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BASIC PRINCIPLES AND CONSIDERATIONS

To aid in determining a proper regulatory ac-
tion regarding a carcinogen that is present in
man’s environment, whether it be a feed additive,
industrial pollutant, or otherwise, it is helpful to
have some knowledge about the number of extra
cancers that are likely to be caused by the pres-
ence of the carcinogen in the environment. It is
also helpful to have some knowledge of the likely
change in number of extra cancers that would ac-
company some projected increase or decrease in
the level of human exposure occurring either as a
result of regulatory action or inaction. This kind
of information is usually impossible to obtain di-
rectly from human data. For this reason it is often
necessary to use data from animal feeding experi-
ments to estimate human risk. This procedure in-
volves two difficult steps: 1) relating the animal
risk at high doses to doses very near to zero and 2)
relating the animal risk to risk in humans.

Typically, animal experiments use on the order
of 100 animals at each experimental dose. If a
particular experimental dose causes a lifetime in-
crease in cancer risk of 1/10, this increase can be
measured with a small degree of accuracy using
100 animals. But if the increased cancer risk is
less than 1/100 this increase will often not even be
detectable by an animal feeding experiment. For
example, if the true risk is 1/100 it would require
that over 400 animals be tested at that dose in

order to be 99-percent sure of detecting any car-
cinogenic response at all (i. e., for there to be a
probability of 0.99 that at least one animal gets
cancer). If background or spontaneous carcino-
genesis is present even larger numbers of animals
will be required, On the other hand, the extra hu-
man risk that we may want to estimate resulting
from environmental exposure is usually (and
hopefully) smaller than 1/100 for any given chem-
ical, perhaps on the order of 1/1,000,000. It is
clear that it would not be practical to conduct an
experiment with enough animals to measure di-
rectly an increase in risk this small.

For these reasons the procedure has been de-
veloped of conducting lifetime animal feeding ex-
periments using, in addition to a control dose of
zero, several doses at which the projected extra
cancer risk may be 1/10 or larger, These high-
dose data are then used to estimate the extra risk
at a dose where the extra risk may be no larger
than, say, 1/1,000,000. An equally important vari-
ant to this problem is the calculation of the so-
called “safe” dose, that is, a dose for which there
is some measure of statistical assurance that
the extra risk at that dose is no more than, say,
1/1,000,000 These problems are often referred to
collectively in the literature as the ‘‘low-dose ex-
trapolation problem. ”

Performing a low-dose extrapolation involves the choice of statistical procedures to apply to the
the choice of a mathematical function to model mathematical function. The choice for this mathe-
the dose-carcinogenic response relationship and matical function turns out to be extremely crucial

to the outcome of low-dose risk estimation. If the
*Excerpt from OTA Working Paper entitled “Assessment of

Carcinogenic Risks From PCBS in Food.”’ A complete copy of
assumed relationship between tumor occurrence

the paper can be obtained from the National Technical Infor- and dose does not apply in the regions to which
mation  Service. (See app. J.) the extrapolation is being made, a serious over-
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estimate of the “safe” dose may result (Mantel
and Bryan, 1961, p. 458). Chand and Heel (1974)
compared five standard dose-response models
and observed that they could differ by many
orders of magnitude at low dose levels for which
extra risks are on the order of 1/100,000,000.

It might be supposed that it should be possible
to discriminate among the various potential dose-
response functions on the basis of experimental
data but, unfortunately, two different dose-re-
sponse functions can often fit experimental data
equally well but still differ by several orders of
magnitude at very low doses. Moreover, even if a
particular dose-response function were to give a

significantly better fit to data than several others
this would still not furnish assurance that this
function would necessarily correlate in any way
with the true dose response at very low doses
where it is not feasible to measure the true extra
risk directly. As a consequence of the great dis-
parity of dose-response functions at low doses it is
imperative that the dose-response function be se-
lected, neither arbitrarily nor solely on the basis
of how well it can be made to fit experimental
data, but, insofar as is possible, it should reflect
known or at least plausible information regarding
the biological mechanisms through which a chem-
ical induces or promotes cancer.

WHAT SHAPE SHOULD BE EXPECTED FOR THE DOSE-RESPONSE
CURVE AT LOW DOSES?

Tumors of so many different types arise in such
a diversity of different tissues, their etiology is so
l i t t le  understood,  and the agents  that  cause
tumors affect a subject in such diverse ways, that
it might seem that no general conclusions can be
drawn. However, for a certain broad class of “di-
rectly acting” chemical carcinogens the range of
uncertainty associated with the shape of the dose-
response curve at low doses can be greatly nar-
rowed. As used in this paper, the term “directly
acting carcinogen” encompasses (Guess, Crump,
and Pete, 1977) carcinogenic agents for which
either the agent itself or a metabolize acts directly
at the cellular level and produces a heritable
change that eventually leads to the formation of a
tumor. Carcinogens that are carcinogenic by rea-
son of their mutagenicity should fall into the cate-
gory of “directly acting carcinogens. ” According-
ly, carcinogens that test positively using the Ames
mutagenicity screening test for carcinogenicity
are very likely to be directly acting (see McCann
and Ames, 1976). In a recent study (McCann,
Choi, Yamasaki, and Ames, 1975) in which about
300 carcinogens and noncarcinogens were tested
using the Ames test, 90 percent (157 out of 175) of
the carcinogens were mutagenic including almost
all of the known human carcinogens. This indi-
cates that the class of directly acting carcinogens
may encompass most of the known carcinogens,

