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Categorical regression is a mathematical tool that
can be adapted to estimate potential health risk from
chemical exposures. By regressing ordered categories
of toxic severity or pathological staging on exposure
dose, this method can estimate the likelihood of ob-
serving any of the categories of severity at any dose
level. Depending on the nature of the available data,
these estimates can take the form of incidence rates
for any of the categories in an exposed population or
the probability of a new study conducted at a specified
dose level being classified as one of the categories. Cat-
egorical regression is illustrated using toxicity data on
aldicarb. For aldicarb, the data fall into three different
groups: human clinical studies, dietary exposures in
experimental animals, and accidental human expo-
sure by contaminated crops. The U.S. EPA has assessed
this literature and developed a reference dose (Rm)
of 0.001 mg/kg-day. The results of applying categorical
regression to data from human clinical studies sug-
gests a maximum likelihood risk estimate of adverse
effects of 0.008% at a 10-fold higher dose than the Rm
when blood cholinesterase inhibition is not considered
as an adverse effect. When blood cholinesterase inhibi-
tion of 200/0 or more is considered as an adverse effect,
a maximum likelihood risk estimate of adverse effects
is 0.1% at a dose 10-fold higher than the Rm. Q 1997
Academic Press

INTRODUCTION

Expert work groups throughout the world support
the use of a "safe" dose concept in noncancer risk as-
sessment (Lu and Sielken, 1991). For example, the

United States Environmental Protection Agency cur-
rently expresses risk assessments for noncancer toxic-
ity as reference doses (RfDs) (Barnes and Dourson,
1988) or reference concentrations (RfCs) (Jarabek et
ai., 1990). The RfD is an estimate (with uncertainty
spanning perhaps an order of magnitude) of a daily oral
exposure to the human population (including sensitive
subgroups) that is likely to be without an appreciable
risk of deleterious effects during a lifetime.

An RiD is estimated by dividing an experimental or
epidemiologic no-observed-adverse-effect level (NOAEL)
of the critical effect (i.e., generally the first adverse
effect or its known precursor as dose or concentration
increases) by one or more uncertainty factors. In select-
ing the critical effect and its NOAEL, the available
observations are sometimes grouped into one of four
ordered categories of severity: no effects, nonadverse
effects, adverse effects, and frank effects (see for exam-
ple, Dourson et ai., 1985). While this selection of critical
effect considers all of the available data to estimate an
RiD, it does not provide any explicit estimate of error or
variability in the RfD. Furthermore, the RiD approach
does not provide a method for expressing or measuring
the potential consequences of excess exposures.

Hertzberg and Miller (1985) and Hertzberg (1989)
have proposed the use of a categorical regression proce-
dure (McCullagh, 1980) to provide some expression of
the risk of adverse health effects from chemical expo-
sures in excess of the RfD. In addition to incorporating
different end points and levels of severity, the regres-
sion accommodates both quantal and continuous data,
and data that are reported both quantitatively and
qualitatively. It is also possible to incorporate addi-
tional explanatory (independent) variables such as ex-
posure duration (see, for example, Guth et ai., 1991).
Thus, potential exists for developing models to estimate
risk under a variety of different exposure scenarios.

The interpretation of the risk estimate is dependent
upon the unit of input to the categorical regression
model. For many compounds, the available toxicity
data provide information at the dose group level and
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not at the individual experimental animal or human
level. When the available data only contain dose group
information, then the effects for each dose group are
classified into one of the four severity categories. The
risk estimate, then, may be interpreted as the probabil-
ity that an experimental group exposed to a new dose
will exhibit a certain category of response. When indi-
vidual animal or human data are available regarding
the frequency of a particular response within a dose
group, then the risk estimate may be interpreted as
the probability that an individual animal or human
exposed to a new dose will exhibit a particular category
of response.

