
New Approaches in the Derivation of Acceptable
Daily Intake (ADI)

INTRODUCTION

Current methods for estimating human health risks from exposure
to threshold-acting toxicants in water or food. such as those estab-
lished by the U.S. Environmental Protection Agency (U.S. EPA.
1~1; Stara tt ai., 19812, the Food and Drug Administration (FDA)
(Kokoski. 1976),3 the National Academy of Sciences (NAS. 1977).4
the World Health Organization (WHO. 1972)' and the Food and
Agricultural Organization (FAO) (Bigwood. 19736; Venorazzi.
1976.'1980'; Lu. 19839). consider only chronic or lifetime exposure
to individual chemicals. These methods generally estimate a single.
constant daily intake rate which is low enough to be considered
safe or acxeptable. This intake rate is termed the acceptable daily
intake (ADI).

Two problems with this approach have been recognized (Krewski
~tal., 1984). 1° The first problem is that this method does not readily

account for the number of animals used to detennine the appro-
priate "no-observed-effect level." (NOEL). For example. if a
chemical has a NOEL based on 10 animals and a similar NOEL
based on 100 animals. the risk assessor will often choose the NOEL
based on the larger study because it may appear to yield greater
confidence in the resulting AD I. However. if these NOELs were
for different chemicals. similar ADls might be derived even though
one would be associated with less confidence. It would be useful
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if the number of animals used to.detennine the appropriate NOEL
could in some way affect the value of the resulting ADI, in addition
to the level of confidence. THe second problem with the current
approach is that the slope of the dose-response curve of the critical
toxic effect is generally ignored in estimating the ADI. Many sci-
entists have argued that the slope should directly affect the re-
sulting ADI (with steep curves presumably yielding higher values)
because the threshold is more quickly obtained.

The purpose of this text is to illustrate both a revised approach
to estimate ADIs with all toxicity data which includes methods for
partial lifetime assessment. and novel methods for ADI estimation
with quantal or continuous toxicity data. The latter method ad-
dresses to a degree the common problems with the current ap-
proach. The development of these methods can be found in U.S.
EPA documents 600/9-84-008 and 6OO/9-84-O14a U.S. EPA
(1984a,b)11.12; these methods are also described by Stara ~ ai.
(198Sa,b),13.1. Crump (1984),1' and Dourson et Ill. (1985).16

GRAPHIC APPROACH

Health risk assessments require evaluation of toxicity data derived
from different species, different doses. different exposure dura-
tions, varied endpointS, and varied quality. This variety makes the
health risk assessment eXtremely difficult. Therefore. it is valuable
to have :ill toxicity data displayed simultaneously, if possible.

Toxicological data are defined in this discussion as quantal. con-
tinuous, or graded. Quantal data specify the number of animals
affected as a function of dose rate (e.g., mgikg bw/day) for a single
type of effect. The numbers of animals with tumors or that die
from a chemical exposure are examples. Quantal data are often
reported as an incidence (percent response) and, thus. can be used
to construct a dose-response curve. Continuous data represent the
change in some measured value of a biological indicator (e.g.,
organ weightS, triglyceride levels in the liver, and serum enzyme
measurementS) as a function of dose rate. Continuous data can be
used to construct a dose-effect curve. Graded data specify the fonn
or severity of adverse effects as a function of dose rate without
reference to the number of animals affected or to a continuous
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measure of one parameter. Graded data often are presented as
categories (liver necrosis, lung lesion.s) or as judgments of severity.
Fatty infiltration of the liver, 'singJe-ce1l liver necrosis, and liver
necrosis are examples of sequence of severity judgments.

A graphic method is presented for this purpose. After thorough
evaluation of the literature, toxicity data on a particular chemical
might be summarized by five variables: 1) human equivalent dose
rate (mg/day), 2) human equivalent exposure duration (years), 3)
ranking of effects, 4) study quality and usefulness, and 5) target
organs. In this discussion, human equivalent doses are calculated
from animal doses by dividing the animal dose in mg/kg/day by
the cube root of the ratio of human weight (70 kg) to animal weight
in kg (w):

fr
and multiplying the resulting dose by the assumed human body
weight of 70 kg. All data on duration of exposure are expressed
as years of equivalent human exposure. This value is detennined
by dividing the experimental exposure duration by the assumed
species lifespan. and then multiplying this' fraction by the com-
monly assumed average human lifespan of 70 years. These simple
conversions allow construction of a dose-duration graph in which
all observed effects from all available studies can be compared on
a roughly equal basis (see Figs. 1 and 2). 'these conversions are
presented for illustrative purposes; other approaches which allow
for comparison of parameters among studies could also be applied.

