carried out in social psychology use some
degree of misinformation’” (26, p. 19),
and thus ‘‘subvert the possibility of in-
formed consent’’ (26, p. 21). ‘‘Prior gen-
eral consent’” or ‘‘presumptive consent’’
(26, p. 21) have been proposed to deal
with this ethical problem.

Recombinant DNA research makes it
at least theoretically possible to combine
the genetic characteristics of plant and
mammal, to produce a ‘‘plammal’’ or a
““mant.”” We need to find a balance be-
tween possibly inadvertently producing
the means to cause catastrophe to man-
kind, and potentially high beneficial de-
velopments. The genetic splicing of re-
combinant DNA technology has already
been used to transfer the rat gene for in-
sulin production to bacteria (27). This
development has the potentially high
beneficial consequence of making pos-
sible massive commercial production of
human (instead of other species) insulin
for diabetics. It also has, in the eyes of
some, the possibility of catastrophe
should insulin-producing bacteria get out
of the laboratory into the body of a hu-
man, to multiply and throw the person
into insulin shock.

One argument is that knowledge is
power, and if we do not acquire the
knowledge, other countries will. Re-
member that in World War II the other
side was also working on an A-bomb. If
we acquire the knowledge, we can also
acquire the means to control the knowl-
edge. If we do not, the controls may be
in other hands. These, too, are ethical
considerations.

As Jonas notes (28), generally there is
something experimental because tenta-
tive about every individual treatment,

beginning with the diagnosis itself. He
would be a poor doctor who would not
learn from every case for the benefit of
future patients, and a poor member of
the profession who would not make any
new insights gained from his treatments
available to the profession at large.

In summary, we recognize that acquir-
ing new information while retaining old
ethics demands adherence to the funda-
mental rule that a person should not be
subjected to avoidable risk of death or
physical harm unless he freely and in-
telligently consents. The problem is to
balance rights against benefits with re-
spect for human dignity in the quest for
the cure of human diseases.
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agent is banned, and the magnitude of
the risk must then be balanced against
the benefit conferred. The risk may be of
such magnitude that banning is appropri-
ate even in the face of the benefits, or it
may be so low at the levels to which hu-
mans are exposed that a ban is not con-
sidered appropriate. Risk assessment is
therefore an essential component of reg-
ulatory decisions. It is also a particularly
appropriate topic for consideration be-
cause of the mixture of statistical, scien-
tific, and public policy considerations
that it presents. The problem of risk as-
sessment is the same formally, no matter
what the route of exposure, but since
much of the exposure is by way of food,
I will confine my discussion to that topic.

The author is professor of statistics at George
Washington University, Washington, D.C. 20052.
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Two Conceptual Bases for Safety

Evaluation

A substance may be carcinogenic or
noncarcinogenic and independently it
may appear in food as an additive, resi-
due, natural contaminant, or migrant (7).
There is one public policy governing ad-
ditives presenting a potential carcinogen-
ic risk and another governing the other
three categories. Carcinogenic additives
are governed by the Delaney clause that
says (2):

. no additive shall be deemed safe if it is
found to induce cancer when ingested by man
or animal, or if it is found, after tests which
are appropriate for the evaluation of the safe-
ty of food additives, to induce cancer in man
or animal. . . .

Such additives are therefore proscribed
without regard to the magnitude of the
risk at human use levels and without re-
gard to possible benefits. In contrast,
food containing a potential carcinogen,
but which does not enter the food supply
as an additive, for example, peanuts con-
taining aflatoxin, is subject to regulation
but is not automatically proscribed. It

first involves the concept of a ‘‘no ob-
served effect level’”” (NOEL) and the use
of safety factors and is the standard tox-
icologic procedure both here and abroad
). A recent document from the Envi-
ronmental Protection Agency (EPA)
states, ‘‘the NOEL is defined to be the
level (quantity) of a substance adminis-
tered to a group of experimental animals
at which those effects observed or meas-
ured at high levels are absent and at
which no significant differences between
the group of animals exposed to the
quantity and an unexposed group of con-
trol animals maintained under identical
conditions is produced’” ). The ADI is
obtained by dividing the NOEL by 100,
the rule of thumb being that man may be
tenfold more sensitive than the experi-
mental animal used and that there may
be in addition a tenfold variation in sensi-
tivity among individuals.