The purpose of this paper is to illustrate the applica-
tion of categorical regression to chemicals of concern to
the regulatory community (see for example Rao et ai.,
1993; or Farland and Dourson, 1992, for arsenic). Aldi-
carb has been selected here because it has been re-
viewed by the U.S. EPA (1991) and WHO (1991). The
RiD for this compound has undergone revision by the
U.S. EPA Rffi/RfC Work Group (U.S. EPA, 1993), and
interest is high in potential risks above the aldicarb
Rffi based on residues in food crops. This analysis is
not intended to serve as a reevaluation of the aldicarb
Rffi. Instead, taking the toxicologic evaluations and
judgements made in the derivation of the RfD, this
analysis shows one approach to estimating potential
risks at exposure levels above the RfD.

lJOwest observed adverse effect level (LOAEL)-The
lowest exposure level at which there are statistically
or biologically significant increases in frequency or se-
verity of adverse effects between the exposed popula-
tion and its appropriate control group.

No-observed-effect level (NOEL)-An exposure level
at which there are no statistically or biologically sig-
nificant increases in the frequency or severity of any
effect between the exposed population and its appro-
priate control group.

No-obserued-aduerse-effect leuel (NOAEL) - An expo-
sure level at which there are no statistically or biologi-
cally significant increases in the frequency or severity
of adverse effects between the exposed population and
its appropriate control; some effects may be produced
at this leveJ, but they are not considered adverse, nor
precursors to adverse effects.

Reference Dose (RfD)-An estimate (with uncer-
tainty spanning perhaps an order of magnitude) of a
daily exposure to the human population (including sen-
sitive subgroups) that is likely to be without apprecia-
ble risk of deleterious effects during a lifetime.

Uncertainty factor (UF)-One of several, generally
to-fold factors used in operationally deriving the refer-
ence dose (Rffi or RfC) from experimentaJ data. UFs
are intended to account for (i) the variation in sensitiv-
ity among the members of the human population, (ii)
the uncertainty in extrapolating animal data to the
case of humans, (iii) the uncertainty in extrapolating
from data obtained in a study that is of Jess-thall-life"'
time exposure, (iv) the uncertainty in using WAEL
data rather than NOAEL data, and (5) the inability
of any single study to adequately address all possible
adverse outcomes in man.

METHODS

The Categorical Regression Model

The ordered severity classification used in this analy-
sis is the four-component system used in many risk
assessments: no effects, nonadverse effects, adverse ef-
fects, frank effects. This four component system is use-
ful in categorizing a spectrum of toxicities, often contin-
uous measurements, into a framework for assessing
risk. However, categorical regression can be conducted
using more or fewer categories. For example, the
Agency for Toxic Substances and Disease Registry rou-
tinely uses five categories of severity in the develop-
ment of its hazard profiles. For each human dose group
exposed to aldicarb, the site and nature of the observed
effect(s) were classified as shown in Table 1 using a
scheme adapted from Goldman et al. (1990a).

In developing the categorical regression model, it is
useful to begin with the special case in which the re-
sponse falls into one of only two categories with or with-
out ordering assumed. For convenience, let S represent
the response, with the two possible outcomes of S de-

Definitions

Definitions used throughout this paper are consis-
tent with the parlance of the U.S. EPA (1996). These
definitions are meant for illustration only; other terms
are used in different organizations and countries.
These definitions include:

Adverse effects-Biochemical changes, functional
impairments, or pathological lesions that impair per-
formance and reduce the ability of the organism to re-
spond to additional challenge. An exposure level at
which there are statistically or biologically significant
increases in frequency or severity of adverse effects
between the exposed population and its appropriate
control group is often referred to as an adverse effect
level (AEL).

Critical effect-The first adverse effect, or its known
precursor, that occurs as the dose rate increases.

Frank effects-Unmistakable adverse effects, such
as irreversible functional impairment or mortality. An
exposure level that produces frank effects at a statisti-
cally or biologically significant increase in frequency or
severity between an exposed population and its appro-
priate control group is often referred to as a frank effect
level (FEL).
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Severity grade Site Effect

Frank effects

Adverse effects

Cholinergic effects: Severe (lA!vel 4f
Cholinergic effects: Severe (lA!vel af
Whole body
Brain, whole blood or RBC acetylcholinesterase
Cholinergic effects: Mild (lA!vel 2)"
Cholinergic effects: Mild (lA!vel 1)"

Abdominal pain, nausea and/or vomiting, diarrhea
Seizures, disorientation or confusion, excitation
Mortality
Inhibitionb
Muscular weakness or twitching
Blurred vision and/or watery eyes, pinpoint pupils,

excess salivation, sweating or clamminess
Hyperactivity or altered patterns of locomotion
Inhibitionb: Whole blood and ROC were classified as

NOAEL only for alternative analysis
NoelTect

Nonadverse effects
Nervous system
Plasma. whole blood or ROC acetylcholinesterase

No effects All

.. Classification of cholinergic effects adapted from Goldman et al. (1990a).
" Inhibition of 20% or greater.