The toxicity data from all studies (including.human) are assigned
to categories based on the severity of the observed effects in the
case of graded data. or on the statistical or biological significance
in the case of quantal or continuous data. In the latter case, the
classification of quantal or continuous toxicity data into severity
categories represents a loss of information. This could be prevented
by adding a third dimension of percent response or change in effect
onto Figs. 1 and 2. Each of the effect severity levels described
above is represented by a unique symbol (see Table I). The size
of the symbol represents a judgment of the quality of the study
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and its usefulness for risk assessment (with larger size denoting
better quality or usefulness). .

After graphic representation. of all available toxicity data. a smooth
boundary line is estimated (in Figs. 1 and 2 the line has been fitted
by eye) which represents for any given time the highest no-ob-
served-advene-effect level (NOAEL) for which no lower adverse-
effect level (AEL) is observed. Interpolation along this NOAEL
curve can be performed to estimate the NOAEL for any desired
partial-lifetime exposure. To obtain a corresponding acceptable
intake, the estimated NOAEL is divided by an uncenainty factor.
In Figs. 1 and 2 an uncenainty factor of 10 is used and accounts
for the expected interhuman variability \0 the toxicity of a chemical
(in lieu of chemicai.specific data). Both the choice of the highest

TABLE I

Various effect levels aDd tbeir definiciOllS used in filS. 1 and 2

AEL .

NOAEL 0

Frank-Effea Level. ThaI exposure level which pro-
duces unmistakable advenc effects, such as ine-
veniblc f\IDctjonaJ impairmeol or monalilY. al a sta-
listlcally or biololically siloificaol increase in
frequency or severity betWeen an exposed popula.
tion and its appropriale control.
Advenc-EffeCl Level. ThaI exposure level al wbjch
theR are stalisticaUy or biologically ~caal In.
creases in frequency or severilY of adverse effects
betWeen the exposed populatioo and its appropriate
conlrol.
No-Obsc1'Ved-Advene-Effea level. ThaI exposure
level al which theR are no statislically or biologically
silJliflCanl increases io frequency or severilY of ad.
verse effeCtS betWeen the exposed population and
its appropNle conlrol. Effeas ~ produced at this
level. bul they arc not considered to be adverse.
No-Observed-Effea Level. That exposure level at
w~ there ~ DO staustically or biologically SII-
m~nt increases in frequency or seventy of effects
betWeen the exposed populauon and its appropriate
control.

0NOEL

.Listed in order of decreasing severity.
b Adverv effects are considered as functional impainnent or pathological lesIOns
wbich may affect the performance of the whole organism, or which reducc an
organisms ability to resfM)nd to aD additioaal challenge (U.S. EPA. 1~).
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NOAEL line (without lower AEu).and the suggested uncenainty
factor of 10 are consistent with (and a logicaJ extension of) pre-
viously established principles of the U.S. EPA (1980), the FDA
(Kokoski, 1976), and the NAS (1977, 19801') in the use of effect
levels and uncenainty factors to estimate ADIs.

The basis of this method is empirical observations. As examples,
data in Figs. 1 and 2 summarize the estimated human equivalent
dose rates, exposure durations, effect levels, study suitability, and
target organs from the toxicity data for methoxychlor and mirex,
respectively. In these examples, the human equivalent dose rate
(mgiday) is plotted versus the equivalent exposure duration (years)
on a log-log scale using dose per body surface area and fraction
of lifespan.

