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I. Introduction

INTERACTIONS between biologically active agents are
important for several reasons.

1. Combinations of agents are used clinically for the
therapeutic advantages they may provide over single
agents. The best evidence for these advantages comes
from the treatment of malignant disease and of infec-
tions. There is little doubt that the use of combinations
of cytotoxic drugs has increased survival in patients with
leukaemias, lymphomas, and some other neoplasms, so
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that the current preference in these conditions is for
regimens with 4-6 or more agents (61, 70, 81, 92, 143,
184, 209, 210, 214, 460, 546).

For instance, in acute lymphatic leukaemia of child-
hood, the percentage of remissions with single agents is
40-50%, as compared with 94-95% with combinations of
three drugs (460). Again, in small cell carcinoma of the
lung, treatment with single agents produces complete
remission in only 2.5% of patients, compared with 19-
25% in those receiving combinations of two to four drugs
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(81,214). Several examples from the earlier literature
were reviewed by Henderson and Samaha (242).

Combinations of antibiotics are useful in the treatment
of serious infections (141, 163, 181, 297-301, 363, 495,
552, 558), especially when these combinations have been
shown to be synergistic in vitro (7, 297-301, 368, 360,
433, 501). For example, Anderson (7) found that the
response rate in neutropenic patients with gram-negative
infections was 33% if the antibiotic combination was not
synergistic in vitro and 79% if it was. In patients with
Pseudomonas infections, the corresponding figures were
0% and 84%. Klastersky and Zinner (301), reviewing
several papers, found that, in patients with a variety of
infections, the cure rate was 0-49% (mean 43%) if the
combination was not synergistic and 48-88% (mean
76%) if it was.

Drug combinations may also be advantageous in, for
example, the treatment of cardiac failure (415a, 467, 496),
myocardial infarction (122-124, 266), severe hyperten-
sion (369) (in which about 60-70% of patients require
combinations of two or three drugs (416)) and asthma
(48, 73, 134, 259, 327, 452), and in the prevention of graft
rejection (461).

2. Most patients who receive drug combinations do so,
not for any supposed advantage afforded by the combi-
nation, but because several therapeutic indications are
present. Hospitalised patients may receive a surprising
number of different drugs. May (359) found, in the early
1970’s, that patients received an average of 7.9 drugs
during their stay in a general hospital, and Cluff (119)
found that patients given an antibiotic received on av-
erage 13 additional drugs. The number and variety of
drugs received by comparable patients today is unlikely
to be less. Such multiple drug-taking is not confined to
hospital patients; recent surveys showed that, at any one
time, 20% of elderly persons in the community are taking
three or more prescribed drugs, and this proportion rises
to over 50% for patients referred to a geriatric service
(94, 206). Although such combinations are not given in
order to obtain an interaction, one may nevertheless
occur, and such inadvertent interactions are more often
deleterious than beneficial. Stockley (484) lists about 600
known interactions between commonly used drugs, al-
most all adverse. For example, aminoglycosides in com-
bination with cephalothin may be nephrotoxic, amino-
glycosides together with ethacrynic acid may be ototoxic,
the anticoagulant effects of warfarin are increased by
cimetidine, the antihypertensive effects of guanethidine
may be abrogated by tricyclic antidepressants, and so on.
May (359) found that over 50% of hospital patients given
16-20 drugs had adverse effects serious enough to require
treatment or a change of therapy and, while most such
effects are probably due simply to excessive or inappro-
priate prescribing, about 20-25% may be due to drug
interactions (62). Among elderly, non-hospitalized indi-

viduals, 17-20% are taking combinations of drugs with
the potential for harmful interactions (94,206).

3. Governmental regulations as to permitted levels of
toxic environmental pollutants generally refer to single
agents and do not explicitly take into account the pos-
sibility that they might interact in producing harmful
effects. Nevertheless, there is good evidence that such
interactions occur and are important. For example, in-
dividuals exposed to more than one human carcinogen
have a greater than expected incidence of cancer (58,
418, 435, 446-448), and it has been proposed that the
difficulty of accounting for the incidence of some neo-
plasms in individuals exposed to low-level ionising radia-
tions may be due to hitherto unsuspected synergy with
other environmental agents (75). Soil and plants in in-
dustrial areas may have raised levels of eight different
metals and, in view of the known carcinogenicity of many
of these in man or laboratory animals (25a, 271), a
connection between this and the raised incidence of lung
cancer in such areas has been suggested (330, 331, 464).
It has also been argued that the high incidence of neu-
rological and psychometric impairment in individuals
occupationally exposed to mixtures of 8 to 10 neurotoxic
organic solvents, as compared with the low incidence in
those exposed to higher total levels of single solvents,
may be due to synergistic interactions (165, 229, 265,
328, 488), a possibility that is supported by animal ex-
periment (389). Simmons et al. (458) found that the
hepatotoxicity in mice of complex industrial wastes
(which contained 10 to 12 known toxic compounds) could
not be accounted for by the toxicities of their known
components and suggested that synergistic interactions
might, at least in part, be responsible for this discrep-
ancy. There are serious difficulties in attempting to
analyse interactions between the constituents of the
complex mixtures present in the environment (101, 125,
199, 323a, 358, 483, 554, 555) and these are discussed
below (section XII).

Interactions between other adverse industrial factors
are the subject of increasing interest (59, 244, 350, 390),
and there is a substantial literature on the analysis of
interactions in epidemiology (57, 192, 347, 423, 424, 436,
455, 500, 525, 534). These examples show that the public
health implications of interactions between environmen-
tal agents, and especially the effects of agent multiplicity
(43), require urgent and serious consideration.

4. Finally, it seems highlylikely that many physiolog-
ical and pathological processes are governed by interac-
tions (synergistic and antagonistic) between biological
mediators (growth factors, interferons, hormones, media-
tors of inflammation, clotting factors, etc). Such proc-
esses include cell proliferation (11, 74, 76, 77, 82, 87, 139,
146, 148, 158, 164, 169, 208, 257, 284, 305, 343, 344, 361,
372, 399, 414, 426-428, 441), cell differentiation and
synthetic activities (63, 72, 84, 95, 102, 147a, 159, 191,
218, 282, 343, 393, 429, 440, 462, 535, 536, 564), embry-
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onic induction (288a, 460a), platelet activation and
thrombosis (15, 136, 197, 213, 236, 280, 381, 455a, 481,
482, 489, 528), thrombolysis (122-124, 319, 477a, 562),
acute inflammation (12, 13, 27, 28, 32, 33, 139, 241, 402,
475, 530, 542-544), shock (391, 520), immunological re-
sponses (49, 55, 78, 82, 166, 168, 173, 174, 196, 221, 364,
394, 419, 478, 549), hormone release and hormone action
(5, 10, 34, 207, 325, 380, 382, 386, 396, 421, 438, 470),
renal water and sodium excretion (9, 199a, 417), muscle
catabolism (179), bronchoconstriction (31, 32, 48, 188,
320, 321, 403), and vasoconstriction and regulation of
blood pressure (228, 275, 281a, 379). These widespread
interactions may have teleological significance. In syn-
ergistic interactions, the cooperation of several agents
may be needed for a full effect, ensuring that important
physiological processes are not made fully operational
without important reasons, whereas antagonistic inter-
actions may serve to limit the extent to which these
processes operate.

Thus, interactions between biologically active agents
are unquestionably of great importance in therapeutics,
toxicology, environmental studies, and normal and ab-
normal physiology. It is therefore a matter for concern
that the analysis of such interactions is in a confused
state. The concern is the greater in that conclusions
based on confused and faulty premises may be used to
guide action, for instance, in planning clinical trials,
setting environmental standards and so on.