The second set of procedures, devel-
oped without explicit consideration of
the first, are intended to apply specifical-
ly to carcinogenic responses. They in-
volve extrapolation downward from ob-
served effects to a risk level deemed vir-

Summary. Carcinogenic risk assessment involves a mixture of statistical, scientific,
and public policy considerations. Concepts in current use, such as “no observed ef-
fect levels” and “virtual safety,” and the problems in implementing them by means of
dose-response models, particularly the probit-log dose and linear models are re-
viewed. The upper limits to risk provided by some conservative procedures are incon-
sistent with coherent balancing of risks and benefits. A common basis to the dose-
response curves describing both carcinogenic and noncarcinogenic effects is to be
found in deactivating reactions. A simplified model in which a toxic substance is acti-
vated and deactivated in separate and simultaneous reactions is presented and the
dose response curve implied by the model is deduced. This curve has the general
form of a hockey stick, with the striking part flat or nearly flat until the dose adminis-
tered saturates the deactivation system, after which the probability of a response rises
rapidly. Such a curve describes the Bryan-Shimkin methylcholanthrene-tumor in-
cidence dose response curve as well as the probit log-dose model. The concept of a
saturation dose is relevant to risk assessments for carcinogenic and noncarcinogenic

substances alike.

may not be sold if levels of the substance
exceed a certain amount, termed a toler-
ance, but can be sold if the amount pres-
ent is below the tolerance. Similarly, any
agent presenting a potential non-
carcinogenic hazard, whether it appears
in food as an additive or in other ways, is
acceptable as long as its concentration
does not exceed its tolerance.

For all but the potentially carcinogenic
food additives covered by the Delaney
clause, therefore, the determination of
an acceptable daily intake (ADI), or al-
ternatively, of the risk corresponding to
a given exposure, is an important part of
the regulatory decision-making. Two dif-
ferent procedures have been developed
for making such determinations. The
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tually safe, the extrapolation involving
use of an assumed mathematical model.
All models express the probability of a
lifetime response, P, as a function of
dosage, D [for example, P = fiD)], and
differ only with respect to the choice of
the function, f. They all assume the ab-
sence of a threshold, that is, that if pro-
portion p of control animals respond,
that fiD) = p only for D equal to zero,
and that for any nonzero D, f(D) > p. If

_safety is defined as zero elevation over

control risk, then these models require
that any nonzero dosage be deemed un-
safe, exactly as in the Delaney clause.
With this definition of safety, foods con-
taining carcinogenic residues below the
limit of analytic detectability, and hence

not distinguishable from foods con-
taining no residues, must be deemed un-
safe, leaving the regulatory agencies
with an impossible enforcement prob-
lem. The concept of virtual safety, in-
troduced by Mantel and Bryan (5), has
provided a way out of this dilemma and
has been adopted by the Food and Drug
Administration (FDA) (6). A dose, D,, is
said to be virtually safe if f(D,) < P,,
where P, is some near-zero quantity
such as 1078, the Mantel-Bryan proposal,
or 1079, the value adopted by the FDA.
The virtually safe dose (VSD), concep-
tually equivalent to the ADI of the tradi-
tional toxicologic procedure is then com-
puted as f~'(P,). The calculation in-
volved thus requires that we determine
the disposable constants of the assumed
function, f, from observations in the ob-
servable range, and extrapolate down to
the unobservable response, P,, to deter-
mine the VSD.

The Probit-Log Dose Model

The major problems with this ap-
proach are: (i) The choice of function has
a major effect on the VSD, more than
100,000-fold, according to the FDA Ad-
visory Committee on Safety Evaluation
(7). (i) Such functions often cannot be
distinguished from each other in the ob-
servable range. (iii) No firm scientific
basis now exists for choosing among
them.

The use of probit-log dose function for
description of carcinogenic dose-re-
sponse relations was introduced by Bry-
an and Shimkin in their classic study of
the three carcinogenic hydrocarbons,
methylcholanthrene, dibenzanthracene,
and benzopyrene (8). That function is

a+B logD

£(D) = j

—o

(2m)~ Y2 exp(—x?/2)dx
(1)

where « and 8 are disposable constants,
whose values are determined from ex-
perimental observations according to
any one of a variety of possible statistical
methods (9). If the probability of a back-
ground response is p and response to
background and substance are indepen-
dent,

P=p+ (1-pf(D) @

The argument leading to the probit
function is entirely a statistical one.
Each experimental animal is considered
characterized at the time of the experi-
ment by a tolerance, such that any dose
above it will induce cancer and any be-
low it will not. Because of normal biolog-
ical variation not all animals will have

SCIENCE, VOL. 198



the same tolerance, and at any given
dose, D, only those animals with toler-
ances below D will respond. If the distri-
bution of tolerances is assumed to be log-
normal, then the probit-log dose function
results, with the probit slope, 3, being
the reciprocal of the standard deviation
of the log tolerance distribution and « de-
pending in a simple way on the mean as
well (10).

