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Abstract

Multiple types of outcomes are sometimes measured on each animal in toxicology dose–response experiments. The potential false-
positive rate from statistical tests on each endpoint may be inflated. We introduce a method of deriving a composite score that combines
information from discrete and continuous outcomes through the use of desirability functions. These functions transform observed
responses of any type to a 0-to-1 unitless scale. The geometric mean is used to combine the scores and then a statistical model is fit
to the dose–response curve of the overall score. The overall desirability score is more sensitive to toxicity evident in only a few endpoints
than other composite scores that are based on sums of components. We analyze the overall score using a nonlinear exponential model
with a threshold parameter. In this example, the threshold parameter was statistically significant and its estimate was less than the lowest
dose. Compared to the vehicle control, the lower overall scores at this dose group were due to lower levels of brain and blood cholin-
esterase (90% and 82% of control, respectively) whereas other endpoints were not altered, thus demonstrating the sensitivity of the desir-
ability function to detect low levels of toxicity in a small number of outcomes.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Some types of toxicological evaluations include multiple
outcomes on each experimental subject. The many end-
points are often used to make a comprehensive assessment
of the effect of the chemical(s) under study. The measure-
ment of multiple outcomes is common in studies to evalu-
ate neurobehavioral toxicity, reproductive toxicity, clinical
chemistry, organ weights, or pathology (e.g., Chapin et al.,
1997; Crowell et al., 2004; Moser, 2000; Reed et al., 2004).

Due to the large amount of data collected on multiple end-
points, the statistical analysis and interpretation are chal-
lenging. The multiple statistical tests that may be
performed can greatly inflate Type I error rates, and multi-
ple comparison adjustments are often overly conservative,
e.g., Bonferroni correction (see Neter et al., 1996, p. 154),
leading to reduced power to detect effects of interest. In
addition, other characteristics of these experiments may
provide additional complications to the analysis. For
example, the endpoints may be a combination of binary,
ordinal, count, and continuous data. In addition, the
dose–response curves of different endpoints may be best
described with nonlinear models or have different shapes
or regions of activity (e.g., increasing and decreasing func-
tions, different slopes or plateaus, etc.).

Several approaches to the analysis of such data have been
proposed. Some authors (Dunson, 2003; Coffey and
Gennings, 2007) have developed methodology to simulta-
neously analyze multiple types of outcomes by incorporating
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the correlation between outcomes. While these approaches
control the Type I error rate and may result in improved
precision, they require interpretation of each outcome
and do not provide an overall estimate or interpretation
of toxicity. In addition, the estimation of the correlation
matrix with these methodologies may become unstable
for a large number of outcomes. Another approach is to
derive one overall score that uses information from each
outcome. Moser (1991) developed a scheme for a compos-
ite severity score based on deviations from the concurrent
control group. This approach has been implemented in
the literature (McDaniel and Moser, 1993; Moser et al.,
1995, 1997). The advantage of a composite score is one
of dimension reduction: many responses are converted into
a single score, which is then analyzed using standard statis-
tical procedures. This method preserves the Type I error
rate and results in an interpretation of the overall toxicity
from the many outcomes, but questions remain as to the
optimal approach for assignment of severity scores or for
combing the scores into domains.

In this paper we describe the development of an overall
score based on desirability functions for the many types of
outcomes measured in toxicology experiments. Desirability
functions were first proposed by Harrington (1965) for use
in optimizing the quality of a manufactured product. Prod-
uct quality is often measured by multiple endpoints, and
engineers are faced with the challenge of finding levels of
process factors that result in acceptable quality for all end-
points. Harrington’s approach is used to find the levels of
the factors that optimize the overall quality of the many
endpoints. This approach has been widely adopted in the
manufacturing industry and is regarded by engineers
involved in product optimization as the most popular
method for simultaneously analyzing many outcomes
(Wu, 2005). Recently this methodology has also been
applied to the titration of multiple drug regimens in medi-
cal research (Shih et al., 2003). To our knowledge, this
methodology has not been applied to toxicology data.

The central idea of desirability scores is to create a func-
tion for each outcome that transforms the observed
response to a unitless score (0-to-1) based on the appropri-
ateness (or desirability) of the response. The individual
scores are then combined into a single composite score
through the geometric mean, and a standard statistical
analysis can be performed. This flexible approach can han-
dle the multiple types of response variables measured in
toxicology experiments, can use different desirability func-
tions for each outcome, and can incorporate weights to
rank the importance of each endpoint. Of course, the desir-
ability functions must be specified and so there is a degree
of subjectivity involved in the choosing of the functions or
weights. However, subjectivity in specifying weights or
scoring schemes is a criticism of other composite scores,
and its influence can be minimized by using consensus
expert opinion.

We propose the use of desirability functions for toxicol-
ogy research because of two properties that are potentially

valuable. First, the composite score is calculated using the
geometric mean—a function of the product of each of the
individual desirability scores. Due to the mathematical nat-
ure of the product of scores between 0 and 1, response val-
ues assigned a low desirability score decrease the overall
score more rapidly than other functions (such as the arith-
metic mean). This important property is one of the main
reasons the geometric mean was proposed (Harrington,
1965; Derringer and Suich, 1980). As Harrington (1965)
explained, because the overall quality of a product mea-
sured from many outcomes is often based on the least
desirable attribute, a method to produce a composite score
should substantially penalize an unacceptable response for
one outcome that otherwise has acceptable responses for
other endpoints. Thus, desirability functions were designed
to detect unacceptable responses in a small number of
outcomes.

In the case of toxicology dose–response experiments,
toxicity is often simultaneously manifested in many end-
points. However, there may be important cases when the
toxicity manifests itself only in the most sensitive end-
point(s). The approach we introduce based on desirability
functions is more adept at detecting this toxicity than other
composite scores. The consequence of this sensitivity to
toxicity in as little as one endpoint is that the estimate of
the threshold level of toxicity will be affected and will likely
be smaller than for other composite scores. This sensitivity
in the threshold may be useful to risk assessors who are try-
ing to estimate lower doses producing toxicity.

To illustrate the advantage of the geometric mean, con-
sider a hypothetical scenario depicted in Fig. 1 in which ten
outcomes are measured on a subject; eight of the responses
are assigned a desirability score of 1, and two of the
responses correspond to scores less than one (for simplicity,
both take the same value). For incremental decreases of 0.1
in the two smaller scores, Fig. 1 demonstrates how the geo-
metric mean decreases more rapidly than the arithmetic

Fig. 1. Comparison of geometric and arithmetic mean for hypothetical
scenario: 80% of outcomes have a score of 1.0, 20% have a score given by
the horizontal axis.
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