A partial solution to the low-dose extrapolation
problem for the case of directly acting chemical
carcinogens has been given in Peto (1977), Crump,
Heel, Langley and Peto (1976), and Guess, et al.
(1977). The key result is that, at least as long as
background carcinogenesis is present, we should
expect the dose-response curve not to be absolute-

ly flat at zero dose. What this means is simply that
when risk is plotted against dose response on or-
dinary linear scales, the tangent line to the dose-
response curve at zero dose should have a posi-
tive slope. When a dose-response function has
this property we will say it is linear at low dose.
This simple property can have far-reaching con-
sequences on low-dose extrapolation. For exam-
ple, consider the two potential dose-response
functions:

Both of the curves give a risk of 1/10 at a dose of d
= 1 and are practically indistinguishable at
higher doses. However, at a dose of d = 1/1,000:
1) predicts a risk of 1/100,000 and 2) predicts a
risk of 1/10,000,000, a difference of two orders of
magnitude. We note also that 1 ) has a tangent line
with a positive slope at d = O whereas 2) does not.

One explanation of why the dose-response
function should be linear at low dose when back-
ground is present may be found in Crump, et al.
(1976) and Peto (1977) and will be briefly outlined
here. When background carcinogenesis is pres-
ent, the cellular mechanism through which the
test agent produces cancer should already be op-
erative in producing background tumors. When
this is true the effect of the test agent is to add to
an already ongoing process. The result of this
additive effect is illustrated in figure D-1. The
dose-response curve is for all tumors produced
through the mechanism through which the test
agent acts. Background carcinogenesis is allowed
for in the figure by an effective background dose
do. We see that, in this case, the added risk
caused by a dose d of the test agent should be ex-
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pected to increase approximately linearly near d
= O (i.e., the tangent line at d = O will have a posi-
tive slope). Implicitly assumed by the way figure
D-1 is drawn is the fact that an added dose of a
carcinogen acting through this mechanism does
not produce a smaller risk, If background carcino-
genesis is allowed for as in figure D-1 by positing
an effective background dose do that is estimated
from the data, then the wide range of risks ob-
tained using different models effectively disap-
pears (Pete, 1977). We note that the existence of a
tangent line with a positive slope at zero dose
does not, in itself, imply any lower bound for extra
risk at low doses since the slope of the tangent
line could possibly be very small.

The evidence given above for a positive slope to
the dose-response function at zero dose applies
particularly to the case in which background car-
cinogenesis is operative. This does not imply that
we expect the dose-response curve not to be lin-
ear at low dose in the absence of background car-
cinogenesis. For example, the multistage models
of cancer (Armitage and Doll, 1961) are a fairly
broad class of models in which it is assumed that

Figure D-1 .—Illustration of Why the Dose” Response
Curve Should Be Linear at Low Dose in the Presence
of Background Carcinogenesis. dO Is the Effective

Background Dose and d Is the Dose of the
Carcinogen of Interest

at d =0

a number of events are required to occur at the
cellular level to initiate cancer. Although all mod-
els in this class are linear at low dose provided
background carcinogenesis is present, a sizable
subclass of them are linear at low dose in the
absence of background carcinogenesis (Crump, et
al., 1976).

Watson (1977) has recently proposed a more
specialized model for cancer induction and pro-
motion based on reversible epigenetic cellular
changes. Watson concludes that his model sup-
ports the low-dose-linearity hypothesis and states
“as suggested by a different argument of Crump,
et al. . . . it is reasonable to assess the risk due to
an additional carcinogen at low constant dosage
by a linear relation. ”

The evidence for low-dose linearity given above
applies mainly to directly acting carcinogens. An
indirectly acting carcinogen might be one that
causes some gross physiological change such as
suppression of ovulation that could predispose
the subject to cancer. For such carcinogens the
shape of the dose-response curve at low dose is
highly speculative. There could possibly be a
threshold dose below which the agent has no car-
cinogenic effect at all on an individual, However
even if a threshold mechanism is operative, there
is likely to be considerable variation in individual
thresholds in a large population. Consequently the
dose-response curve for the entire population
could still exhibit a linear trend at risks as low as
1/1,000,000 or lower.

