exposure point is located in a remoté portion of the study area the power of Dg surpasses the power
of Dy. Also, if Dy is used to evaluate a dichotomous risk model in Santa Clara county and approxi-
mately 20-30% of the population is exposed, then the power of Dy is maximized. In practice, however,
it seems unlikely that the exposure point will be located far from the populaton centroid and that 20-
30% of the populaton will be exposed, making the power o detect an increased risk of this type using
57 low. Nevertheless, it is important to note that the likelihood of detecting excess disease depends on

the location of the exposure point and-on the ratio of exposed to non-exposed individuals.

Our results illustrate the importance of having information about the exposure boundary in these
investigations. If this information is not available and R, is used to evaluate risk, then the chances of
detecting increased risk of disease relative 10 a fixed exposure point are dramatically reduced, especially
if only a small percentage of fhe populanonls exposed. If 30% or more of the population is exposed,
the necessity for having this information becomes less important in terms of power. However, it is
unlikely that environmental exposures will affect such a large eroportion of the poimlation in most epi-

demiologic investigations .

In summary, this investigadbn demonstrates that the likelihood of being able to detect excess

discase associated with a point source of exposure using the rato or distance statistics depends on the

1) particular alternative risk pattem being investigated, 2) location of the exposure point relative to the
population distnbution in the study area, 3) amount of informaton available concerning the alleged
exposure, 4) proportion of the population which is exposed, and 5) magnitude of the disease risk asso‘éi-
ated with the exposure. Although not addressed in this case stud'y. power also depends on the baseline
frequency of the disease in question and the size of the population-at-risk; these issues were not
addressed because we were specifically concerned with the study of rare d.iséas&s such as congenital

malformations in relatively large populations.
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Table 1

Approximate power of R and D °: Dichotomous Alternative Hypothesis

area 1 area 2 area 3

R, R, Dg Dr Dg Dy Dg Dy
0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
0.31 0.09 0.10 0.10 0.08 0.10 0.15 0.11
082 027 0.28 0.36 0.20 0.31 0.54 0.38
0.98 0.65 0.63 0.73 043 0.65 0.88 0.76

S -|g

*p; = 0.001; ¢ = 0.062; N = 13273

.
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Approximate power of R and D: Continuous Alternative

n R, D Dy
~Area l: RR = 1.2)
5 008 005 0.14
10 009 006 020
20 010 0.10 026
30 011 012 030
50 012 015 042
Area 2: (RR =2.5) '
5 030 000 0.59
10 038 0.02 085
20 049 015 099
30 059 032 1.0
50 072 065 1.00
Area 3: (RR =2.0)
5 022 018 019
10 027 029 025
20 035 040 036
30 042 049 044
S50 053 064 054
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Figure 2
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‘Figure 3
Power for D; by ¢ and RR
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