Interactions are generally described as being synergis-
tic or antagonistic. Synergy means, broadly, “working
together” and antagonism means “working against each
other,” and these terms imply the existence of some
intermediate, zero-interactive state in which agents do
neither of the above. However, these generally under-
stood meanings are not unambiguous definitions; some
quantitative criterion is clearly implied, but there does
not seem to be any general agreement about what this
is.

This unresolved issue does not seriously affect those
studies on interactions which are concerned with com-
binations of agents where the effect of interest is pro-
duced by one of the agents only, and in which the other(s)
act merely to increase or decrease the effect of the former,
for instance, by modifying its absorption, metabolism, or
excretion. These so-called heterergic interactions are
discussed in section V B 1 (b) below. In the absence of
interactions, the effect of such a combination would
simply be that of the active agent. When it is greater or
less than this, there is no difficulty in deciding that one
agent is working together with or against the other, i.e.,
that synergy or antagonism is present. Problems arise,
however, when each agent on its own (or, in multi-agent
combinations, more than one of the agents) can produce
the effect under study. One would intuitively expect the
effect of such a combination to exceed the effect of any
one of its constituents, but there is no consensus on how

to distinguish between this expected increase and a true
interaction.

I1. Expectation: Mechanistic and Empirical
Models

Before examining the various solutions to this problem
that have been proposed, we consider first the idea that
the nature of an interaction might be decided by analys-
ing the mechanisms of action of the agents (and/or
constructing hypotheses about these mechanisms) and,
on this basis, calculating the expected effect of the com-
bination. For example, one might believe that the effects
of agents A and B are each adequately explained by
binding to some biologically important substrate. With
sufficiently good quantitative information (and/or hy-
potheses) about factors such as the reversibility or oth-
erwise of binding, the number of binding sites, whether
A and B bind to the same or different sites, and so on,
one might construct an equation describing the expected
effects of the agents and their combinations. Then, ac-
cording to this appoach, zero interaction is defined sim-
ply as that state in which the observed effects fit the
equation, and synergy and antagonism are defined as
divergence between observation and expectation.

The fundamental difficulty here in the context of
analysing drug interactions is that the decision as to
whether the observed effect of a combination is that
which is expected from the mechanisms of action of the
agents or unexpected depends entirely on the current
state of knowledge, which is largely an accidental and
temporal consideration. If mechanisms of action are not
well understood or if the model is inappropriate, the
effect of a combination of agents may well be unexpected.
Then, with increasing understanding of the agents, the
model is progressively modified so as to fit the observed
effect, and the effect becomes what is expected. For
instance, using the above example, it might be believed
that A and B have common binding sites, and an equa-
tion for the expected effects of their combinations is
derived on this basis. If it is observed that the combina-
tions are more effective than the equation predicts, then
A and B are claimed to show synergy. Suppose that it is
subsequently found that the binding sites are in fact
different, and this new information leads to the deriva-
tion of a different equation. If the effects are found to fit
this new equation, A and B will now be said to show zero
interaction. Thus, “interactions” defined in this way
vanish as knowledge expands. Moreover, whatever opin-
ion is formed about an interaction may at any time be
overturned by new information about mechanisms of
action, so that an interaction said to be synergistic one
day may on the next be said to be antagonistic, and this
with no change whatsoever in the observed data. This
does not appear to be a tenable basis for the study of
interactions.

Further, as will be suggested below, it should be pos-
sible to say from measurements only of effects whether
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different agents interact or not to produce these effects,
even when the nature of the agents is unknown, and
consequently no information is available as to modes of
action.

Clearly, therefore, synergy and antagonism cannot
usefully be defined as departures from what is expected
from mechanisms of action. In fact, there are many good
examples of well-founded mechanistic models satisfac-
torily accounting for the effects of drug combinations,
whether these be synergistic, zero-interactive, or antag-
onistic (215, 268-270, 539, 540), and none of the inves-
tigators concerned made the mistake of defining inter-
action as that which is unexpected from the model.

If departure from expectation based on mechanisms of
action is discarded as a basis for classifying and meas-
uring interactions, there remain only the observed effects
of the agents and their combinations, considered without
reference to mechanisms. Unlike our understanding of
mechanisms of action, such measurements do not change
as knowledge changes, although they may become more
accurate or more refined in other ways. Further, an
approach based on these is just as applicable to agents
of which the modes of action are completely unknown as
to those that are well understood, and even to agents
that are unidentified. On this basis, interaction is defined
as being present when the effect of a combination of
agents differs from that expected from their individual
dose-response curves. That is, a general, empirical model
of zero interaction is constructed, based only on observed
dose-response relations of the agents, and interaction is
defined as departure from the model.

It is therefore useful to consider just what would be
required of such an empirical, mechanism-free model,
and how its validity could be tested. The requirements
are analogous to those of a nonparametric statistical test.
There are, for example, some statistical tests (the Mann-
Whitney U test, the Kolmogorov-Smirnov test, and so
on) that calculate the probability that two sets of values
come from populations with the same distribution and,
to decide this question, no information is required about
what the values represent nor about the real distributions
of the populations from which the sets of values came.
Analogously, a valid mechanism-free method for exam-
ining interactions between agents should be able to show
whether or not two (or more) agents interact or not
simply on the basis of observed effects. No information
should be required about the nature of the agents or their
mechanisms of action, nor about whether they are in fact
the same or different.

The question then arises as to how the dose-response
relations of agents may be used to construct a model
giving the expected effect of a combination. Unfortu-
nately, there is considerable confusion on this question,
so much so that for the past 30 years and more it has
been almost an established custom to begin reviews on
synergy with a discussion of the prevailing confused and

anarchic state of affairs (39, 42, 193, 209, 480, 508, 513,
514). At least eight different approaches are commonly
used. In describing these, the following symbols will be
used for combinations of two agents A and B (their
extension to any number of agents numbered 1,2,,,,, n
will usually be elementary). The combination is termed
(d.d») where d, and d, are the doses (or concentrations
if appropriate) of A and B, respectively. Effect is treated
as a mathematical function E; thus, E(d,d;) or, where
an explicit algebraic function can be used, f(d,,,) is the
effect of the combination. Where E is expressed as a
fractional effect (for instance, fractional cell kill or frac-
tional inhibition of an enzyme), then S is the surviving
fraction, i.e., S = 1 — E. D, and D, are the doses of A
and B separately that are isoeffective with the combi-
nation.

The commonly used approaches for analysing inter-
actions are as follows:

(a) Construction of isoboles (iso-effect curves), in
which the combination (d,,d;) is represented by a point
on a graph the axes of which are the dose-axes of the
individual agents. It is expected that, if the agents do not
interact, the isobole joining the point representing the
combination to those on the dose-axes representing doses
isoeffective with the combination (D, and D,) will be a
straight line (39, 40, 42, 44, 47, 182, 183, 200, 247, 333,
335, 338, 510, 547) (fig. 1). For combination of three
agents, the isobole is a surface in three dimensions (39,
40, 42, 127, 159) and the zero-interaction isobole is a flat
plane.

The equation for the zero interaction line for two
agents is

di , dp _
'D—¢+ =1 1)

N

2.0 o

I::\.\o,.\'
XN\

ADP (mM)

() 100 200
ADPR (uM)

F1G. 1. Isoboles showing zero interaction between adenosine di-
phosphate ribose (ADPR) and adenosine-5’-diphosphate (ADP) in
inhibiting alcohol dehydrogenase (taken from fig. 4 of Yonetani and
Theorell (557)). Isoboles are shown for fractional residual activities of
0.4, 0.5, and 0.6. The isoboles joining points representing isoeffective
combinations (@) to points on the axes representing isoeffective con-
centrations of the agents used on their own are all straight lines.
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(and, for n agents, it is

n d .

i-]B‘i=1 (z=1’2,"')n) (la)
For example, in fig. 1, for the combination of 50uM
ADPR with 2 mM ADP, which leaves a fractional enzyme
activity of 0.4, the isoeffective concentrations of ADPR
and ADP are 250 uM and 2.5 mM, respectively. Thus,
equation 1 is satisfied, for 50/250 + 2/2.5 = 1, and the
isobole for this effect is a straight line.