The effects of metabolic activation and detox-
ification on carcinogenic dose response have been
recently considered by Cornfield (1977) through a
kinetic model that encompasses free toxic sub-
stance, metabolize, deactivator, and the interac-
tions of these substances. Only a steady-state sit-
uation is studied in that variation over time of the
concentrations of these agents is not considered.
The model predicts a threshold dose below which
there is no carcinogenic risk under the assump-
tion that the deactivator is 100-percent efficient
in deactivating the carcinogen. However, in a nat-
urally occurring process it is likely that deactiva-
tion would not be perfect and would be less than 
100-percent effective in always combining with
100 percent of the carcinogen before an amount
of the active metabolize reaches a cancer target
site, Any of a number of modifications to the
model to allow for nonperfect deactivation would
rule out a threshold and would lead directly to a
model for which carcinogenic response varies
linearly with dose at low doses, Cornfield’s own
modification of perfect deactivation, that of al-
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lowing the deactivating reaction to be reversible,
leads, as Cornfield points out, to a model which is
linear at low dose. This occurs regardless of how
slowly the reverse reaction takes place, as long as
the possibility is not eliminated entirely. Further-
more, even in the extremely unlikely case of
perfect deactivation, an otherwise realistic model
should still imply low-dose linearity since the
theoretical time required for perfect deactivation
would not be zero and would likely be infinite.

For most, perhaps all, carcinogens, the mecha-
nisms through which cancer is produced are not
sufficiently understood so that the shape of the
carcinogenic-response curve can be theoretically
predicted with certainty. As pointed out earlier,
neither can experiments of sufficient size be con-
ducted that would permit direct experimental in-
vestigation of the dose-response curve at low
dose. We have noted that there are plausible ar-
guments that the dose-response curve is linear at
low dose for many carcinogens. On the other
hand, this author knows of no serious proposal of

a mechanism that would lead to a more conserva-
tive dose-response relationship such as the risk
varying approximately as the square root of dose
at low dose. In view of these uncertainties it
would seem reasonable to base estimates of
added risk of cancer on a mathematical model
that encompasses low-dose linearity unless, of
course, the mechanism through which the car-
cinogen operates is sufficiently understood so
that low-dose linearity can be conclusively ruled
out. Once the principle of low-dose linearity is ac-
cepted the problem of estimation of risks at low
dose is nearly solved. This is because the dis-
agreement between the upper statistical con-
fidence bounds on risk at low doses based on a
model that incorporates low-dose linearity and
one that does not is typically several orders of
magnitude whereas the corresponding disagree-
ment between two reasonable models both of
which incorporate low-dose linearity is usually
much less than this.

Mantel= Bryan

The Mantel-Bryan procedure as originally pro-
posed (Mantel and Bryan, 1961) and “improved”
(Mantel, Bohidar, Brown, Ciminera, and Tukey,
1975) is for the purpose of conservatively choos-
ing a “safe” dose of a carcinogen, a “safe” dose
being defined as one for which it can be expected
that, with a given level of statistical assurance
(e.g., 99 percent), the true dose producing a pre-
assigned “safe” level (e. g., 1/1,000,000) of risk
will lie above the “safe” dose. In the Mantel-
Bryan procedure the mathematical model used
for the dose-response model is the probit function:

where d represents the dose of the carcinogen
and P(d) represents the probability of a cancerous
response in an animal subjected to a dose d. The
parameters in the model are an intercept parame-
ter a, a probit slope parameter b, and C, which
represents the probability of a response in un-
treated animals. The parameter b is not estimated
from the data but rather is arbitrarily set equal to
1. This choice is stated as being conservative
(Mantel and Bryan, 1961), the argument for this
being that typical dose data exhibit a probit slope
in the experimentally observable region above 1 -
percent incidence that is greater than one, In
Mantel and Schneiderman (1975) it was observed

that a set of DES data (Gass, Coats, and Graham,
1964, C3H females) exhibited a probit slope of
one-half, but the general use of a probit slope of b
= 1 was still suggested.

With the probit slope parameter fixed at b = 1
the remaining parameters, a and C, are estimated
from the data and then adjusted so as to produce
a higher level of risk at a given dose that corre-
sponds to an upper 99-percent statistical limit on
the true risk at a given dose. The safe dose is then
determined to be the one producing a given low
risk (e. g., 1/1,000,000) based on the adjusted val-
ues of a and C.

As pointed out in Mantel, et al. (1975), the
Mantel-Bryan procedure rewards larger and bet-
ter experiments in that the more evidence there is
of safety, the higher the calculated safe dose will
be. However this advantage should be shared by
any extrapolation method that uses reasonable
statistical procedures.