Upon close inspection of Figs. 1 and 2, cenain general patterns
are evident. The most prominent is that frank-effect levels (FELs)
(indicated by solid triangles, see also Table I) decline in dose rate
as exposure duration (i.e., fractions of life span) increases. This
pattern is expected. A dose which is an LD!O in rats (and therefore
a FEL) over a shon duration should lead to at least 50% monality
after longer durations since the longer period includes the former.
Note also the pattern of the solid circles (AEu) for a given du-
ration. Solid circles tend to lie between FEL and NOEL or NOAEL
values (indicated by diamonds or open circles, respectively). This
pattern should also be expected since by definition AELs involve
doses associated with adverse effects that are not as severe as those
represented by FELs; whereas NOEls or NOAELs involve doses
not associated with adverse effects. 111is pattern confinns the typ-
ical dose response, dose-effect, or dose-severity relationship ex-
pected at any given duration. The pattern of NOAEL or NOEL
values versus fraction of lifespan is rather well defined with meth-
oxychlor and somewhat less defined for mirex.

Another pattern that can be noted is that the maximum dose
differences from study to study for any panicular effect level (i.e.,
all of the NOEls) at a given general duration are often an order
of 10 or less. This small difference appears remarkable considering
that these data, although adjusted to represent humans, are from
several different studies and include a variety of experimental an-
imals as well as humans.
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The slope for a toxicant is influenced by its mechanism of toxicity
or its pharmacokinetics and. thus, the specific trends indicated by
the methoxychlor or mirex data may not be representative of other
chemicals. Zero or very SItIalJ slopes suggest that the NOAEL line
depends only on the dose rate, not the duration. Negative slopes
may indicate a complex mechanism of toxicity. Some of the pos-
sible reasons for negative slopes are:

1) bioaccumulation of the chemical or itS toxic metabolites;
2) accumulation of damage;
3) decrease in resistance to the toxic effects of the chemical as

eXJX>SUfe continues (and the observed individuals grow older);
or

4) multistage phenomena (whereby several organs or tiss'~es
must be compromised before overt toxicity ensues).

MA THEMA nCAL MODEL APPROACH

Traditionally, NOAELs have been defined for quantal endpoints
which have non-zero background incidences by choosing an ex-
perimental dose level which does. not contribute to a statistically
significant increase in incidence of adverse effects when compared
to a control group. In parallel, NOAELs have been defined for
continuous data by choosing an experimental dose level which does
not constitute a significantly different mean value for a parameter
indicating an adverse effect when compared to a mean value for
a control group.

There are tWo limitations inherent in this approach. The first
problem relates to the insensitivity of the current method for de-
tennining NOELs that use different numbers of animals. 0110 vs.
0/100. For example. a dose-related trend in a parameter may sug-
gest a deviation from the control incidence or mean value at an
intermediate dose level(s) which is not statistically significant. This
dose would be treated as a NOAEL. A statistically nonsignificant
response could have biological significance especially when ex-
perimental groups are limited to small sample sizes and conclusions
are extrapolated to larger populations.

The second limitation is related to the general lack of use of the
slope of the dose-response curve. For example. the response in-
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cidence or mean parameter measurement is expressed as the pres-
ence or absence of a statistically significant effect at discrete in-
tervals (i.e., the experimental doses). The probability of response
at a dose level betWeen a lowest-observed-adverse-effect level
(LOAEL) and a NOAEL is not addressed. Especially if doses are
widely spaced. this could lead to considerable underestimation of
the threshold dose.

The approach suggested here is not as subject to these limitations
because it uses more of the dose-response or dose-effect curve.
For example. an AD I might be calculated from a dose-response
curve by defining an adverse effect as a risk level of more than a
certain percentage above background. such as 10%. In this pres-
entation 10% is chosen because many of the mathematical models
in current use agree well at estimated risks in this range and because
the better studies have sufficient numbers of doses and animals
per dose to measure this level directly. The lower 95% confidence
limit (CL) on the dose associated with this risk is then calculated.
To obtain an ADI. the dose associated with this lower 95% CL
might be reduced by a chemical-specific. species adjustment factor.
or as in the case of Fig. 3 the cube root of the animal to human
body weight ratio. Uncertainty factors might then be used to divide
this adjusted value to yield the ADI.