P.(X), P,X). P3(x) and P 4(X), respectively. Then the logit
transfonnation described above can be generalized for
application to the cumulative probabilities associated
with the ordered severity classes. These cumulative
logits are defined as

noted by 1 (no effect) and 2 (effect). Then a model can
be formulated to express the probability that S = 1,
denoted as P = Pr[S = 1], and that S = 2 as Pr(S = 2]
= 1-P.

It is assumed that the response is related to one or
more explanatory variables according to some specified
functional relationship called a link function. Suppose
there are k ;;3: 1 explanatory variables represented by
the vector oX' = (Xl, X2, . . " X..). Because P is a probabil-
ity, a necessary constraint is that as oX varies, the values
generated for P must remain between 0 and 1. While
a number of different link functions satisfying the re-
quired constraint could be assumed, one which has
been widely applied and is used in this analysis is the
logistic function given by Eq. (1).

"(3)exp(a + .8's)
1 + exp(a + .8's) ,p;;J (1)

where a + {J'x = a + {JIXI + {J~2 + . . . +{JilX'.
One reason for the popularity of the logistic function
is that it is easily converted to a linear relationship by
the logit transformation:

The ith cumulative logit is the log of the odds associated
with S ~ i, i.e., associated with the severity being less
than or equal to category i.

Following the two-category example, assume a model
relating the cumulative logits to the explanatory vari-
able(s) x as

L = log(p/(l - P»= a + {3'x. (2)
Li(x) = lri + {3'X. (4)

This model specifies that the relationship between the
cumulative logits and the explanatory variable(s) is de-
termined by a series of parallel straight lines (or planes
when there is more than one x variable, i.e., when k >
1). The intercepts (ai's) are called cutpoint parameters.

An interesting result of assuming this particular
model is that the log odds ratio for two different values,
say x and x*, of the explanatory variable(s) is propor-
tional to the difference between x and x* with the same
proportionality constant for every category (severity

The logit in this case is the log of the odds associated
with S = 1.

When the response variable represents several or-
dered categories, the above model can be generalized.
Let the response S represent the four severity catego-
ries, no effects, nonadverse effects, adverse effects, and
frank effects with assigned values 1,2, 3, and 4, respec-
tively. Note that the severity categories are ordered
such that the increase in severity is represented as the
assigned value increases. Let the probabilities associ-
ated with the four severity outcomes be denoted by
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fall into three general classes: human experimental
studies, reports of human poisonings attributed to the
consumption of produce contaminated with aldicarb,
and studies of acetylcholinesterase inhibition in experi-
mental animals.

Human Experimental Studies

Key: PI{Y $ 1 I
PI{Y$2J--- PI{Y$3I

FIG. 1. Relationship of probabilities for various categories in the
hypothetical categorical regression model.

The two clinical studies available on aldicarb, Haines
(1971) and Wyld et al. (1992), are summarized in Table
2. These studies are cited as Union Carbide (1971) and
Rhone-Poulenc (1992) in U.S. EPA (1996). Both studies
had similar experimental designs.

In the study by Haines (1971), analytical grade aldi-
carb (99.2% pure) was consumed as a bolus in distilled
water by groups of four males at doses of 0.025, 0.05,
and 0.1 mg/kg between 9:00 AM and 9:15 AM. The indi-
viduals engaged in normal business activities during
the day except for postexposure hours 1, 2, 3, 4, and 6
when clinical observations and blood and urine collec-
tions were made. A substantial decrease in blood AChE
activity defined as >20% was noted in all groups and
in all individuals for at least one postexposure observa-
tion. In the high-dose group, all four individuals evi-
denced signs of cholinergic effects (see Table 1 for a
summary) that included weakness and sweating; two
individuals reported nausea. In the mid-dose group one
individual had a runny nose. In the low-dose group, one
individual reported apprehension. The duration and
time to onset of all these symptoms except the runny
nose are consistent with aldicarb toxicity and were at-
tributed to aldicarb by the U.S. EPA (Sette, 1992).