The major problem with the use of the
probit-log dose model for extrapolation
is that the normal distribution may not
provide as reliable a description in the
tails of the distribution as it does in the
central part, particularly if one goes as
far out as 107¢ or 1078, One does not ex-
pect to see 6-inch-tall men or human liv-
ers in the picogram range, despite the
lognormality of human height or liver
weight in the central part of the curve. If
the same argument can be applied to the
distribution of tolerances, the probit
function obtained from the observable
range would overestimate the probability
of a response at low doses. On the other
hand, human tolerance distributions
could be more variable than those of in-
bred strains of laboratory animals, and to
allow for this (but not the possible trun-
cation of the tolerance distribution above
zero), Mantel and Bryan proposed
downward extrapolation using an ‘‘arbi-
trarily low”’ slope of unity, the rationale
being that all observed probit slopes at
the time of the proposal exceeded that
value (I1). This allowance, which is the
conceptual equivalent of the standard
toxicologic allowance of tenfold for hu-
man variation could also have been
achieved by using some fraction, such as
one-half, of the observed slope for ex-
trapolation, thus preserving some con-
tact with the observed dose-response re-
lation. The failure of the Mantel-Bryan
procedure to give any weight to the ob-
served slope can be considered a weak-
ness, and the assumption that the toler-
ance distribution starts at zero lacks ob-
servational support.

Low Dose Linearity

The probit-log dose extrapolation,
even with the Mantel-Bryan modifica-
tion, has been criticized (/2) as in-
sufficiently conservative on the grounds
that the extrapolated probability ap-
proaches zero with decreasing dose
more rapidly than any polynomial func-
tion of dose, and in particular more rap-
idly than a linear function of dose, and
hence may overestimate probabilities at
low doses. Thus, if at dose D the propor-
tion responding is 2.5 percent above con-
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trol, a 1078 elevation above control will
occur at dose D/25,000 under a linear ex-
trapolation, at dose D/620 under an ex-
trapolation with a probit-log dose slope
of unity, and dose D/10 with a probit
slope of 2.79. The low dose linearity as-
sumption, which thus clearly leads to
very much lower VSD, is justified in two
different ways. (i) Because carcinogen-
esis is poorly understood, ‘‘conserva-
tive’’ assumptions are required to pro-
tect the public safety. (ii) Carcinogenesis
is well enough understood to make the
low dose linearity assumption a scientif-
ically reasonable one.

The one-hit model provides one pos-
sible scientific rationale for low dose lin-
earity (13). Whether or not a hit occurs is
considered a chance event. If the proba-
bilities of a hit on many exposures are
constant and independent, then the Pois-
son distribution, which is applicable, im-
plies that the probability of one or more
hits, and hence of an observable con-
sequence, is given by

f(D) =1 - exp(—AD) 3)

where AD is the expected number of hits
at dosage D. The function (Eq. 3) is also
a dose-response curve, which at low re-
sponse levels, say less than 10 percent, is
essentially linear in D with slope A. The
probabilistic component in this dose-re-
sponse curve arises not from variation in
susceptibility of organisms, as in the pro-
bit-log dose model, but from whether or
not a hit occurs.

In some experiments in carcinogenesis
the one-hit model provides a satisfactory
description of the dose-response relation
in the observable range (/4), but since
the one-hit model and the probit-log dose
model with slopes of 1.5 to 2.0 are not
readily distinguishable (15), this by itself
provides no evidence on linearity at low
doses. Much larger numbers at low
doses are required to distinguish be-
tween these models. Such numbers are
provided by certain kinds of epidemio-
logic studies, particularly in cigarette
smoking (/6) and aflatoxin (/7) and these
do appear to exhibit low dose linearity.
But errors in reporting dose in the case
of smoking, or variations around the av-
erage consumption for the village in the
case of aflatoxin, will distort any true
convex dose-response curve in the direc-
tion of linearity (/7), so that the epi-
demiologic evidence is inconclusive on
this point (/8). Large numbers at low
doses are also available in experiments
with radiation-induced carcinogenesis,
but there is considerable dispute as to
whether these demonstrate linearity (19).
Furthermore, the applicability to chem-
ical carcinogenesis of even a generally