Some have considered the Mantel-Bryan proce-
dure to be too conservative (Federal Register, vol.
42, 1977, p. 10419) in that it involves three con-
servative choices (99-percent statistical assur-
ance, lifetime risk of 1/1,000,000, and probit slope
set equal to 1) and that any one of these assump-
tions alone could provide adequate protection to
the public. The first two of these choices are regu-
latory decisions that would have to be made with
any extrapolation procedure. However, the arbi-
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trary selection for the slope parameter seems to . response relationship does not apply at the low
be peculiar to the Mantel-Bryan procedure. To in-
vestigate its effect upon the extrapolation proce-
dure a typical fit is presented in figure D-2 (from
Crump, 1977b) of the Mantel-Bryan probit curve
(equation 1) to experimental carcinogenicity data
when the probit slope parameter is fixed at b = 1.
As can be readily seen the probit curve typically
provides a very poor fit, curving downward even
when the trend of the data is toward an increas-
ingly upward curvature. This typically bad fit to
data of the probit curve raises serious questions
regarding the validity of statistical procedures as-
sociated with the Mantel-Bryan method (see Sals-
burg, 1977; and Crump, 1977b).

On the other hand, the Mantel-Bryan proce-
dure utilizing the choice b = 1 was put forth as
conservative procedure and it gives that appear-
ance in figure D-1 since the probit curve appears
to lie far above the trend of the data at the lowest
doses. However as mentioned earlier and also
pointed out by Mantel (Mantel and Bryan, 1961, p.
458) a procedure may, while appearing conserva-
tive at experimental dose levels, at the same time
seriously overestimate the “safe” dose (i. e., be
seriously anticonservative) if the assumed dose-

Figure D-2.—Typical Fit of Mantel” Bryan Curve
to Experimental Data (From Crump, 1977b)
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risk levels to which extrapolation- is ‘being made.
Thus, before the degree of conservation can be
evaluated for any procedure, the properties of the
dose-response curve at very low doses must be
evaluated,

As described earlier, there are strong argu-
ments  that  indicate  the dose-response curve
should be “linear at low dose” particularly for
directly acting carcinogens in the presence of
background carcinogenesis. This has led Peto
(1974) to recommend extrapolation procedures
using only dose-response functions from a class
containing only dose-response functions that are
linear at low dose, At the very least, however, it
would seem prudent not to go to the opposite ex-
treme and use a dose-response function that rules
out linearity at low dose by assumption, However,
the Mantel-Bryan procedure, through its use of
the probit curve (equation 1) rules out linearity at
low dose in favor of a “flatness property” (see
Hartley and Sielken, 1977; Mantel, 1977; and
Crump, 1977b) at low dose which is anticonserva-
tive to the extreme. This property implies that
mathematical derivatives of all orders of the
probit curve approach zero (through positive val-
ues) as the dose approaches zero. This unusual
property is more often discussed within the con-
text of mathematical oddities rather than in con-
nection with a scientific investigation. It implies
that if the true dose-response curve comes from
an extremely broad class of functions known as
analytic functions and which pervade scientific
applications of mathematics, then the probit
curve will eventually underestimate the true risk
at low doses. Furthermore, at low enough doses,
the degree to which the risk will be underesti-
mated will be arbitrarily large (i.e., the ratio of
the true risk to the probit estimate will grow ar-
bitrarily large).

It was emphasized earlier that it is important
when extrapolating to low doses for the assumed
dose-response function to incorporate known or
at least plausible facts about the mechanisms of
carcinogenesis. In neither the original paper
(Mantel and Bryan, 1961) nor in the paper outlin-
ing the improved version is biological justification
given for the selection of a curve having the above
described “flatness property.” It should be men-
tioned at this point that the incorporation of back-
ground carcinogenesis into the Mantel-Bryan
probit model (equation 1) using the parameter C
implies that the mechanism through which the
test carcinogen produces cancer is independent
of the mechanisms through which all of the back-
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ground cancers are produced (Crump, et al.,
1976). In keeping with the discussion in the last
section it would seem more proper to incorporate
background into the probit model by positing an
effective background dose do which adds to the
dose d of the test carcinogen. If background is in-
corporated in this way the probit curve no longer
has the “flatness property” and becomes linear
at low dose (Guess, et al., 1977). In fact. with
background incorporated in this way, the probit
curve assumes a shape similar to the one-hit mod-
el, sometimes referred to as the most conservative
of all procedures (e.g., Mantel, 1977).

Even though the “flatness property” implies
the probit curve should at suitably low doses be
anticonservative to the extreme, the “flatness”
property holds only for doses approaching zero
and the feature of arbitrarily fixing the probit
slope at 1 mitigates the anticonservativeness im-
plied by the “flatness” property at any given low
dose (although the property itself will hold for all
choices of the parameters a, b, C), The cancer
risks that are typically extrapolated to are in the
risk ranges 1/10,000 to 1/100,000,000. We will ex-
amine the outcome of Mantel-Bryan extrapola-
tions to these risk levels in a later section when
we compare them with extrapolations based on
the multistage model.