Information on the more recent study by Wyld et
al. (1992) is taken from Sette (1992) with additional
statistical analyses by Pettigrew (1992) and Kahn and
Jacobs (1992). Aldicarb (99.0% pure) was administered
to 36 subjects in 200 ml of orange juice during break-
fast. Unlike the Haines study, Wyld used control
groups of 16 males and 6 females. Not all exposures
were concurrent but rather occurred on 8 different
days. Four males served both in control groups on 1
day and in exposed groups on another day. Each subject
received orange juice, with or without aldicarb, during
breakfast at approximately 8:30 a.m. The subjects were
instructed to sip the orange juice throughout the break-
fast period. After breakfast, all subjects were kept re-
cumbent for 6 hr. Cholinesterase measurements were
taken at 1, 2, 4, 6, 8, and 21 hr postexposure. The
key clinical observations and number of persons with
plasma and/or red blood cell (RBC) cholinesterase inhi-
bition in excess of 20% of 1-hr pretest values which
were attributed to aldicarb exposure are also summa-
rized in Table 2. Note that headaches were reported in
the 0.01 mg/kg males but were not attributed to aldi-
carb exposure because the time of onset was not always
consistent with aldicarb administration and the effect

class). This proportionality can be tested for and must
be present for the modeling results to be valid.

Figure 1 shows a hypothetical proportional odds
model relating the severity classes to a single explana-
tory variable. Each curve represents P(S ~ i), the prob-
ability of observing effects of severity class i (for i = 1,
2, 3) or less as a function of dose (x). These curves
decrease with increases in dose. For example, the P(S
~ 2), or the probability that the observed severity is
less than or equal to a nonadverse or minor effect, will
decrease as the chemical insult increases. This curve
is generated using Equation [4] with i = 2. The proba-
bility of observing a particular severity class is then
calculated by subtraction, e.g., the probability of ob-
serving nonadverse effects is the difference between
two curves: Prlnonadverse effects] = Pr[nonadverse ef-
fects or less] - Pr[no effects].

Confidence limits are obtained for the probabilities
estimated from a categorical regression model by calcu-
lating the appropriate confidence limits for the linear
predictors Lj = ai + fJ' x and then back transforming
with the logistic function.

The Aldicarb RID
The current Rill for aldicarb is 0.001 mg/kgiday. This

value and supporting text are currently found in the
U.S. EPA's Integrated Risk Information System (U.S.
EPA. 1996). This Rill is based on a human NOEL for
cholinergic effects (e.g., sweating) of 0.01 mg/kg and an
uncertainty factor of 10 to account for sensitive hu-
mans.As detailed in U.S. EPA(1996) and other reviews
(U.S. EPA. 1991; WHO, 1991), aldicarb has been associ-
ated with a variety of adverse effects. Cholinergic ef-
fects, however, were selected by U.S. EP A as the critical
endpoint for derivation of an Rill. The available data
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TABLE 2
Frequency of ltesponders with Clinical Signs or Blood Cholinesterase Inhibition in Humans

from Clinical Studies on Alidcarb Ingestion

Responders with bll)(H)
cholinesterase inhibition"

4 W1wle blood
4 Whole blood
4 Whole blood

0.025
0.05
0.10

Haines (1971) 4
4
4

1 Apprehension
1 Runny nose"
4 Weakness and sweating,

nausea in 2 individuals
Wyld et al. (1992)' 0 22 0 0 Plasma and 0 ROC

0.010 8 2 Headaches" 0 Plasma and 0 ROC
0.025 12 1 Sweating 12 Plasma and 3 RBC
0.050 12 1 Sweating 12 Plasma and 11 RBC
0.06 1 1 Sweating 1 Plasma and 1 RBC
0.075 3 1 Lightheadedness 3 Plasma and 3 RBC

.

. Inhibition at or exceeding 20% at 1 hr postexposure when compared to individual pretest values. Haines (1971) measured inhibition in
whole blood and I-hr pretest values were used for comparison. Values for Wyld et al. (1992) are the maximum ofplaama and RBC inhibition.

" Male and female toxicity data are combined from the Wyld et al. (1972) study. Haines (1971) only used males.