accepted demonstration in radiation car-
cinogenesis would remain in doubt. Low
dose linearity has been found in muta-
genesis with chemical carcinogens in
bacterial systems (20) but not in other
cell systems (21, 22). Mutagenesis is gen-
erally regarded as an early step in the
carcinogenic process, but as we shall ar-
gue in more detail shortly, the linearity
of all other steps can by no means be
safely assumed. There is also a well-
based mathematical argument due to
Crump et al. (23) which says that if car-
cinogens in the environment and a newly
introduced one are additive, the effect of
low doses of the newly introduced one
must be linear. But the additivity as-
sumption is a major one that lacks exper-
imental support (24).

Thus, none of the above arguments for
low dose linearity, singly or in com-
bination, can be regarded as convincing,
and the scientific reasonableness of the
hypothesis remains in doubt. Another
possible justification for it does emerge
in my later discussion, however.

On ““Conservative’’ Procedures

The other argument for the low dose
linearity assumption, its conservatism in
the face of scientific ignorance, raises
philosophical rather than scientific is-
sues, and is more difficult to discuss. The
same issue of conservatism arises in oth-
er ways than as a justification for low-
dose linearity. Thus it is ‘‘conservative’’
to use upper confidence limits on the es-
timated VSD rather than the VSD them-
selves, and Mantel and Bryan (5) and
Hartley and Sielken (/2) have proposed
this. Similarly, if an agent is carcinogenic
in one species or in one sex but not in
another, it is ‘‘conservative’’ to assume
that the more sensitive sex in the most
sensitive species best describes man. In
transferring the VSD from the most sen-
sitive species to man the dosage can be
expressed on a body weight or a dietary
concentration basis, the latter being
more ‘‘conservative’’ since it leads to
about a 15-fold lower VSD for man when
the experimental animal is the mouse.
Although comparison of animal and hu-
man results on the same compounds sup-
ports the body weight conversion (/4),
the concentration conversion continues
to be used (6), apparently because of its
greater conservatism.

One problem with the conservatism
argument is that there is no place at
which it can stop. Use of the observed
probit slope is almost always less ‘‘con-
servative’’ than the Mantel-Bryan slope
of unity, which is in turn less ‘‘con-
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servative’’ than assuming linearity,
which is in turn less ‘‘conservative’’ than
assuming linearity with a zero slope,
which last is consistent with the Delaney
clause. Similarly, why stop at using the
most sensitive species, the most sensi-
tive strain within species, and the more
sensitive sex? Why not use only the most
sensitive individual animals, thus obtain-
ing 100 percent incidence at each dose
level? Or why stop at the upper 95 or 99
percent confidence limits when an un-
countable infinity of more ‘‘conserva-
tive’” choices remain? In practice, of
course, people do stop, but then it be-
comes difficult to understand what they
mean by being conservative.

A more fundamental problem, no mat-
ter where one stops, is that ‘‘con-
servative’’ risk assessments distort the
cost-benefit analysis since an exaggerat-
ed estimate of risk cannot be balanced
against a sober analysis of benefit. The
principles of decision-making under un-
certainty are well-known, and, although
difficult to apply in practice, leave no
doubt as to the inappropriateness of
“‘conservative’’ risk assessments in deci-
sion-making, since they indicate that ex-
pected risks and expected benefits, rath-
er than upper limits, are required (25).
Thus, the appropriateness of confidence
limits for general decision-making pur-
poses was questioned by Savage more
than 20 years ago (26), and subsequent
developments have strengthened his ar-
gument. These principles also establish
the necessity of separating scientific as-
sessments, such as the assignment of
probabilities, from value judgments,
such as assignment of utilities to the con-
sequences of decisions. It appears, how-
ever, that conservative assessments em-
body value judgments in a not clearly
identifiable way (in the use, for example,
of upper rather than lower confidence
limits on risk) and should not be imposed
on the decision-maker who balances
risks and benefits in the guise of ‘‘con-
servative’’ mathematical assumptions.