In this review. uncenainty factors range betWeen 10 and 100.
The first uncert!inty factor of 10 is interpreted as accounting for
the expected variability in the general human population to the
toxicity of the chemical. This uncertaintY factor is consistent with
previous U.S. EPA guidelines (U.S. EPA. 1980) as well as other
guidelines [e.g.. FDA (Kokoski. 1976); WHO (Vettorazzi. 1980);
NAS, 1977. 1980]. The second uncertainty factor betWeen 1 and
10 is thought to be necessary because the adjusted 95% CL cor-
responding to 10% response represents a LOAEL rather than a
NOAEL. The use of this variable uncertainty factor is also con-
sistent with previous guidelines (U .5. EPA. 1980). In this example.
the choice for the value of this variable factor should depend on
both the severity of the adverse effect (i.e.. more severe effects
yield a larger factor; U.S. EPA. 1980) and the slope of the dose-
response. or dose-effect curve (i.e.. shallower slopes also yield a
larger factor). For example. a choice for this variable uncertainty
factor of 1.0 should be associated with both a minimal adverse
effect and a steep dose-response or dose-effect curve.
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An example of this procedure is given in Fig. 3 which is a hy-
pothetical plot of the percentage of fats responding with a slight
body weight decrease of 5% versus dose rate or the percentage of
dogs with liver necrosis venus dose rate. Hypothetical responses
are indicated by solid lines; lower 95% Confidence Limits (Cls)
on the dose rate are shown as dashed lines. The lower 95% Cls
of the dose rates at a 10% response are adjusted by division by
th: cube root of the ratio of body weight between humans and
rats or dogs. For rats of 400 g weight, this value is 5.6; for dogs
of 10 kg weight, it is 1.9; both calculations assume a 70 kg body
weight. To estimate an ADI from the rat data (shown in Fig. 3 as
ADIR). the adjusted lower 95% CL is divided by a 10-fold un-
certainty factor to account for the expected variability in the gen-
eral human population to the toxicity of a chemical in lieu of
specific data. and an additional 1.O-fold faCtor because the effect
is both minimally severe and has a steep dose-response slope. Thus,
the total uncertainty factor is 10. To estimate an ADI from the
dog data (shown in Fig. 3 as ADIo), the adjusted lower 95% CL
is divided by a 10-fold uncertainty factor to account for the ex-
pected human variability, as before, and an additional10-foid un-
certainty factor~cause the effeCt is both more severe than a slight
body weight decrease and the slope of the dose-response is shal-
lower. Thus, the total uncertainty factor is 100.

DISCUSSION

The primary advantage of the graphic method is that it provides
a mechanism for viewing all of the data simultaneously resulting
in an integrated profile of the toxicity of a compound. In addition.
exposure duration-response trends, if present, are clearly deline-
ated providing a possible strategy for estimating acceptable intakes
for partial lifetime exposures.

The graphical method relies on a simpl~ severity ranking system
for data presentation (i.e.. NOEL, NOAEL, AEL, and FEL).
Obviously with such a simple system, effects within a given cate-
gory (e.g., all AELs) may not be identical nor is it assumed that
they are. Indeed, the critical toxic effect is often a function of
exposure duration. In these cases the effects within a given category
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with this" approach, have been discussed (Dourson eot aI., 198618;
Crump, 198619). For example, with this new approach both the
slope of the dose-response curve and the number of animals used
in an experiment can affect the estimation of the ADI when quantal
or continuous toxicity d3ta are available. Another advantage of
this method is that it can also estimate the health risk for supra-
threshold exposure levels which might be useful for cost-benefit
analysis. Several difficulties include finding appropriate data setS
to model, choosing among equally good data setS that may yield
different ADIs and, for cost-benefit analysis, assuming that a cer-
tain percentage reSy'QDse in an animal stUdy is equivalent to a
similar percentage response in humans.

In summary, the methods described for estimating ADls utilize
more of the available toxicity data than the current methodologies,
and offer a consistent approach for possibly estimating health risks
for less than lifetime toxicant exposure and perhaps health risks
above the ADIs. They also address several of the criticisms of the
current approach such as use of dose-response slopes and the num-
ber of animals tested in defining NOELs. More work is needed,
however, before either or both of these methods are accepted as
the StQlus quo.
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