When agents in combination are more effective than
expected from their dose-response curves (synergy),
smaller amounts are needed to produce the effect under
consideration, i.e., d, and/or d, are reduced, while D, and
D,, being doses of the agents used on their own, are
unchanged, so

da db

D, + D, <1 (2)
(This expression is strictly an inequality, not an equa-
tion, but it and similar expressions used here will be
termed equations simply for convenience in listing).

Equation 2 defines a concave-up isobole. For example,
in fig. 2, for the combination of 74.5 mg/kg of trimetha-
dione with 8.25 mg/kg albutoin, the isoeffective doses
are 298 mg/kg and 33 mg/kg, respectively, so the relevant
equation is 74.5/298 + 8.25/33 = 0.5.

Conversely, when the agents in combination are less
effective than expected (antagonism), d, and/or d, must
be increased to produce the required effect, so that

de  dy
D. + D, >1 3)

Equation 3 defines a concave-down isobole. For ex-
ample, in fig. 3, for the combination of 760 mg/kg tri-
methadione with 175 mg/kg albutoin, the isoeffective

°
2 \
2 N
g \
3 \
< N\
~— \\
L] \ \
\
0 100 200 300

Trimethadione (mg/kg)

F1G. 2. Isobole showing synergy between trimethadione and albu-
toin in protecting mice against clonic seizures induced by pentylene-
tetrazol (redrawn from fig. 3 of Wallin et al. (524). The dashed line
indicates the zero interaction isobole, i.e., the locus of all combinations
that would have produced this effect if there had been no interaction.
The three combinations (@) shown are all to the left and below this
line, showing that less of the drugs is needed than expected, i.e., they
are synergistic.

200f< \
N
N

°
= *
o N
5 N \
€ N
] N
é 100 N .,
< N
N
N
N\
N
N
° R
[] 500 1000 1500

Trimethadione (mg/kg!

F1G. 3. Isobole showing antagonism between trimethadione and
albutoin in protecting mice against electrically induced tonic extensor
seizures (redrawn from fig. 3 of Wallin et al. (524)). The three combi-
nations shown are all above and to the right of the zero interaction
line, showing that the drugs are less effective in combination than
expected.

doses are 1520 mg/kg and 210 mg/kg, respectively, so the
equation is 760/1520 + 175/210 = 1.33.

The sum in equations 1-3 is an interaction index which
measures the divergence between the amounts of the
agents that are observed to produce a given effect in
combination and the amounts that would be expected to
do so from their dose-response curves. The use of this
index as a measure of interaction originated with Henle
(245), its connection with graphic methods was recog-
nised by Frei (185), and with the classic isobole method
by Loewe (334,341).

The earliest published isoboles, dating from 1870, are
those of Fraser (182,183), for the lethal effects of com-
binations of physostigmine and atropine, which showed
antagonism. There is little evidence of the subsequent
use of this method until the publication of a series of
papers by Loewe and his colleagues in 1926-7, most of
which concerned the lethal effects of combinations of
analgesics and barbiturates, which showed antagonism
(276-279, 332, 340, 341). One paper from this group
(468), on the lethal effects of combinations of strophan-
thus and digitalis, appears to be the first to illustrate a
synergistic isobole. In spite of this small spate of publi-
cations, widespread adoption of the isobole method had
to wait another 20 years (378, 97, 105, 142, 160). Exper-
imentally determined isoboles have since been published
for narcotics (132, 201-204, 292-294, 383, 384, 466, 505a,
506, 507, 523, 541, 556), anti-convulsants and combina-
tions of these with convulsants (105, 336, 337, 339, 356,
524), a- and B-adrenoceptor agonists (238), cytotoxic
drugs and antimetabolites (35, 160, 216, 256, 260a, 267,
398, 437), antibiotics (172, 239, 287, 378, 395, 501, 559),
antiviral agents (25, 127, 133, 274, 291, 368, 457, 464a),
anticoccidial agents (186), antitoxoplasmal agents (54),
antileishmanial agents (354), antitrypanosomal drugs
(512), antimalarial drugs (104, 309, 444), immunosup-
pressive agents (49), insecticides (113, 201), agents in-
ducing acute shock (425) and for combinations of phys-
ical stimuli such as noise and vibration (59, 244). The
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papers by Tverskoy et al. (505a, 506, 507) appear to be
the first to show isoboles for drug effects in man.

(b) Summation of effects, in which the effect of a zero
interactive combination is expected to be the sum of the
effects of its constituents, i.e., E(d.d,) = E(d,) + E(ds)
(1, 63, 95, 96, 118, 135, 150, 159, 196, 199a, 212, 230, 234,
237, 262, 288, 345). Methods based on analysis of vari-
ance (71a, 83, 179, 217, 234, 281a, 290, 308, 316, 317, 319,
432, 438, 449, 450, 470, 490, 549) come under this head-
ing, for linearity of response is a basic assumption of this
approach, in which interaction is defined as departure
from summation of effects.

(c) Multiplication of surviving fractions, in which frac-
tional survival after treatment with a zero-interactive
combination is expected to be the product of the frac-
tional survivals after treatment with each of of its con-
stituents, i.e., S(d,dy), = S(d,). S(dw) (29, 36, 70, 80,
108, 140, 151, 164a, 178, 286, 295, 296, 352, 353, 441, 469,
513, 522, 538). An equivalent method, used particularly
by radiobiologists, involves measuring the effect of a
fixed dose of one agent on the survival curve of the other,
zero interaction being deemed present if the curve is
shifted downwards by a fixed distance on a logarithmic
scale, while changes in slope are held to indicate an
interaction (145, 227, 508).

(d) A more complicated version of the isobole method
in which zero interaction is represented by an envelope
between two limiting isoboles, at least one of which is
curved, rather than by a single straight line (137, 190,
246, 295, 370, 371, 387, 415, 453, 454, 479, 480, 485, 486,
492, 494, 504, 553).

(e) Measurement of the effect of a fixed dose of one
agent on the dose-response curve of the other, zero
interaction being deemed to be present if the dose-re-
sponse curve is shifted horizontally by a fixed distance
on a linear scale (149, 409-412). (Commonly a logarith-
mic dose scale is used, in which case the original and the
shifted dose-response curves are not parallel but con-
verge at higher doses).

(f) Calculation of the effect of a zero-interactive com-
bination from the law of mass action (110-113, 231, 258,
304, 442, 499, 518).

(g) Comparison of the effect of a combination with
that of its constituents, synergy being deemed present if
the former exceeds each of the latter, i.e., E(d.dy) >
E(d,) and E(d,) (170, 222, 263, 392, 422, 430, 463). This
approach owes much to Gaddum (189), who argued that,
if the effect of a combination exceeds those of its con-
stituents, they must necessarily be helping each other,
and that only combinations with effects less than that
of one or more constituents should be termed antago-
nistic. Thus, Gaddum drew isoboles for various interac-
tions in the manner of fig. 4.

(h) The last approach to be noted here, and the one
that is by far the most often used, is that in which
explicit criteria are conspicuous by their absence. Here,

ANTAGONISM
Op
(D3.0p)
8 SYNERGISM
2
i
Potentiation 9,
0
0 D,

A

F1G. 4. Isobolar diagram of Gaddum (189). Synergy is here said to
be present when the effect of a combination exceeds that of either of
its constituents and thus all combinations in the rectangle shown are
said to be synergistic. Antagonism is said to be present only when the
combination is less effective than any of its constituents (see text for
comments). Synergy in the sense used in this review (cf. fig. 2) is
termed potentiation by Gaddum, and the zero interaction isobole is
said to show “addition.”

authors claim to have demonstrated synergy without
specifying any method or criterion at all, apparently
assuming that the conclusion is self-evident, or possibly
being unaware that several different methods are used
and that there is a problem of selection. Some recent
examples are refs. 26, 28, 72, 74, 84, 129, 164, 311, 306a,
326, 364, 455a, 493, 529, and 563.