Linear Extrapolation

The technique for linear extrapolation was
recommended by Heel, Gaylor, Kirschstein, Safi-
otti, and Schneiderman (1975) for use on an in-
terim basis until better procedures could be de-
veloped. The procedure is straightforward and is
based on an assumed linear relationship between
dose and response at low dose. The procedure
utilizes only the data for the group of control
animals and a single other dose group, usually
either the highest dose that elicits no response or
else the lowest dose that elicits some response. In
the case there are no cancers in the control ani-
mals the “safe” dose, based on a maximum risk of
1/1,000,000 and 99-percent statistical assurance,
is calculated as follows: An upper 99-percent con-
fidence bound is calculated for the cancer risk in
the dose group of animals. From this risk and dose
one extrapolates back toward zero dose and zero
risk using a straight line relationship. The dose
corresponding to a risk of 1/1,000,000 on this
straight line is taken to be the “safe” dose. If
there are cancers in the control animals this pro-
cedure is modified to allow for the statistical
treatment of the response in the control group

while retaining the straight line relationship.
When data at other experimental doses are avail-
able this method of linear extrapolation has the
obvious shortcoming of not fully utilizing the
available data.

A linear dose-response curve is linear at low
dose but the converse is not necessarily true. A
curve can be linear at low dose and still have a
high degree of nonlinearity at higher doses.

Linear extrapolation is viewed by some as a
very conservative procedure. For example, com-
ments were made during the decision on which
extrapolation procedure to incorporate into the
SOM document to the effect that linear extrapola-
tion is the most conservative of all procedures.
Crump, et al. (1976) examined the extent of the
conservatism of a linear dose-response function
when compared with a multistage dose-response
model (Armitage and Doll, 1961). The multistage
model assumes that a cell must go through a num-
ber of different stages before cancer is initiated
in that cell and the model can encompass a high
degree of nonlinearity. It was determined that the
maximum possible degree of conservatism of a
linear model relative to a multistage model de-
pended rather heavily on the incidence at the ex-
perimental dose relative to the background inci-
dence. (This is consistent with the general rela-
tionship between background carcinogenesis and
linearity at low dose as discussed earlier. ) For ex-
ample, when the incidence at the experimental
dose is four times the incidence at zero dose the
extra incidence at low dose derived from the lin-
ear dose response differs from the incidence de-
rived from the multistage model by, at most, less
than a factor of 2.5 regardless of the number of
stages in the multistage process. Thus, when
background carcinogenesis is present, the linear
dose-response curve is not overly conservative
relative to the multistage dose-response curve. In
fact the linear dose-response curve is anticon-
servative when compared to the one-stage or one-
hit models.

Linear extrapolation has long been proposed
for use in radiation carcinogenesis (see Brown,
1976, for a review of the relevant reports). The
BIER (1972) report on radiation risks from the Na-
tional Academy of Science recommended linear
extrapolation as a “best estimate” approach as
opposed to a conservative approach. Brown re-
viewed arguments both for and against linearity
and concluded that “linear extrapolation of
human data from high dose of low LET radiation
cannot be said to overestimate the risk at low
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doses. In fact, there is some doubt as to whether
the risk is not underestimated. ”

Certainly much remains to be learned about
both radiation and chemical carcinogenesis. How-
ever, if both radiation and chemicals cause can-
cer through similar mechanisms then it should be
expected that there would also be similarities be-
tween the respective carcinogenesis dose-re-
sponse functions. Direct damage to DNA by the
carcinogenic agent has been implicated as one
cancer-initiating mechanism for both radiation
and chemicals (Brown, 1976; and McCann and
Ames, 1976). Thus, the findings related to the
potential linearity of the dose-response function
for radiation has implications for chemical car-
cinogens as well, particularly for “directly act-
ing” carcinogens.

Extrapolation Methods Based
on the Multistage Model

Two methods of low-dose extrapolation which
are alternatives to the Mantel-Bryan or linear
procedures have recently been proposed inde-
pendently by Guess, Crump, and Deal (Guess and
Crump, 1976, 1978; and Crump, Guess, and Deal,
1977) and Hartley and Sielkin (1977). Both of
these methods utilize a multistage dose response
function of the form:

where  q~, ql, . . ., q~ are all non-negative param-
eters to be estimated from the data. This dose-re-
sponse function is general enough to yield a con-
siderably wide range of responses at low dose. On
the one hand, if q, >0 and q,= O for i~ 2 the dose-
response function (equation 2) becomes the one-
stage model which yields risks at low doses com-
parable to what would be obtained with linear ex-
trapolation, On the other hand, the model can pro-
duce risks even as low as the probit curve (equa-
tion 1) down to any fixed positive low dose. Thus
this model is capable of fitting both highly linear
and highly nonlinear dose-response relations.
Since the model has the property of “linear at low
dose” if q,> O and does not have this property if
ql = O, use of this model does away with having to
make the arbitrary but crucial decision of having
to either assume linear at low dose as in linear ex-
trapolation. Thus “safe” doses computed using
this model should provide a more realistic meas-
ure of the true uncertainty of low-dose extrapola-
tion than would “safe” doses based on either an
assumed linear curve shape or an assumed highly
nonlinear curve shape.

The dose-response relation (equation 2) con-
tains all of the Armitage and Doll (1961) multi-
stage dose-response models as special cases but
also contains curves that are much flatter at low
dose than any of the multistage curves.