An example will perhaps illuminate
this general argument. Consider a single
observed no-effect level, which for sim-
plicity we regard as consisting of 0 ani-
mals affected out of n observed. The
‘‘conservative’’ analysis remarks that
such a result is consistent with the exist-
ence of a small probability of risk, say
1/2n, and regards the upper confidence
limit as the proper quantification of this
remark. From a decision point of view
the appropriate expression of the uncer-
tainty is the expected risk, given the ob-
servation 0 out of n (27). If a uniform pri-
or distribution is assumed, the expected
risk is known to be 1/(n + 2), thatis, 1/3
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for n = 1 and 1/102 for n = 100. Thus,
1/(n + 2) is the appropriate Bayesian
risk assessment at the no observed effect
level for a uniform prior distribution. If,
however, one uses as the estimated risk
the upper confidence limit for some se-
lected value of the confidence coeffi-
cient, 1 — «, namely 1 — '?, this is
equivalent to selecting a prior distribu-
tion with expectation above 1 — !/,
that is, above 0.99 for « = .01 and
n = 1. Such a prior distribution would
rarely correspond to anyone’s real be-
liefs and seems to reflect instead a con-
cealed value judgment, that is, assign-
ment of great weight to. the risk, without
regard to possible benefit. Such value
judgments can not and should not be
avoided, but they should be made explic-
it and not introduced in so intellectually
muddled a way that no one knows which
are the facts and which the judgments.

Carcinogenic and Noncarcinogenic

Toxicity

A reason often assigned for the use of
different safety evaluation procedures
for carcinogenic and noncarcinogenic
substances is that the classical tox-
icological procedures are useful for as-
sessing acute, reversible, nonprogres-
sive effects but not for the chronic, pro-
gressive, and irreversible effects of car-
cinogenesis (28). A corollary to this view
is that while population thresholds may
exist and can be estimated for non-
carcinogenic substances, no such esti-
mation is possible for carcinogens, since
even one molecule might be sufficient to
initiate the process. This distinction may
not be as clear-cut as it seems at first
sight if one considers such toxic sub-
stances as lead or such disease states as
emphysema and atherosclerosis. But
more fundamentally it is not clear why
chronic, progressive, irreversible effects
must lead to qualitatively different dose-
response curves from those found for
acute, short-term reversible effects,
since from the point of view of establish-
ing ADI it is only the dose-response
curve that matters. An alternative to this
dualistic view regards dose-response
curves for carcinogenic and noncar-
cinogenic substances alike as reflecting
the saturation of protective biological
mechanisms, such as detoxification and
DNA repair, and considers differences
on the acute-chronic or reversible-irre-
versible axes as simply reflecting de-
tailed differences in the kinetics of the re-
actions involved [see also (I7) and (29)].
Thus, even if one molecule of carcinogen
is sufficient, the carcinogen will often be

a metabolite of the compound adminis-
tered, and, as Miller and Miller (30) put
it, much of the dose of the compound ad-
ministered ‘‘may be dissipated in deacti-
vation reactions’’ so that it may be im-
possible for one molecule of the adminis-
tered compound to lead to one molecule
of carcinogenic metabolite. A mathemat-
ical analysis of this argument is of inter-
est in view of its implications for the de-
velopment of more rationally based safe-
ty evaluation procedures for carcinogen-
ic and noncarcinogenic agents alike. It
need hardly be emphasized that the only
objective is to explore the qualitative im-
plications for safety evaluation of some
reasonable biological assumptions, and
not the development of a universal kinet-
ic model for all toxic reactions.

A Simple Kinetic Model

Two reactions are considered here. In
the first, d moles of toxic substance com-
bine with s moles of free substrate to
form x moles of an activated complex,
which in turn reversibly disassociates in-
to toxic substance and substrate. For-
ward and back reactions are governed by
rate constants k and k_. The amount of
activated complex formed in the forward
reaction is thus kds and the amount lost
in the back reaction is k_x, and since in
the steady state these two amounts are
equal we have

kds — k.x =20 4)

In the second reaction d moles of free
toxic substance are simultaneously
deactivated by ¢ moles of free deactiva-
tor to form y moles of toxin-deactivator
complex, which in turn reversibly dis-
associates into toxic agent and deactiva-
tor, the governing rate constants being
k* and k*. In the steady state we thus al-
so have

k*dt — k*y =0 (5)

The total moles of toxic substance in the
system is d + x + y, which we denote
by D; the total moles of substrate is
s + x, which we denote by S; the total
moles of deactivator is t + y, which we
denote by T, leading to the balance equa-
tions

D=d+x+y
S =x+s
T =t+y (6)

Denoting k_/k by K and k*/k* by K* we

rewrite Eqs. 4 and 5, using Eq. 6, as
D-x—=—»S—-—x)—Kx=0 (7
(D—x—y(T—y)—Kx=0 (8)
SCIENCE, VOL. 198



(Slope at D=T)=(K+S)"

L

!
1
1
1
1
!
I
|

0 T T+K+S/2

D

Fig. 1. Dose-response relation under a model
of irreversible deactivation.

where from Eq. 6, x = min(D,S) and
y = min(D,T).