These methods are of varied status. Methods (a) and
(g) are strictly mechanism-independent and are thus
based on truly empirical models. The remaining methods
(excluding (h), the “no method” approach) are almost
universally treated as if they were empirical, mechanism-
free methods but, as will be shown below, they all depend
on assumptions about the shapes of the agents’ dose-
response curves and thus on their mechanisms of action.
Most investigators appear to be unaware of these under-
lying assumptions.

This list is by no means comprehensive. Some less
well-defined methods are mentioned by Goldin and Man-
tel (209), and new methods of little or no validity con-
tinue to appear with regrettable frequency, serving only
to add to the confusion.

It is not surprising that these different methods may
give different results when applied to the same set of
data, so that a combination may appear synergistic ac-
cording to one method and antagonistic according to
another. For example, if each constituent of a two-agent
combination alone inhibited some activity by 50% and a
combination of both inhibited it by 90%, use of the
summation method would indicate antagonism (100%
inhibition expected) while use of the multiplicative
method would indicate synergy (75% inhibition ex-
pected).

The coexistence of several methods, some with ener-
getic advocates, not unnaturally gives rise to the belief
that all methods are equally valid, or that their validity
is inherently untestable or that the matter is simply one
of semantics. Thus, choice of method is often asserted to
be a matter of personal preference, depending perhaps
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on the nature of the problem but more often on the
investigator’s familiarity with the method or simply on
statistical convenience (485, 525).

One reflection of the prevailing uncertainty is that
some reviewers merely list a variety of methods without
clearly specifying the circumstances, if any, in which
they are appropriate (79, 144, 365, 485). Another is the
practice of applying two different methods to the same
data, on the supposition that, even if the methods are
unsure, the conclusion is more likely to be correct if both
methods agree as to the type of interaction present (231,
232, 260a, 281, 415, 441, 464a, 516).

In fact, there is a generally valid method, the construc-
tion of isoboles (method (a)) but, until recently, its
general validity was unproven. Fraser, the originator of
the method (182, 183), gave no rationale for the construc-
tion, nor was there any need for this in the experiments
he described. These concerned the interaction between
physostigmine and atropine in causing death and, as
atropine was found to counter the lethal effects of phy-
sostigmine, there was no difficulty in deciding that the
interaction was one of antagonism. Fraser thus invented
isoboles simply as an elegant method for displaying data
graphically for combinations of two or three variables.
(the interval between the two injections was the third
variable).

Loewe (333-335, 338, 341), who developed the method
further and applied it to synergistic combinations, gave
as its rationale the fact that a straight line isobole would
always result in the case of a sham “combination” of an
agent with itself and, intuitively, this should apply also
to combinations of different agents if they had similar
modes of action and similar dose-response curves. How-
ever, Loewe rightly felt that such intuitive reasoning
could not very well be generalised without further justi-
fication to include combinations of agents with different
mechanisms of action and dissimilar dose-response
curves, and he asserted that in such cases the isobole for
zero interaction (additivism) would be curved. No con-
vincing reasons for this assertion was put forward but
this, and similar assertions by other authors, have been
the source of some subsequent confusion (see section
VIII below).

It will be shown here that the isobole method is a
generally valid procedure for analysing interactions be-
tween agents irrespective of their mechanisms of action
or the nature of their dose-response relations. Each of
the other methods except method (g) (and, of course,
method (h)) is valid in particular circumstances, and the
isobole method and its algebraic representation will be
used to show what these circumstances are. Method (g)
is soon disposed of by testing it on a sham “combination”
of two doses of one and the same agent. For all agents in
the dose-range where effect increases with dose, the
effect of this “combination” must exceed the effect of
each of its “constituents.” Thus, the conclusion according

to method (g) is that the “combination” is synergistic.
This is clearly incorrect, for the effect can only be pre-
cisely that which is expected from the dose-response
curve of the agent. Some may find more appealing the
down-to-earth argument of Smith (464) If two men,
working separately, can each cut down 10 trees in a day
but, working together, they cut down 15, then they must
somehow be working against each other (perhaps by
getting in each other’s way), not helping each other. Yet
the effect of this “combination” exceeds the effect of each
of its “constituents” and, according to criterion (g) and
Gaddum’s isoboles, they would be supposed to be acting
synergistically.

III. Terminology and Definitions

One of the causes of confusion in the literature on
drug interactions is the profusion of terms and lack of
agreement on their definitions. For example, Fedelli et
al. (171) and Steel (479) each define 11 different types
of interactions, but each uses a different terminology and
there appears to be little if any correspondence between
their classifications.

There is no need, in the present context, to define
more than three classes of interactions: zero interaction,
in which the effect of a combination is that expected
from the dose-response curves of the agents; synergy, in
which the effect is greater than expected; and antago-
nism, in which it is less. A commonly used synonym for
zero interaction is additivism (or addition), but this term
will generally be avoided here as it has acquired several
different meanings in the literature. Many other terms
are used (potentiation, augmentation, enhancement,
etc), but these again are either defined differently by
different authors or, more often, are used without defi-
nition, so they will also be avoided in this review.

IV. Parameters for Assessing Interactions

The key to finding a generally valid method for as-
sessing interactions between agents is to decide on what
parameters of a combination could be used for this pur-
pose. If the method of assessment is to be generally
applicable, the parameters chosen must be capable of
specification and measurement irrespective of the nature
of the agents’ dose-response relations. For instance, pa-
rameters such as slope of the dose-response curve, which
apply only to curves that are linear (or linearisable) over
the relevant part of the dose-range, or degree of sigmoid-
icity, which apply only to sigmoid curves, are not general
in this sense. There are four completely general param-
eters for any combination of A and B. Two are related
to the individual constituents, i.e., (i) the doses of the
constituents, d, and dp, and (ii) the effects of the con-
stituents, E(d,) and E(d,); and two are related to the
combination, i.e., (iii) the effect of the combination,
E(d.d,), and (iv) the doses of the individual agents
isoeffective with the combination, D, and D,. (In the
case of agents that, on their own, do not in any dose
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produce the effect of the combination, the appropriate
value of D, or D, (or both) is set at infinity and this gives
rise to no difficulty in any of the procedures described
below). The only case in which any question arises about
the values of these parameters is that of agents with
nonmonotonic dose-response curves, where there may be
more than one value for D, and/or D, but such cases do
not generally give rise to any difficulty in practice, as the
correct value to choose is usually fairly obvious from
inspection of the curves.

Now the question as to whether putting the constitu-
ents together to form a combination leads to an inter-
action or not cannot be answered by considering only
relations between constituent-related parameters (i) and
(ii) on the one hand or only those between combination-
related parameters (iii) and (iv) on the other. A relation
is required between constituent-related parameters and
combination-related parameters. Intuitively, it would ap-
pear that the obvious connection to seek is one between
effects, i.e., between (ii) and (iii). Some connections that
have been proposed have been mentioned above, for
instance that E(d,d,) = E(d,) + E(d,) or that S(d.d,)
= S(d,)-S(dy). However, as such solutions generally
yield different answers with the same set of data, they
cannot all be generally valid.