"In determining the Rm, headaches and runny nose were discounted aa being related to aldicarb exposures (U.S. EPA, 1996).

did not occur at higher doses (Sette, 1992). Females
did not evidence any of the cholinergic effects seen in
the males. All groups of females did not evidence a drop
in blood pressure compared to baseline. In addition, the
0.025 mg/kg group of females evidenced a statistically
significant reduction in blood pressure compared to the
female control group.

Poisoning Incidents

Episodes of poisoning in human populations associ-
ated with the consumption of contaminated produce

. Legend

. Watermelons 1885

. Watermelons 1987

0 Cucumbers 1888

: Cucumbers 1978
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FIG. 2. Number of cases of human poisonings associated with
the consumption of contaminated watermelons or cucumbers. Data
from Goldman et aI. (l990b).

have been reported in the literature (Goldman et at.,
1990a; Hirsch et at., 1987). Goldman et at. (1990b) have
estimated doses associated with reported poisoning epi-
sodes based on age, sex, average body weights, self-
reported symptoms and consumption, and aldicarb
sulfoxide residues from watermelons and cucumbers.
As illustrated in Fig. 2, the doses estimated from these
poisoning incidents range between 0.002 and 0.1 mg/
kg. While recognizing the uncertainties associated with
the dose estimation methods and self-reporting, the
u.s. EPA (1996) concluded that these dosage estimates
are regarded as valid and reasonable estimates of the
potency of aldicarb. The evidence presented suggests
that clinical manifestations of cholinesterase poisoning
occurred at doses between 0.002 and 0.1 mg/kg.

In evaluating the significance of poisoning incidents
in deriving the Rffi, conflicting evaluations of the Gold-
man et at. (1990b) study had to be resolved. Rothman
et at. (1991) and Peterson et at. (1991) both reviewed
the Goldman et at. (1990b) study. These reviewers con-
cluded that the Goldman study is not appropriate for
deriving an Rffi because of uncertainties in the expo-
sure assessment and in the ability to clearly demon-
strate that each case of poisoning was caused by aldi-
carbo Rothman et at. (1991) took particular note of the
"bimodal" distribution of cases (see Fig. 2) and sug-
gested that cases in the low-dose region may have been
reported as a consequence of the publicity surrounding
the poisoning episodes and the reported effects may
not have been caused by aldicarb. Milbey (1992), in
reviewing these criticisms, concluded that while the
studies are limited, they do provide an indication that
adverse effects can occur at doses as low as 0.002 mg/
kg/day, a factor of two above the RiD.

In developing the Rffi of 0.001 mg/kg/day, the U.S.
EPA has considered both positions. On the one hand,



126 DOURSON ET AL.

TABLE 3
Frequency of Categories of Effect Associated with Aldicarb Exposure in Humans

Dose
(mg/kg/day)

Group
size

Frank
effectsStudy

Wyld
Wyld
Wyld
Haines

Wyld
Haines

Wyld
Haines

0.0
0.010
0.025
0.025
0.050
0.050
0.0756
0.10

22
8

12
4,

12
4
4
4,

22 (22)
8 (8)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)

0 (0)

0 (0)

8(11)

0 (3)

1 (11)

0 (4)

0 (2)

0 (0)

0 (0)
0 (0)
0 (0)
0(0)
0 (0)
0 (0)
0 (0)
2 (2)

0(0)
0 (0)
4 (1)
4 (1)

11 (1)
4 (0)
4 (2)
2 (2)

G Data are summarized from Table 2. Numbers in parentheses are frequencies when whole blood (Haines, 1971) or RBC (Wyld et al.,

1992) cholinesterase inhibition of 20% or greater are not considered as adverse effects and are thus categorized as NOAELs. Numbers
without parentheses are frequencies when whole blood (Haines, 1971) or RBC (Wyld et al., 1992) cholinesterase inhibition of 20% or greater
are considered as adverse effects and are thus categorized as AELs.

b The data of the 0.060 mg/kg/day dose group were combined with those of the 0.075 mg/kg/day dose group.

to cholinesterase inhibition and decreased body
weights at 0.7 mg/kg/day (U.S. EPA, 1996).