The probability of a toxic reaction in
an organism exposed to the toxic sub-
stance, P, is considered proportional 29)
to amount of activated complex x, and
since "W, x = §, we take as the con-
stant of proportionality 1/S, so that

P =x/S )

We thus embody in the model the as-
sumption that even one molecule of x
could lead to a toxic reaction. We are in-
terested in the relation between P and D
defined by Egs. 7, 8, and 9, this relation
yielding the dose-response curve implied
by the system. The quantities S, 7, K,
and K* are parameters and x and y vari-
ables to be eliminated.

A direct solution yields an explicit re-
lation between P and D but more insight
results from first considering an implicit
solution for P for the case K* = 0, that
is, the case in which there is no back
deactivation reaction. It is then easily
verified that Egs. 7, 8, and 9 are satisfied
by the following solution: For

D=T,P=0
y=D (10a)
and for
D—-SP-T
b=T.P=5"5p-7+K
y=T (10b)

Since P = 0 for all D = T, the dose-re-
sponse curve yielded by this solution has
a threshold at D = T, but for D > T it
increases with decreasing slope from
P = 0to P = 1. Such an asymmetric sig-
moid curve is shown in Fig. 1.
Although D, S, and T in Eq. 10 are ex-
pressed in moles, and K is dimension-
less, multiplication of numerator and de-
nominator by any constant needed to
convert moles to any other unit, such as
milligrams, leaves the form of the rela-
tionship unaffected and converts the pa-
rameters S and 7T to milligrams and K to
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milligrams per mole. To see whether Eq.
10 provides a satisfactory description of
an observed dose-response curve, it is
therefore sufficient to estimate S, 7, and
K and to compare the observed values of
P with those computed from Eq. 10. This
is done in Table 1 for the lifetime tumor
incidences in mice subcutaneously in-
jected with various doses of methylchol-
anthrene as reported by Bryan and Shim-
kin (8). The parameters S, T, and K were
estimated, somewhat crudely, by equat-
ing the P yielded by Eq. 10 with the P
yielded by the fitted probit curve at val-
ues of P = 0.05, 0.50, and 0.95. It will be
observed that the description provided
by Eq. 10 is satisfactory despite its ne-
glect of possible animal to animal varia-
tion in the values of S, T, and K. This
might be considered scarcely surprising,
given the three disposable constants in
Eq. 10, but there is no a priori reason
why the values estimated for these con-
stants must be positive, as the model re-
quires, and as they are in this case. Thus,
if the model is to be rejected, it cannot be
because of failure to describe the meth-
ylcholanthrene dose-response curve.
Since we are here interested in qualita-
tive implications, and not detailed statis-
tical procedures, I shall not consider the
modifications of Eq. 10 required to allow
for animal variation in parameter values,
although it is clear that without them the
possibility of negative estimates of S, T,
and K cannot be excluded.

An Expanded Kinetic Model

Not all deactivating reactions are irre-
versible. In the hydrocyanic acid-thio-
sulfate-cytochrome oxidase system, for
example, a back deactivation reaction
exists, which although quite slow com-
pared to the forward reaction (37) should

d + Sy -~ X1 t+ s, - X2
Ko k-,
+ +
t ty
K|k, k5| | k%,
Y1 Y2

Fig. 2. Model of a two-step chain of protective
reactions.

not be disregarded. To see the effect of
such a reaction we now relax the as-
sumption that K* in Eq. 8 is equal to ze-
ro. A simple, though perhaps inelegant,
way to investigate this more general case
is to note that for small D,

S—x=Sand T—-—y=T (11)

in which case Eqs. 7 and 8 become linear
inx and y, leading immediately to the so-
lution

D

P= for D < T (12)

T
sorlie 1)
Thus, for small D, P is linear in D, with
slope approaching zero as K* ap-
proaches zero. For D > T we use Eqs. 7
and 9 to obtain

D— SP—y
D—-SP—-y+K

P= (13)
for D> T, where, by eliminating
D — x — y from Egs. 7 and 8 we find

y = KPT/[KP + K*(1 — P)]  (14)

for D > T.