Now there is one sort of combination the effect of
which must always be precisely that expected from the
dose-response curves of its agents, irrespective of their
shapes, and that is the sham “combination” of various
doses of one and the same agent. If the sham combination
test is applied, for instance, to an agent with a linear
dose-response curve, the summation method would al-
ways give the correct answer, for here, if d, and d; are
two doses of the same agent, then the curve shows that
E(d,d;) = E(d,) + E(d;). However, the multiplication
method would generally not give the correct result (see
section VI B 1). On the other hand, if this test is applied
to an agent with an exponential dose-response curve, the
multiplication method would give the correct result (see
section VI B 2) while the summation method generally
would not. Neither the summation nor the multiplication
method would generally yield the correct answer if ap-
plied to sham combinations of an agent with a dose-
response curve that was sigmoid or exponential with a
shoulder. Thus, methods that attempt to calculate the
effect of a zero-interactive combination directly from the
effects of its constituents apply only in restricted circum-
stances, each such method being valid only for agents
with particular types of dose-response curves. Further,
any such method can be used only when all the agents
in a combination have dose-response curves of the same
general type. For example, neither the summation nor
the multiplication method could be applied in general to
combinations in which the dose-response curve of one
agent was linear while that of the other was exponential.

Evidently, seeking a connection between the effect of

the combination and those of its constituents cannot
lead to a generally valid solution. The alternative is to
seek a connection between (i) the doses of the constitu-
ents, d, and d, and (iv) the isoeffective doses of the
individual agents, D, and D,. The nature of this connec-
tion may be shown by examining the properties of the
sham “combination” described above.

V. Isobole Method
A. General Validation

The isobole method depends on the fact that, if a
combination (d,,d;) is represented by a point in a graph
the axes of which represent doses of A and B respectively,
then the point lies on the straight line joining D, and D,
(and thus d,, d;, D,, and D, satisfy equation 1) if and
only if the combination is zero-interactive (fig. 1).

The isobole method is well established and is widely
used in many fields. However, until recently, it suffered
from the lack of a formal proof of its general validity. In
addition, there is the difficulty created by Loewe’s doubts
as to its general validity, his assertion (334, 335) that, if
used for combinations of agents with dissimilar dose-
response curves, it would generate curved isoboles even
if there were no interaction and his belief that, for
combinations of two such agents, there were two possible
forms for each isobole. Fortunately, most investigators
seem to have ignored (or possibly have been unaware of)
these doubts, and have quite correctly used the isobole
method irrespective of the similarity or dissimilarity of
the dose-response curves of the agents in question.

Nevertheless, the doubts have persisted and have
caused considerable confusion, and it is clearly essential
for the future well-being of this field of study that, if the
isobole method is indeed generally valid, a convincing
proof of this be presented. The proof is given here for
combinations of two agents, but it is readily generalised
for combinations of any number (44).

The proof depends on constructing a sham combina-
tion that mimics the real combination in the criteria
listed above, i.e., it should have the same values for d,,
dy, D,, and D;. It must mimic the real combination in
effect, otherwise the exercise would be pointless, and it
must be indisputably zero-interactive. This last aim is
achieved simply by using only one agent (and dilutions
of that agent) to make up the sham combination. The
effect of such a combination can only be that expected
from the dose-response curve of the agent selected, so it
is by construction zero-interactive. If a real combination
cannot be distinguished from a zero-interactive sham
combination by the criteria discussed above, it must also
be zero-interactive according to these criteria. Either A
or B could be used to make the sham combination. We
shall select A. To construct a sham agent to mimic B, A
is diluted (D,/D,)-fold. This material will be called A’.
Clearly, the dose of A’ isoeffective with D, (and D,) is
D, units, because this contains (D,/D,)D, units of A, i.e.
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D, units of A. Therefore, A’ mimics B in the only relevant
respects, i.e., the magnitude of D, and its effect.

The sham combination contains d, units of A and d,
units of A’, so it has the same values for d, and d, as the
real combination. Whether the real combination is zero-
interactive or not depends on whether it and the sham
combination have equal effects. Now the sham combi-
nation is, in fact, d, of A plus (D,/D,)d, of A. If this and
the real combination are isoeffective, then

E(d, of A + d; of B)

D,

Therefore, for agents with monotonic dose-response
curves,

=E(d,ofA +&- dbofA)=E(D,ofA)

D, , _
d.+ 5 - dy =D,

Dividing throughout by D, gives equation 1.

Thus, the real and sham combinations cannot be dis-
tinguished from each other in any relevant respect (d,,
dy, D,, D,, or effect) and, as the sham combination is
zero-interactive, so also must be the real one.

Equation 1, which describes a straight-line isobole,
gives the relation sought between d,, d;, D,, and D, for a
zero-interactive combination. Its derivation took no ac-
count, either explicitly or implicitly, of the shapes of the
dose-response curves of the agents or of their mecha-
nisms of action, and thus it is valid irrespective of the
shapes of these curves and of whether they are similar
or dissimilar, and irrespective of their mechanisms of
action.

Now suppose that the true combination (d, of A and
d, of B), which is isoeffective with Da, is more effective
than the zero-interactive sham combination (d, of A and
(Dqo/Dg).dy of A), i.e., it shows synergy. Then

E(d.ofA+&' . dbofA)
D,

< E(d,of A + d, of B) = E(D,)
Thus,

d, + gf - dy<D,
and dividing throughout by D, gives equation 2.
Conversely, if the true combination is less effective
than the zero-interactive sham combination, i.e., if it
shows antagonism, then entirely similar reasoning gives
equation 3.

B. Remarks on the Isobole Method

1. Data required for assessing interactions. It is quite
unnecessary to have complete dose-response curves of
all the agents in a combination in order to detect and
categorize an interaction (this is sometimes incorrectly

claimed to be a drawback of the isobole method (112,
362). In many cases, only limited determinations may be
enough to show that the isobole must of necessity be
concave-up or concave-down (42). For example, Archer
et al. (12) found that a combination of 30 ng PAF-acether
and 0.5 ug PGE; injected intradermally into human skin
produced a wheal of about 70 ul volume (fig. 5). Wheals
of this size were not produced by the maximum doses of
either agent used alone, 60 ng of PAF-acether or 1 ug
PGE,, so the interaction index for the combination is
necessarily less than 30/60 + 0.5/1.0, i.e. <1.0, and the
isobole for the effect is necessarily concave-up, indicating
synergy.

Thus, although the values of D, and D, in equation 2
were not determined, the combination was undoubtedly
synergistic.

In two sets of circumstances, unequivocal decisions
may be made with even less information about the dose-
response curves, as follows.

(a) If a combination is less effective than one or more
of its constituents, then no further information is needed
in order to conclude that antagonism is present. For
example, fig. 6 shows that a combination of 0.5% v/v
halothane in inspired air with 306 mg/kg morphine pre-
vented the increase in heart rate in response to a noxious
stimulus in rats (293). However, the same effect could be
produced by 5.9 mg/kg morphine alone, so that the the
306 mg/kg in the combination must have been very much
less effective than 306 mg/kg morphine on its own. Here,
the combination (d,, d,) is (0.5, 306) and the isoeffective
dose of morphine (D,) is 5.9. Thus, d,/D, = 306/5.9 =
51.9. Clearly, even without knowing anything about the
isoeffective dose of halothane, it is certain that the
interaction index for this combination greatly exceeds
unity, and the isobole for the effect is markedly concave-
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F1G. 5. Isobole showing the interaction between PAF-acether and
PGE,; in inducing wheal formation in human skin (data from table 2 of
Archer et al. (12)). A 70 ul wheal is produced by a combination of 30
ng PAF and 0.6 ug PGE,. However, a wheal this size is not produced
by double these amounts of the agents used on their own. Thus, the
isobole for combinations producing a 70 ul wheal meets the individual
dose-axes at higher doses than these (if it meets them at all), and
therefore it must be concave-up. Accordingly, it may be possible to
classify a combination as synergistic even when the isoeffective doses
of the individual agents are unknown.
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F1G. 6. Isobole showing marked antagonism between halothane and
morphine in abolishing the tachycardia in response to noxious stimuli
in rats (redrawn from fig. 5 of Kissin et al. (293)). A combination of
0.5% v/v halothane with 306 mg/kg morphine has the same effect as
5.9 mg/kg morphine on its own. Therefore, from these two determina-
tions alone, and without any information about the dose response curve
for halothane, it is certain that marked antagonism is present.

down with respect to the origin, indicating marked an-
tagonism.