The two extrapolation procedures based on
equation 2 have some features that are different.
When computing “most likely” estimates the pro-
cedure of Guess, Crump, and Deal uses an infinite
dimensional maximization procedure so that it is
not necessary to specify a value of k, the degree of
the polynomial in equation 2. However the two
methods differ chiefly in the way the statistical
confidence intervals are computed. There have
not yet been sufficient comparative calculations
made to determine how safe doses may differ
using the two approaches, Mantel (1977) has
made a critical review of the statistical procedure
used by Hartley and Sielkin for calculating the
“safe’ dose.

Both the Hartley and Sielkin and the Guess,
Crump, and Deal (as extended by Daffer et al.,
1979) procedures can utilize times at which
cancer is detected in the experimental animals
rather than just the dichotomous information of
whether or not an animal contracted cancer be-
fore it died of some other cause or before the ter-
mination of the experiment, The utilization of time
data in low-dose extrapolation is important for at
least two reasons: 1) the age at which cancers oc-
cur should be important in assessing the magni-
tude of the harmful effect of a carcinogen on man
(e.g., cancers that occur early in life should be
viewed as more serious than those that occur in
extreme old age); and 2) in many animal carcino-
genicity experiments the response data at the
highest doses lies below the trend of the lower
dose data, This sometimes appears to be due to
the fact that at the highest doses some of the ani-
mals are being poisoned by the chemical before
they have a chance to develop cancer, When this
occurs the high-dose data is often just deleted
from the analysis. However if the times at which
the animals die are properly used the high-dose
data might not appear anomalous. More research
needs to be done on the proper utilization of ani-
mal time of death data to assess the harmful ef-
fects of chemicals to man.

Comparisons Between Mantel-Bryan
and Multistage Extrapolations

To compare low-dose extrapolations using the
Mantel-Bryan probit model (equation 1) with
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those using the multistage model (equation 2) we
present figure D-3 based on the same data as
figure D-2. In this figure, the Mantel-Bryan “safe”
dose is plotted on a log-log scale as well as both
the multistage “most likely” curve and the “safe”
dose based on (equation 2) and computed as out-
lined in Crump, et al. (1977). A 99-percent statisti-
cal assurance was used for both “safe” dose
curves. We note that the Mantel-Bryan “safe”
dose lies above the multistage safe dose curve at
values of added risk below 5 x 10-4, The Mantel-
Bryan “safe” dose curve lies above the multistage
“safe” dose curve by a factor greater than 20 for
an added risk of 10~ and by a factor greater than
300 for an added risk of 10~. Because of the
“flatness” property of the Mantel-Bryan probit
function (equation 1)  described ear l ier ,  the
Mantel-Bryan “safe”’ dose curve will lie above the
multistage safe dose curve by arbitrarily large
factors at extreme low doses. Guess, et al. (1977)
have compared the Mantel-Bryan “safe” dose
curves to the multistage “safe” dose curves and
found this to be a typical situation. Thus it is clear
that if the true dose-response curve could be
similar to the multistage dose-response function
(equation 1) then the Mantel-Bryan procedure
could not be justifiably called conservative (see

Figure D-3.—Comparisons of “Safe” Doses
Computed From the Mantel” Bryan Procedure

and From a Procedure Based On the Multistage
Model (From Crump, 1977b)

r

Added  R i sk

also Crump, 1977 for further discussion of this
point.) On the other hand, we have seen that there
are quite plausible arguments for the true dose-
response curve to have the same shape at low
dose (linear) as the estimated multistage curve.

We note that both the multistage “safe” dose
curve and “most likely” curve have a slope 1 in
figure D-3 as plotted on the log-log scales which is
equivalent to the curves being linear at low dose.
The fact that the “most likely” curve has slope 1
is due to the fact that with this particular data set
the linear coefficient q, in equation 2 will always
be linear at low dose regardless of whether or not
the linear coefficient q, is estimated to be positive.
This property should be shared by any valid sta-
tistical procedure based on a dose-response func-
tion that does not rule out linearity at low dose by
assumption as Mantel-Bryan does. Just as it is not
possible to prove statistically the existence of a
threshold, it is likewise not possible to rule out the
possibility that the true dose-response curve is
linear at low dose on the basis of statistical
analysis. (See Guess, et al. (1977) for a thorough
discussion of this important point.) The Mantel-
Bryan obtains “safe’” dose estimates which are
considerably higher than those obtained using the
multistage model because it assumes away linear-
ity at low dose, an assumption that we have seen
is probably unwarranted for that majority of car-
cinogens which are classified as ‘‘directly acting”
carcinogens.

Since extrapolation based on a model such as
the multistage model (equation 2) must always be
linear at low dose, the question arises as to how
different the result will be from simple linear ex-
trapolation. For some data the difference will be
minimal. For example, for the data upon which
figure D-2 is based, “safe doses” computed using
the multistage model are almost identical with
*’safe’” doses based on linear extrapolation. For
some data sets, however, the difference could be
considerable. For example, with the Gass, et al.
(1964) DES using the C3H female mice, the “safe”
dose based upon linear extrapolation is lower
than the “safe” dose based on the multistage
model by a factor of about five and there are
other data sets where this difference is greater
than an order of magnitude.