Thus a reversible deactivation reac-
tion implies low-dose linearity. If the ki-
netics for the system are known, the
slope of the linear portion can be calcu-
lated from Eq. 12, but for a very low K*

Table 1. Comparison of observed and estimated lifetime tumor incidence at various doses, D, of
methylcholanthrene for Eq. 10 and probit-log dose curve.

(nI'l)g) Observed Eq. 10* Probit-log dose*t
1 20/20 0.9964 1.0000
0.5 21/21 0.9926 0.9997
0.25 21/21 0.9843 0.9962
0.125 21721 0.9644 0.9728
0.062 17/21 0.9044 0.8808
0.031 13/20 0.6955 0.6680
0.0156 6/18 0.3686 0.3782
0.0078 3/17 0.1490 0.1457
0.0039 0/19 0.0283 0.0360
0.0028661% 0 0.0165
0.00195 0/19 0 0.0055
0.00098 0/41 0 5.0 x 10
0.00024 0/79 0 8.9 x 1077
*p = D — (.02904) P — .002866 tAs calculated from the Bryan-Shimkin equation [see

D — (.02904) P — .002866 + .003475 @®).

tCalculated saturation dose.
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as in the case of the hydrocyanic acid-
thiosulfate-cytochrome oxidase system,
it will be negligible (32). But when the ki-
netics are not known and the slope must
be inferred from the observed dose-re-
sponse curve, the threshold argument
provided by Eq. 10 can no longer be sus-
tained. That argument assumes, how-
ever, one step between the toxin and the
organism’s toxic reaction, while in fact
numerous steps may exist (29, 30).

[t is an interesting mathematical exer-
cise to deduce the consequences of as-
suming a chain of n reactions, each of the
type previously considered. It is suf-
ficient, however, to consider the case
n = 2 in order to demonstrate that (i) ir-
reversible deactivation in any one step in
the chain leads to a threshold for the
function P = f{D), and (ii) that even in
the absence of irreversible deactivation,
the addition of a step reduces the low-
dose slope. In what follows, the first step
can be thought of as a detoxification re-
action and the second as DNA repair.
The model is shown in Fig. 2. The bal-
ance equations are:

D=d+x +y +x,+y,
S =8+ x;+x3+ v,
T, =1, +y,
S, = 5, + Xy
T, =1t +y (15)
so that
x, = min(D, S,)
v, = min(D, T,)
x, = min(D, S,, S,)
y, = min(D, S, T,) (16)

The equations of the system are:

[D—(x,+y + x4+ )] [S -

(x + xo + y)] —
(D= +y+x+y)] [T — y]— Ki*yi =0

But the two-step steady state system of
Fig. 2 reduces to a one-step system for
S, >0 and K, = 0, since in that case
yi=D— (x;+ y, + xp + y,) = 0 satis-
fies the first two parts of Eq. 17 and no D
remains in step 1. But from Eq. 18 P is
greatest for K, = 0, in which case it re-
duces to Eq. 12, thus demonstrating that
the existence of an additional step
(Ky, S, > 0) reduces the low dose slope.
These results are easily extended to cov-
er an n step system.

Thus, for a chain of n protective reac-
tions the resulting dose-response curve
is shaped much like a hockey stick, with
the striking part flat or nearly flat and the
handle rising steeply once the protective
mechanisms are saturated. Gehring and
Blau (29), using a kinetic system not un-
like the present one, eight simultaneous
reactions, typical rate constants selected
from the literature, and a computer simu-
lation found exactly such a curve with a
saturation dose of about 1074 mole/kg.

Discussion

This analysis establishes that even if
carcinogenesis is an irreversible one-hit
phenomenon between the ultimate car-
cinogen and DNA, an assumption em-
bodied in Eq. 9, the existence of a no ef-
fect or threshold level for the carcino-
genic compound administered is not pre-
cluded. Whether such levels do or do not
exist depends on the presence of at least
one irreversible protective reaction, but
there seems no present reason for believ-
ing that all carcinogenic processes are
characterized by the absence of such re-
actions and

Kx; =0 all or most

noncarcin-

x(Sy = x2) — Kox, = 0 ogenic pro-
xi(Ty = y2) = Ko*y, = 0 cesses by
P = x,/S,(17) their pres-

ence. We

where K, = k,/k_, and K% =k%/k %
Then, for the case K% = 0,K*%¥ = 0 and
D = min(S,, T,), Eqgs. 17 are satisfied by
x;, =0, x,=0,y, =0, and y, = D, so
that P = 0 for all D =< min(S,, T»). Simi-
larly, for the case K¥ = 0,K% = 0, and
D = T, Eqgs. 17 are satisfied by x, = 0,
X, =0, v,=0, and y, = D, so that
P = 0forall D = T,. Thus irreversibility
in either of the steps leads to a threshold.