(b) If one of the agents does not in any dose produce
the effect of the combination and the effect of the com-
bination differs from that of the active constituent, then
an interaction must be present. Such combinations were
termed “heterergic” by Loewe (335). If, say, the active
agent is B and the effect of the combination exceeds that
of the active constituent d,, then D, must exceed d,, so
dy/D, < 1. But, as A is inactive, D, is notionally infinite,
80 d,/D, may be taken to be zero. Therefore the inter-
action index is less than 1 and synergy is present. On
the other hand, if the effect of the combination is less
than that of the active constituent d;, then D, < d, so
dy/Dy, > 1, the interaction index must exceed 1 and
antagonism is present. These points may be illustrated
by fig. 7, which shows isoboles for combinations of tri-
methadione and pentylenetetrazole in respect of produc-
tion of threshold level convulsions, general clonic sei-
zures, and tonic extensor seizures (339). These effects
are produced by pentylenetetrazole on its own, but not
by trimethadione, so the combinations are heterergic.
For example, with the combination of 875 mg/kg trime-
thadione and 180 mg/kg pentylene-tetrazole, which pro-
duces tonic seizures, (d,,d,) = (875,180) and D,, the
isoeffective dose of pentylenetetrazole, is 100 mg/kg.
Thus, d,/D, = 180/100 = 1.8, so the interaction index
must exceed 1 and antagonism is present. The isoboles
are displaced away from the trimethadione axis, so they
are concave-down with respect to the origin.

A special case of this class is that in which none of the
agents on its own can produce the effect of the combi-
nation. Loewe (335) termed this “coalitive interaction,”
and it is illustrated by fig. 23, which shows the prolon-
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F1G. 7. Isoboles for heterergic antagonism (redrawn from fig. 1 of
Loewe et al. (339)). Pentylenetetrazole is a convulsant in mice and,
depending on the dose, produces threshold level convulsions (Thr),
general clonic seizures (Cl), or tonic extensor seizures (TE). Trimetha-
dione does not produce these effects but increases the doses of the
convulsant required to produce them, i.e., it is an antagonist. Thus, the
isoboles for these effects do not meet the trimethadione dose-axis at
any dosage, and are deflected away from this axis.

gation of survival in mice with L1210 leukaemia given
combinations of carminomycin and cyclophosphamide
(24). Prolongation of 150% or more in survival is not
produced by any dose of either agent used alone, but it
is produced by combinations. Thus the isoboles for these
levels of effect are closed curves that touch neither dose
axis. Both D, and D, are notionally infinite so that the
interaction index is zero, i.e., this represents the limiting
case of synergy.

It is also sometimes possible to draw tentative conclu-
sions about the expected effect of a combination simply
from the effects of its constituents and without specific
information about the dose-response curves of the agents
when it is permissible to assume the shapes of these
curves. For example, dose-response curves generally ap-
proximate to linearity in the low dose/low effect region
and, in these circumstances, it is reasonable to expect
that, in the absence of interaction, the effect of a com-
bination will be the sum of the effects of its constituents
(see section VI B 1). For instance, for most human
carcinogens, we are in the region in which linearity of
response is a reasonable assumption (125, 131, 219, 220,
401), so that the observation that, for many carcinogen
combinations, the observed cancer incidence consider-
ably exceeds the sum of incidences attributable to the
individual carcinogens (58, 418, 435, 446-448) suggests
that they act synergistically. Conclusions based on such
evidence should be regarded as provisional until suffi-
cient information about the dose-response curves is ob-
tained.

When no adequate assumptions about dose-response
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curves can be made, it is quite unjustifiable to guess at
the expected effect of a combination solely on the basis
of the effects of the doses of the individual constituents.
However, this is unfortunately a common practice; many
authors simply assume arbitrarily that the expected ef-
fect of a combination is the sum of the effects of its
constituents, or the product of these effects, and draw
conclusions accordingly as to the supposed nature of the
interaction. Such assumptions underlie the commonly
used 2 X 2 experimental design in which agents are used
at single doses alone and in the same doses in the
combination (1, 6, 95, 136, 164, 179, 282, 493). It will be
evident from the preceding discussion that such experi-
mental arrangements are incapable of detecting synergy,
zero interaction or moderate antagonism. They are ca-
pable only of detecting that level of antagonism in which
the combination is less effective than one or more of its
constituents. This limitation holds even when the indi-
vidual constituents have little or no effect while the
combination has a marked effect, for a sham (zero inter-
active) combination of one and the same agent might
behave in this way if its dose-response curve was initially
shallow (or had a threshold) and then rose steeply.

The so-called “killing-curve” method of bacteriologists
also reflects the idea that interactions may be assessed
in the absence of any information about dose-response
curves. Here, it is asserted that synergy is present if
bacterial growth with a combination of antibiotics is less
than that with the more effective constituent alone to an
extent that different workers variously set at 10-fold
(187), 100-fold (224, 385, 400, 561), 1,000-fold (537),
10,000-fold (501), and so on. These quite arbitrary and
variable levels serve only to show that, in the absence of
information about the dose-response curves for the ef-
fects of the antibiotics on bacterial growth, criteria such
as these are without basis. In fact, when the dose-re-
sponse curve is sufficiently steep, even the most stringent
of these criteria may easily be met by a sham combination
of an antibiotic with itself (40).

2. Isoboles are not necessarily consistent or similar.
While it is commonly found that the isobole for a partic-
ular level of effect shows one type of interaction consist-
ently throughout its course (i.e., all combinations show-
ing a particular effect being synergistic, or antagonistic
or zero interactive as in figs. 1 to 3), this is by no means
always the case.

Isoboles may cross the zero-interactive line so that
some combinations with a specified effect are synergistic
and others antagonistic (25, 172, 202, 287, 384) (fig. 8).
One of the advantages of multi-agent combinations ap-
pears to be a reduction in this inconsistency. Berenbaum
et al. (50) found, in testing combinations of two or three
antibiotics against Peudomonas maltophilia, that 30% of
the isoboles for combinations of two antibiotics were
inconsistent whereas, for triple combinations, this pro-

Hexobarbital (mg/kg!

0O 20 40 60 80 100
Flurazepam (mg/kg)

F1G. 8. Isobole for anaesthetic effects of fluorazepam and hexobar-
bital (redrawn from fig. 3 of Norberg and Wahlstrom (384)). The
isobole is markedly inconsistent, with synergy in one region, antago-
nism in another, and zero interaction at one point.

portion was reduced to 10% and, moreover, the degree of
inconsistency remaining was negligible.

Further, for any particular set of agents, it is often the
case that isoboles for different types of effect or for
different levels of the same effect behave dissimilarly
(105, 202, 291, 293, 336, 337, 398, 506, 507, 524). Com-
pare, for instance, figs. 2 and 3, which show isoboles for
two different effects for the same set of agents, one
showing synergy and the other antagonism. Therefore,
the conclusion as to whether a combination shows syn-
ergy, zero interaction, or antagonism applies specifically
to that combination and such conclusions should not be
generalised to untested combinations.

3. Statistical examination of isoboles. Several authors
have considered how isoboles might be evaluated statis-
tically. A common approach is to plot the isobole with
confidence limits (132, 200-205, 239, 395, 466, 541) or
standard errors (105, 383, 384, 523, 524). Kissin and his
colleagues (292-294, 506, 507) use a propagation of error
method to assess deviations from the linear isobole. More
elaborate methods have been devised by Scaf (439), Wolf
and Unkelbach (547), and Carter et al. (87), but each of
these appears to depend on assumptions about the shapes
of the dose-response curves, for example, that the curves
for the different agents in the combination are similar to
each other and linear with log dose (439), or that they
fit a probit or logistic model (87, 547).