The Gamma Multihit Carcinogenesis
Dose-Response Model

Rai and Van Ryzin (1978) have proposed basing
risk estimation on the gamma multihit model:
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where P(d) is the lifetime probability of cancer in
a tissue when subjected to a constant dose rate, d,
of the carcinogen. This model is obtained by as-
suming that cancer due to the carcinogen occurs
randomly according to a Poisson distribution. The
manner in which background carcinogenesis is in-
corporated into the model is equivalent to assum-
ing that the event “cancer occurs due to the ac-
tion of the carcinogen” is independent of the
event “cancer occurs spontaneously, ” This as-
sumption would not apply, for example, to proc-
esses in which the effect of the carcinogen is to
speed up the rate at which the “spontaneous”
events occur which lead to the background can-
cers. At low dose rates, the response is approxi-
mately given by:

Consequently, this dose response model is linear
at low dose rates when and only when k = 1. Rai
and Van Ryzin calculate confidence intervals for
added risk at a given dose and for the dose pro-
ducing a fixed added risk using asymptotic max-
imum likelihood theory. Although in the theoreti-
cal development k must be an integer, in the appli-
cations k is allowed to assume any positive value.

Lower statistical confidence limits on the dose
producing a given low amount of extra risk (“vir-
tually safe dose” or “VSD”) computed using this
procedure can be compared with those computed
from the multistage model (equation 2) by consid-
ering two general classes of data.

If the data exhibit a general downward curva-
ture as illustrated in figure D-4a, lower con-
fidence limits on a VSD computed from the gamma
multihit model (equation 3) should generally be
less than or equal to corresponding lower con-
fidence limits computed from the multistage
model (equation 2). In certain instances the gam-
ma multihit lower limits could be much less than
the corresponding multistage lower limits. This
could occur when the data is consistent with k <1
in the gamma multihit model (presumably cor-
responding to a fraction of a hit).

On the other hand, if the data exhibit a general
upward curvature as illustrated in figure D-4b the
reverse situation will hold; gamma multihit lower
confidence limits on VSDs will generally be
greater than or equal to corresponding multistage
limits, Gamma multihit limits will not in general
share the low-dose linearity of multistage limits

by orders of magnitude at low doses. The reason
these large differences can occur is as follows.
The multistage family of models contains mem-
bers which are simultaneously linear at low dose
and exhibit upward curvature at moderate doses.
For example, the particular multistage model:

is linear at low dose since q, >0 and still can ex-
hibit upward curvature at moderate doses since
qz >0. This means there are dose-response curves
in the multistage class which are both linear at
low dose and can adequately describe data of the
type exemplified by figure D-4b. On the other
hand, this will generally not be true of gamma
multihit models. All dose-response curves in the

Figure D-4a.— Example of Data Exhibiting
Downward Curvature

%

x

Dose

Figure D-4b.—Example of Data Exhibiting
Upward Curvature
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gamma multihit class that are linear at low dose
must exhibit downward curvature and conse-
quently would generally not be consistent with
the data in figure D-4b. When this is true gamma
multihit lower confidence limits on VSDs will be
sublinear (e.g., quadratic) at low dose and conse-
quently much larger than the multistage confi-
dence limits.

Confidence limits based on the gamma multihit
model will be approximately correct whenever
this model is the correct model, A similar state-
ment could be made for the probit model, multi-
stage model, or any other model to which reason-
able statistical methods are applied. However,
there may be considerable uncertainty as to what
the true model may be in a particular situation.
The multistage model not only reflects some rea-
sonable assumptions regarding the carcinogenic
process which dovetail nicely with epidemiologi-
cal data for many cancers (Pete, 1977 b), but it
also reflects some of the uncertainty with regard
to the true model by virtue of encompassing a
relatively large class of dose-response functions,
For example, as noted earlier, the multistage
class contains dose-response functions which are
linear at low dose and also exhibit upward curva-
ture at moderate doses. On the other hand, the
gamma multihit class is more restrictive at this
point in that it does not permit such behavior. Is
this extra restrictiveness of the gamma multihit
model justified? To help answer this question,
consider the following modification to this model.
Suppose that the hits (phenomenological events
which are required to occur in a tissue in order
that a cancer appear) can possibly occur sponta-
neously in the absence of the carcinogen. Part of
the effect of the carcinogen could then be to speed
up the rates at which the spontaneous hits are oc-
curring. For example, if one of the “hits” is in in-
correct base substitution in DNA during mitosis,
the carcinogen could speed up the rate at which
these “hits” are occurring in individual cells by
providing more aberrant bases for use in such an
incorrect substitution. With this modification to
the model, the gamma multihit lower confidence
limits on VSDs will no longer be sublinear at low
dose and should be at least as small as corre-
sponding limits calculated from the multistage
model (equation 2). Thus, in order to obtain
sublinear lower confidence limits on VSDs with
the gamma multihit model a modification such as
the one described above must be ruled out, not on
the basis of data, but by assumption.