Other species or bioassays show effects in a similar
range of dose rate. For example, chronic studies in dogs
demonstrate LOAELs for plasma cholinesterase inhibi-
tion as low as 0.028 mg/kg/day (U.S. EPA, 1996) in the
absence of clinical signs; other effects were not seen,
however, at doses as high as 0.25 mg/kg/day. Develop-
mental toxicity bioassays in rats show conflicting
NOAELs and LOAELs for developmental effects in the
range of 0.125 to 1.0 mg/kg/day. Developmental toxicity
studies in rabbits illustrate a NOAEL of 0.25 mg/kg/
day and a LOAEL of 0.5 mg/kg/day for these endpoints
(U.S. EPA, 1996).

u.s. EPA (1996) found that exposures as low as 0.002
mg/kg/day may be associated with adverse effects, pre-
sumably in sensitive individuals. On the other hand,
as described above, the RfD of 0.001 mg/kg/day is based
on the clinical data. This is not necessarily contradic-
tory; if the dose of 0.002 mg/kg/day is seriously re-
garded as the LOAEL for sensitive individuals, the RfD
could well be its NOAEL. One common interpretation
of the Rffi is that it represents the NOAEL of the sensi-
tive human population.

Categorical regression can be used to model these
data. However, since incidence data are not available,
the results are not directly comparable to those of the
clinical studies and were, therefore, not included in the
regression analysis given in this paper.

~ULTSAnimal Studies

As described in U.S. EPA (1996) a medium confi-
dence data base exists on the toxicity of aldicarb in
experimental animals and humans. Chronic toxicity in
animals is manifested at doses roughly comparable to
those that produce acute toxicity, and these doses are
somewhat higher when compared to the information
described for humans in this paper. Nearly all hazards
from aldicarb exposure are associated with cholinester-
ase inhibition, even though other effects have been
monitored.

For example, an LD50 value in rats is given as 0.8
mg/kg/day (Klaassen et al., 1986), whereas chronic
studies in rats show NOAELS for cholinesterase inhibi-
tion, as well as a host of other effects, of 0.3 mg/kg/
day (U.S. EPA, 1996). Reproductive studies over two
generations in rats demonstrate only decreased pup
body weight at 0.7 mg/kg/day and a NOAEL for this
effect at 0.3 mg/kg/day. Parental toxicity was limited

Regression Results

Incidence data are available on both blood cholines-
terase inhibition and clinical cholinergic effects of aldi-
carb from two studies (summarized in Table 2). The
reported laboratory and clinical signs of cholinergic in-
hibition are readily categorized using the classification
scheme given in Table 1. RBC and whole blood inhibi-
tion >20% were categorized as either adverse effects
or, for the alternative analysis, as non adverse effects
(see Table 3), resulting in two regressions.

Categorical regression was performed on the com-
bined Haines (1971) and Wyld (1992) data sets for the
two different classifications of cholinesterase inhibi-
tion. The final model used the log of the dose as the
explanatory variable, rather than dose, as the propor-
tional odds assumption was not met under the latter
treatment. The control group data was excluded from



:~ATEGORICAL REGRE.'3.'3ION FOR ALm(~ARB TOXICITY 127

TABI.E 4
Probability of a Category of Effect Input to Model:

Inhibition ::>200/0 = AEL

Probabilily

No
effects

No adverse
effects

Adverse
effects

Frank
effects

Dose
(mg/kg/day)

0.94
0.13
0.001
5E-5
lE-5
0.0

0.05
0.73
0.05
0.002
4E-4
9E-5

0.001
0.14
0.95
0.97
0.88
0.6

0.0
lE-5
0.001
0.03
0.12
OA

0.01
0.02
0.04
0.06
0.08
0.10

0.8

0.4.

Q.2

0-
0.0001 0.001 0.01 0.1 1

ExpoaJr8 (mg/kg-d)

FIG. 3. Probability of either an adverse effect (AEL) or frank
effect (FEL) with aldicarb exposure, where whole blood or RBC cho-
linesterase inhibition of 20% or greater is considered to be an AEL
(top) or a NOAEL (bottom). See Table 1 for categories of effect and
text for discussion.

the analysis for this reason, but also because four of
the controls in the Wyld (1992) study served as control
and treatment subjects on different days of the study.
For both regressions, all parameter estimates were sig-
nificantly different from zero (P < 0.001) and the X2
tests for the contribution of dose to the model were
significant (P = 0.0001). At the P = 0.05 level of signifi-
cance, the X2 test for testing the proportional odds as-
sumption was acceptable (P = 0.09) for the regression
where cholinesterase inhibition >20% was classified as
an adverse effect, but was not significant (P = 0.04) for
the other model. Although the goodness-of-fit for this
regression is marginal, but not significant, the P values
for the two models are comparable. We chose to show
the results of both regressions because of existing de-
bate within the scientific community on whether in-
creases in RBC and whole blood cholinesterase inhibi-
tion are adverse effects or not.