Plotting an isobole often involves examining the ef-
fects of several combinations, and appropriate statistical
tests may be applied to each combination separately. It
has been argued (87) that such multiple testing artifi-
cially increases the likelihood of finding a significant
deviation from zero interaction, but it should be empha-
sised, as explained above, that the nature and extent of
an interaction is a property of the individual combina-
tion, and testing each one in a multi-combination exper-
iment is not an invalid procedure.

Nevertheless, it is worth considering whether statisti-
cal tests may be applied to a set of combinations to
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determine the overall nature of an interaction. One such
attempt has been made by Tsai et al. (504). These work-
ers located in an isobologram 5 to 10 combinations that
produced 50% cell survival, determined the proportion
falling below and to the left of the additivity envelope
(an unfortunate choice of method—see section VII be-
low), and used a binomial test to examine the hypothesis
that this proportion was significantly less than 0.5. A
more sophisticated approach was made by Carter et al.
(87), who used the maximum likelihood method to fit
experimental results to a logistic model. This made it
possible to test the model for adequate fit to the data
and to calculate the significance of the deviation from
zero of the interaction index. Such overall methods may
have a use over and above that of statistical tests on
individual combinations, especially when none of these
deviates significantly from zero interaction, yet a con-
sistent minor interaction, possibly of clinical importance
(see section IX A), is present. Overall tests will, however,
always come up against the difficulty that interactions
are not necessarily consistent, so that a measurement
involving all the combinations tested may indicate ab-
sence of an overall interaction, even when one is ob-
viously present (fig. 8).

‘ol Observed Inhibition

% Inhibition

204

10 '
Dp=18 Dy=170

Py
0

0 L ) 40 PMA (ng/ml)
° 100 * 200 300 A23187 (ng/mi)
F1G. 9. Calculation of the expected (zero-interactive) inhibitory
effect of a combination of 10 ng/ml phorbol myristate acetate (PMA)
and 75 ng/ml calcium ionophore A23187 on proteoglycan synthesis in
articular chondrocytes. Concentration-inhibition curves are drawn
from fig. 3 of Bouakka et al. (63). Given these curves, the object of the
procedure is to find concentrations of PMA and A23187 that would be
isoeffective with the combination if it were zero interactive (these
concentrations are D, and D,, respectively). Thus, D, and D, must be
isoeffective with each other (and are thus indicated by the intersections
of the two concentration-response curves with the same horizontal line)
and they must satisfy equation 1, i.e., 10/D, + 75/D, = 1. The required
values are indicated by the horizontal line intersecting the curves at D,
= 18 and D, = 170, for 10/18 + 75/170 = 1.0. These drug levels would
each produce 26% inhibition, so this is the effect of the combination
to be expected from the concentration-response curves of the agents.
The obeerved effect was 556% inhibition, so the combination was
synergistic.

VI. Calculation of the Expected Effect of a
Combination

A. The General Case.

The construction of linear isoboles is, in effect, an
answer to the question: if there is no interaction, what
combinations are expected to produce a given effect?
The complementary question which we now consider is:
if there is no interaction, what is the expected effect of
a given combination? The first question relates to de-
crease or increase in the required quantities of agents
that might result from using them in combination, while
the second relates to increase or decrease in effect. Both
questions require answers, as they give different sorts of
information. When dose-response curves are steep, a
relatively small divergence from the linear isobole may
entail a large difference in effect and, conversely, when
the curves are shallow, a large divergence from the linear
isobole may indicate only a small difference in effect.

In certain cases, when all the agents in a zero-inter-
active combination have rather simple dose-response
curves, it is possible to derive from equation 1 explicit
algebraic expressions for the effect of the combination,
as will be shown below. However, equation 1 enables us
to calculate this expected effect whether the dose-re-
sponse curves happen to fit simple algebraic functions or
not. The method is to find a graphical solution to the
equation, i.e., values of D, and D, that, with any partic-
ular combination (d,,d;), satisfy the equation.

The procedure is straightforward. D,, D,, and the
combination (d,d,) are isoeffective. Therefore, on a
graph of the dose-response curves for A and B, the
horizontal line at the level of the required effect E(d,,ds)
intersects the two dose-response curves at points corre-
sponding to D, and D,. It is therefore simply a matter of
finding which isoeffective doses of A and B read off this
graph satisfy equation 1. The horizontal line locating
these values indicates the effect of the combination if
there is no interaction.

The method will be illustrated in fig. 9 with the data
of Bouakka et al. (63) for the inhibitory effect of phorbol
myristate acetate, calcium ionophore A23187, and a com-
bination of these on proteoglycan synthesis in articular
chondrocytes. For a combination of 10 ng/ml of the
former and 75 ng/ml of the latter, the required isoeffec-
tive values are 18 and 170 ng/ml, respectively. Thus, the
expected effect of the combination would be that of either
of these, i.e., 26% inhibition. The observed effect was
55% inhibition, showing that the combination was syn-
ergistic. Fig. 10 shows that the isoeffect curve for the
expected effect of this combination is linear, whereas the
curve for the observed effect is concave-up, indicating
synergy.

This method can be applied with no increase in diffi-
culty to combinations of any number of agents. Other
examples for combinations of two or three agents are
given elsewhere (44, 47) and an example for a combina-
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Observation
U4

A23187 (ng/ml)

0 10 20 30 40
PMA (ng/ml)

F1G. 10. The isobole for the observed effect of the combination in
fig. 9 (66% inhibition) is drawn through the point representing the
combination and its ends on the individual concentration axes, at 30
ng/ml PMA and >300 ng/ml A23187, are located from the concentra-
tion-response curves in fig. 9. The isobole for the observed effect is
therefore concave-up and the interaction index for the combination is
less than 10/30 + 75/300, i.e., less than 0.58, indicating synergy. With
concentrations of the two agents that have the expected effect of the
combination (26% inhibition), i.e., 18 ng/ml PMA and 170 ng/ml
A23187, a linear isobole is produced.

Mortality %

2.0 mg/L Cu, Finasol
20 | mo/L Cr
400 ¢ mg/L Oil

F1G. 11. Calculation of the expected effect of a combination of 0.168
mg/1 Cu, 3.873 mg/l Cr, 0.282 mg/]1 Finasol (an oil dispersant), and
89.34 mg/l crude oil on Artemia salina (data provided by Dr. G.
Verriopoulos). The procedure is similar to that in fig. 10. A horizontal
line is found indicating concentrations of the four agents that (a) are
isoeffective and (b) satisfy equation 1(a). These are 0.57 mg/1 Cu, 15.5
mg/1 Cr, 1.135 mg/1 Finasol, and 430 mg/1 oil, for 0.168/0.57 + 3.875/
15.5 + 0.282/1.135 + 89.34/430 = 1.00. Each of these produces 67.5%
mortality, but the observed mortality was only 20%. Thus the combi-
nation showed antagonism.