To find the solution for K§, K> 0, we
generalize the argument used in the one-
step case starting with Eq. 11, thus mak-
ing Eqgs. 17 linear in x,, x5, y,, and y, and
find that, for D = min(S,, 7,, T»)

i

KK,

P=D/| =t
1
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(I + T,/KH + Sy + Ky(1 + T.Z/K;*)l

have thus found no analytic basis for the
sharp distinction drawn between the two
classes of toxic reaction by present safety
evaluation procedures. Other bases, per-
haps in the realm of value judgments,
may exist, but they do not appear to have
been made explicit.

Although many observed dose-re-
sponse curves are consistent with the
existence of thresholds, for example, the
data in Table 1, no finite set of dose-re-
sponse observations could establish this.
All present safety evaluation proce-
dures, whether involving the use of
NOEL’s, or of some favored non-
threshold dose-
response func-
tion with a

(18)

“virtually safe”” level, must be regarded
as mathematical formalisms whose cor-
respondence with the realities of low-
dose effects is, and may long remain,
largely conjectural. But regulatory de-
cisions must be made, and formalisms
with more theoretical or experimental
support, or both, should be preferred to
those with less. In this spirit T suggest
that another formalism, with at least as
much claim to reality as those now in
use, is provided by the saturation dose
defined by Eq. 10, and that the devel-
opment of efficient statistical procedures
for computing the posterior expectation
of the saturation dose may find a place in
safety evaluation procedures.
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The Code of the Scientist and
Its Relationship to Ethics

Several decades ago, Paul Valéry, po-
et and essayist, declared (/):

Never has humanity known so much power
and so much confusion, so much worry and so
much play, so much knowledge and so much
uncertainty. In equal measure does now an-
guish, now futility, command the hours of our
days.

These words were undoubtedly appro-
priate when Valéry gave pen to them.
Yet today they are perhaps even more
apposite. Indeed, they seem to apply to
three distinct spheres of human action.
In the first place, we live in a time in
which the industrialized countries are
experiencing unparalleled technological
development, in large part the fruit of
science. However, the benefits of new
technologies are distributed in a grossly
unbalanced manner, not only within indi-
vidual industrialized countries, but also
among all the nations of the world. Over-
crowding and environmental degradation
are already significantly reducing the
quality of life in the developed nations
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and give stark evidence of their inability
to confront the problems of the future
and its planning. Excess population and
famine are on the increase in some re-
gions, while in others there are those
who enjoy material goods and leisure as
never before. In a word, our inability to
regulate the processes of cultural and
technological development poses a grave
threat to our ability to achieve a decent
and humane future.

In the second place, as we all are
aware, the trends toward nationalism,
and its opposite, multinational indus-
trialization, are growing. Many will
agree with me that if a universal world
order of some type is not achieved by
agreement based upon reason and eco-
nomic justice, the prospect is that it may
be imposed by force.

And third, science is now in a state of
siege. Those who in the past have
praised its contributions to human un-
derstanding and material well-being are
now questioning many facets of the sci-
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entific enterprise. Some even go so far as
to ask whether it does not contain the po-
tential for destroying civilization.

In this article I center my discussion
on something which I shall argue is com-
mon to each of these problems, namely,
the operating and ethical code of the sci-
entist. First, I discuss some aspects of
the situation of scientists and the possi-
bilities for preserving the norms of sci-
ence. Second, I deal with an even broad-
er question: could there be a relationship
between the ethical stance of the scien-
tist, qua scientist, and the problem of
fostering humane socioeconomic devel-
opment? In turn, these reflections will
prepare the way for a brief examination
of the possible relationship between sci-
ence and a unified world-order of some
type.

Formulation of an Operational and
Ethical Code of the Scientist

Scientists have developed character-
istic rules of procedure that help to pro-
duce the intended outcome of their activ-
ity, which is certified knowledge. These
rules also guide the conduct of individual
investigators toward each other in their
capacity as scientists. In 1942, Robert
Merton formulated these rules as the
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