The results of these two regressions are shown in
Tables 4 and 5 and in Fig. 3. "Risk," as it is shown in Table 4 and in Fig. 3, is the probability that a person

would exhibit a certain category of effect given expo-
sure to a specific dose of aldicarb. In Table 5, the risk
is the combined probability of an adverse or a frank
effect, P(AE or FE), for each analysis, along with the
95% upper confidence limit for that risk, given expo-
sure to a specific dose of aldicarb. For both analyses, the
separate and combined probabilities associated with
adverse or frank effects at the Rffi (0.001 mg/kg/day)
are estimated to be nil. As shown by a comparison of
the curves in Fig. 3, the differences in the results of
these two analyses lie in the point of marked ascent
and maximum height of the dose-response curves.

TABLE 5
Probability of an Adverse or Frank Effect

Inhibition> 20% =
nonadverse etTectO

Inhibition> 20% =
adverse effect

Dose
(mg/kg)

Upper
95WL

Upper
95%CLP(AE or FE) P(AE or FE)

0.001
0.003
0.01
0.015
0.02
0.025
0.03
0.035
0.04
0.10

0.00001
0.00015
0.004
0.015
0.03
0.06
0.11
0.15
0.21
0.97

0.00001
0.0007
0.04
0.17
0.36
0.67
0.93
0.97
0.99
1.00

-

0.00008
0.0008
0.002
0.008
0.02
0.04
0.07
0.88

-

0.0014
0.03
0.14
0.«
0.79
0.89
0.95
0.99

Estimated Risks

The two curves in the top of Fig. 3 illustrate the
P(AE) and the P(FE), given dose, when whole blood
and RBC cholinesterase inhibitions of 20% or greater
are considered as adverse effects. For example, the
probability of effect levels at 10-fold of the RiD (0.01
mg/kg/day) are estimated as P(AE) = 0.1% and P(FE)

G Model failed to meet proportional odds assumption. Probabilities

are shown only to allow for a comparison of the two approaches to
data categorization.
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= 0.0% and at l00-fold of the Rill (0.1 mg/kg/day) are
estimated at P(AE) = 60% and P(FE) = 40%. These
probabilities are also given in Table 4, which shows the
probability of observing any of the four categories given
dose. The combination of small numbers of study sub-
jects and the scatter observed in the dose-response
patterns suggest that the error associated with these
estimates may be large. Table 5 shows the combined
P(AE or FE) and the corresponding 95% upper confi-
dence limits. For the RiD and for 10-fold and 15-fold
above the Rill, the P(AE or FE) values are 0.0, 0.1, and
3.0%, respectively. For these same doses, the upper
95% confidence limits on the P(AE or FE) are 0.001, 4,
and 17%, respectively.

The bottom of Fig. 3 and Table 4 show the regression
results when whole blood and RBC cholinesterase inhi-
bitions are not considered as adverse effects. As ex-
pected, the risks are lower than those of the other re-
gression, since one group of adverse effect (i.e., whole
blood or RBC inhibition) has been reclassified as non-
adverse.

DISCUSSION AND CONCLUSIONS

This paper illustrates how categorical regression,
which incorporates toxicological judgment and statisti-
cal analyses, can be used to assess risks above the RiD.
In so doing, the "quality" of the Rffi is, at least indi-
rectly, evaluated. Similar evaluations using categorical
regression have been conducted with different chemi-
cals (Guth et ai., 1991; Rao et ai., 1993). A related
method has also been published by Renwick and
Walker (1993). A feature related to both of these meth-
ods is that the magnitude and severity of the effects
used to determine the RiD are related to estimations
of risk above it.