By way of summary, confidence limits based on
the multistage model will always be linear at low
dose. Confidence limits based upon the gamma

multihit model may be either “super linear” (cor-
responding to k < 1) or “sublinear” (correspond-
ing to k > 1). Superlinearity is achieved by making
the model too broad in that a fraction of a hit is
allowed which has no biological basis. On the
other hand, sublinearity is achieved by making
the model possibly too restrictive in that models
which are reasonable from a biological viewpoint
are ruled out by assumption.

In addition to questions as to the appropriate-
ness of the gamma model, there is also a very sig-
nificant difficulty with the statistical procedure
applied to the model in the Food Safety Council
(1978) report. This difficulty is illustrated in table
D-1. Here are listed lower confidence limits for
VSDs for the gamma multihit model which were
taken from table D-1 in Food Safety Council
(1978). For each of the 14 data sets a goodness-of-
fit test was conducted for compatibility of the
data to the subclass of gamma models for which
k =1. As indicated by table D-1, the subclass of
models with k = 1 provided an adequate fit in 10
out of the 14 data sets. For these 10 data sets are
listed the VSD predicted by the best fitting gamma
model with k = 1. The significant point is that in 8
of these 10 cases, the lower confidence limit on
the VSD is greater than the VSD from the model
with k = 1, greater in some cases by enormous fac-
tors, e.g., a factor of 3,600 for aflatoxin B,, a fac-
tor of 1,000 for diethyl-nitrosamine, and a factor
of 18,000 for sodium saccharin. Put another way,
in the case of the sodium saccharin data, there is
a member in the gamma multihit class which fits
the data quite adequately and for which the VSD
is less by a factor of 18,000 than the lower con-
fidence limit for the VSD reported in Food Safety
Council (1978). This obviously implies there is a
serious problem with the computation of the
lower confidence limits for the VSD. These lower
confidence limits are much too large, even based
on assuming the gamma multihit model is the cor-
rect model, for these 8 data sets. This problem
also exists for the 4 data sets which could not be
fit adequately by a model with k =1. This is well-
illustrated by the graph in Food Safety Council
(1978) for the NTA data. In this graph, the lower
97.5-percent confidence limit for the VSD corre-
sponding to a risk of 1O-G falls almost directly on
top of a data point for which the measured risk is
1/91. Put another way, even though the measured
risk at this dose is 1/91, the statistical procedure
used indicates, with 97.5-percent assurance, that
the risk is no greater than 1/1,000,000.

These difficulties can be overcome by using a
different statistical procedure. However, when
this is done, the lower confidence limits will be
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Table D-1.—Comparison of Lower 97.5-Percent Confidence Limits on Virtually Safe Doses From Gamma
Multihit Model Given in to Virtually Safe Doses From Best Fitting Gamma Multihit Model With k = 1

—— —— —. — -—

No. of
experimental

No. Substance dose levels——— —.
1 ‘“ ‘- ‘ -- ‘“
2
3
4

5
6
7
8

9

10
11
12
13
14

.0013

.035

.000029

.0120

.011

.76
25.3

p <.005(9 d.f .)

.000032

.020

.00020

significant lack of fit

.00016

.000042
significant lack of fit

many times smaller than those reported in Food
Safety Council (1978). For data sets such as the 10
referred to in table D-1 which are compatible with
k= 1, lower confidence limits for VSDs must
essentially be calculated from a model with k <1
and consequently be smaller than those calcu-
lated from the one-hit model. This will lead, in
many cases, to super-small confidence limits, as
illustrated by the lower confidence limit for vinyl
chloride, For those data sets, such as botulinum
toxin-type A, which are incompatible with k = 1
because of their strong upward curvature, a
lower confidence limit for the VSD would still be
larger than one computed from the one-hit model.
However, the theoretical objections raised earlier
to the mathematical form of the gamma model
would still apply.

It may not be generally realized that it is un-
common to find data sets which are incompatible

with k = 1 by reason of strong upward curvature.
The four data sets in table D-1 which fall into this
category all involved a large number of animals
and a number of different experimental dose
levels. These four data sets contained from 330
animals distributed over 11 dose levels to 720
animals distributed over 6 dose levels. Most car-
cinogenicity bioassays are smaller than these, For
example, the standard bioassay for a given sex
and strain in the National Cancer Institute pro-
gram seems to be 200 animals distributed over 4
dose levels. For experiments of this size it is more
difficult to rule out k= 1. Consequently it would
seem that, for most of the data sets that are likely
to result from a large screening program, appro-
priate statistical procedures applied to the gam-
ma multihit model would yield lower confidence
limits for VSDs which are even smaller than those
calculated from the one-hit model.
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