As illustrated in this analysis, sufficient data are
available in human clinical studies to assess the risk
above the Rffi on aldicarb. Judgments differ concerning
the proper classification of the observed responses in
the clinical studies. The analysis presented in this pa-
per suggests that these make a difference in the assess-
ment of risk above the RiD. For example, the combined
risks of adverse effects or frank effects at 10-fold of the
RiD are either 0.1 or 0.008% when whole blood and
RBC cholinesterase inhibition are considered to be ad-
verse effects, or they are not, respectively (see Table
5). This is a 12-fold difference in the risk estimate.

The dose-response relationship for aldicarb is ex-
tremely steep, and the logistic model indicates a very
low level of risk near the Rffi. Based on maximum
likelihood estimates, substantial levels of risk (e.g.,
0.1 %) are not encountered until the RiD is exceeded by
a factor of 10 or more (see Fig. 3). Because of the small
number of subjects in these experiments, 95% upper
confidence limit estimates of risk might be more appro-

priate. These upper limit estimates of risks of either
an AEL or an FEL at three-fold the RiD are 0.07%
when whole blood and RBC inhibition are considered
as adverse and are 0.01% when these effects are not
considered adverse.

A second issue to be considered in interpreting this
analysis for aldicarb is the effect of toxicological judg-
ment on the model results. For example, consider the
judgment that headaches reported at the 0.010 mg/kg
dose group of the Wyld et at. (1992) study were not
attributed to aldicarb exposure (Sette, 1992). If head-
aches were judged as related to aldicarb exposure, the
risks above the RiD would increase. On the other hand,
another possible reclassification would be to judge the
"apprehension" reported at the 0.025 mg/kg dose level
in the Haines study as not related to aldicarb exposure.
This individual became nervous when he overheard re-
ports of adverse effects in the high-dose group. The
apprehension reported was transitory and may have
been unrelated to aldicarb exposure. This latter classi-
fication would serve to decrease the estimation of risk
above the RiD in Fig. 3.

The third, and perhaps the largest, issue is the inter-
pretation and use of the human poisoning incidents.
The results from the human poisoning incidents are
not inconsistent with the Rffi and can be used to corrob-
orate the results of the categorical regressions shown
in Fig. 3. However, it is difficult to quantitatively com-
pare the results of Figs. 2 and 3, and categorical regres-
sion cannot be used directly to resolve this lack of com-
parability. The type of data represented by the reports
of poisoning cannot be directly incorporated into the
categorical regression procedure shown here because
information on the entire population at risk is not
available. That is, data on the exposed humans show-
ing no effects or failing to report effects are missing.
Alternatively, not using the incidence data in the clini-
cal studies allows a comparison with the poisoning inci-
dents, but the resulting confidence in the assessment
is not as great as with the incidence data of the clinical
studies alone.

The experimental animal data support the observa-
tions seen in the human studies. Moreover, categorical
regression of these animal data was also done (results
not shown), and is generally consistent with the results
of clinical human data. A more definitive comparison
between humans and experimental animals was not
attempted because not all animal studies yielded inci-
dence data, and the human clinical studies were consid-
ered sufficient to draw some conclusions. Such compar-
ative analysis may be an area for future research as
more chemicals are analyzed using a categorical regres-
sion approach.

As with any empirical modeling effort, this applica-
tion of categorical regression is somewhat model depen-
dent and does not fully express all of the uncertainties
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Wyld, P. J., Watson, C. E., Nimmo, W. S., and Watson, N. (1992). A
Safety and Tolerability Study of Aldicarb at Various Dose Levels
in Healthy Male and Female Volunteers. Study submitted to EPA
by Rhone-Poulenc Company. As summarized by Sette (1992).

or resolve all of the judgmental issues. In addition, the
estimations of risk above the Rffi are model dependent
especially as estimations are made in the Jower dose
ranges away from the actuaJ data. Because of short-
comings in the reported data, this method cannot be
used to directly interpret and use the reports of human
poisoning. NonetheJess, the technique is a promising
additionaJ tooJ that appears compJementary to the Rffi
methodoJogy. AJthough it gives different information
than the RiD and does not necessariJy address or evalu-
ate uncertainties associated with the Rffi method, it
offers a way to use more of the available toxicity data
when making: risk management decisions.
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