[ 100 200 300

tion of four agents, each with a different type of dose-
response curve, is illustrated in fig. 11. The method is
equally applicable in cases in which an explicit algebraic
solution is also available. It should be pointed out that
the natures of the dose-scales are irrelevant in using this
method, but the effect scale must be the same for all
agents. In principle, the method could be used with
tabulated results, with appropriate interpolation, al-
though a graphical procedure is more convenient. The
dose-response curves in these examples have been fitted
by eye, but a more objective nonparametric procedure,

-
(]
S

SCE Induced/Cell
3

o

[ 200 400 X-Rays (rads) ] 100 200 300 400 S00
] 20 40 Hyperthermia (min) X-Rays (rads)

F16. 12. Use of the summation criterion for interaction. (a) Dose-
response curves for production of sister-chromatid exchanges (SCE) in
Chinese hamster cells by X-rays and hyperthermia (minutes at 44°C)
(redrawn from fig. 1 of Livingston and Dethlefsen (329)). Both curves
are approximately linear. (b) Combinations of 100 and 200 rads X-rays
with 20 min hyperthermia were found to induce 8.7 and 13.1 SCE/cell,
respectively. The doses of the agents that on their own produced these
effects are obtained from the curves in (a). The isoboles show slight
synergy.

such as the method of monotone spline smoothing of
Kelly and Rice (285), would be preferable for regular use.

B. Particular Cases

If the agents in a combination have dose-response
curves that are described by explicit algebraic functions,
equation 1 may be used to derive an expression for the
effect of the combination, as follows.

Rearrangement of equation 1 gives

D.[l - ﬁ] -d,=0 4)

Let the functions describing the dose-response curves
for A and B respectively be f, and f,. Then, as D, and D,
are isoeffective,

fa(Da) = fb(Db)-
If the functions are monotonic,
fo  fa(Da) = fo fo(Dy) = D,

(For those unfamiliar with this algebraic shorthand, f, is
the function indicating the effect E(D,) of dose D, and
f.! is the inverse function indicating the dose D, that
produces effect E(D,). f,"f, is the compound function
indicating the dose of 8 that produces effect E(D,) of
dose D, of A. For example, in figure 9, suppose f, the
function indicating the effect of A23187 and f, that giving
the effect of PMA. If the effect under consideration is
26% inhibition, then £, (26%) = 170 ng/ml, which is
the concentration of A23187 producing that effect, and
fo'fa (170) = 18 ng/ml, which is the concentration of
PMA producing the same effect).

Substitution of this expression for D, into equation 4
gives

— L -— =
Da[l fb-lfu(Da)] da 0 (5)
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As f,"'f.(D,) may often be given an explicit algebraic
form (in any case, it may be read off the dose-response
curves of A and B), equation 5 can be solved to give D,
as will be described below. The expected effect of the
combination is then simply f,(D,).

A further simplification is possible when all the dose-
response curves of the agents in a combination are sim-
ilar, i.e., they can be described by scaled versions of the
same algebraic function and are thus superimposable
simply by changing the scale of the dose-axis when this
is linear. Suppose the dose-response curve for B is su-
perimposable on that for A by expanding the dose-axis
k-fold. Then, for isoeffective doses D, and D, for any
level of effect, D, = kD, and, from equation 4,

D, = d, + kd,, where k = & (6a)
D,

Thus,
E(d,, dy) = fo(D.) = fu(da + kd;) (6b)

Generalisation to combinations of more than two
agents is simple (44) and gives

E(da; dby dﬁ ¢ ')

D, D,

-f“<d°+Db . d°+D, - d. + ) (6¢c)
That is, the effect of a zero-interactive combination of
agents with similar dose-response curves is the effect of
the sum of the appropriately scaled individual constitu-
ents. An analogous equation was derived by Finney (175,
176) for the particular case of combinations of agents
with similar probit mortality curves that were linear with
log dose.

1. Linear dose-response curves. Effect summation. Bi-
ological phenomena are typically nonlinear but, when
the observed effect of an agent is only a small fraction
of the measurable range, it is generally impossible to
distinguish between the dose-response curve and a
straight line, whatever the true shape of the former (see
section VI 6 iii and fig. 15 below). Thus, curves that are
for all practical purposes linear are produced in the low
dose/low effect region for many agents, including ionis-
ing radiation (318), enzyme inhibitors (445), mutagens
and agents causing chromosomal abnormalities (23, 157,
329) and environmental carcinogens, especially where
there is a large background effect due to other agents
(126, 131, 219, 220, 401). Linear relations may also be
found for the effects of some antibiotics on bacterial
growth rate constants (194, 195) and it is easy to show
that, when an agent producing a simple exponential
survival curve acts on cells growing exponentially, growth
delay is linearly related to dose (42), as illustrated by the
effects of alkylating agents and radiation on tumours
(128, 323, 355).With linear dose-response curves,

E(d) = ad, where « is a constant. )

For any isoeffective doses D, and D,

- Dy _as
a.D, = apDpso D, = =

Substitution in equation 6b gives

E(da, db) = ag(d, + §9 db) = audy + ardy

= E(d;) + E(dy) (8)

That is, when agents have linear dose-response curves,
the effect of a zero-interactive combination is the sum of
the effects of its constituents.

An example of the correct use of the summation
method is the work of Livingston & Dethlefsen (329) on
the production of sister chromatid exchanges by X-rays
and hyperthermia on cells in vitro (fig. 12). The dose-
response curves are sufficiently close to linearity and
therefore the effect of a zero-interactive combination
should be the sum of the effects of its constituents. A 20
min exposure to hyperthermia induced 5 SCE/cell while
100 rads X-rays induced 3. Thus, a combination of both
should have induced 8 SCE/cell. The observed yield was
8.7. Similarly, a combination of 20 min hyperthermia
with 200 rads (which induced 6 SCE/cell) should have
given 11 SCE/cell. The observed number was 13.1. These
results suggest slight synergy. Other examples of usage
that may provisionally be regarded as correct (i.e., in the
low dose/low effect range where curves may be assumed
to approximate sufficiently to linearity) are provided by
Reif (418).

Incorrect use of the summation method, including
analysis of variance (i.e.,with nonlinear curves) is ex-
emplified by refs. 52, 63, 150, 159, 228, 233, 264, 283, 288,
310, 321, 348, 345, 349, 361, 372, 399, 498, 502, 549, and
550, and there are many other papers in which the
summation method is used without information adequate
to determine the form of the dose-response curve.

2. Simple exponential dose-response curves. Survivor
multiplication. Exponential dose-response curves are typ-
ically found in cell survival experiments with ionising
and non-ionising radiation and other agents that damage
DNA, particularly alkylating agents (4, 37, 38, 100, 128,
145, 154, 161, 162, 180, 227, 295, 311, 377, 434, 453, 454,
492, 498, 532), where the proportions of cells killed and
surviving are determined largely by the probability that
specific cellular targets will be “hit” by one or more
quanta of agent. The result may be consistent with
elementary probability theory (taking into account such
factors as number of targets per cell and target volume
(4, 130, 161, 162, 390, 443, 505), but cell repair mecha-
nisms may reduce effects calculated in this way, espe-
cially at low doses, so producing a shoulder on the curve.

When each cell is killed by a single hit on a single
crucial target, a simple exponential survival curve, i.e.,
without a shoulder, is generated.
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Here
S(d) =e™" 9)

where S is fractional survival and g is a constant giving
the slope of the curve when log survival is plotted against
dose.

For isoeffective doses D, and D,

e".Da = e-ﬁbbb

D, _ B
Db ﬁo

Substitution in equation 6b gives

S(ds, dy) = e-"(“’iv‘) = @ Pads . o~ Prds
= 8(da)-S(dy) (10)

That is, when agents have simple exponential dose-
response curves, fractional survival from treatment with
a zero-interactive combination is the product of the
fractional survivals from the treatments with its constit-
uents.

The relation of equation 10 to the equations of prob-
ability theory is clear. If P(A) and P(B) are the proba-
bilities of independent events A and B, then the proba-
bility that either or both occur is

P(A U B) = P(A) + P(B) - P(A)-P(B) (11)

If Q is the probability that an event does not occur, i.e.,
Q@ =1 — P, then, from equation 11,

1-QAUB)=(1-Q(A) + (1 - Q(B))
-(1-Q(4)-(1 - Q(B))
which reduces to

Q(A U B) = Q(4)-Q(B) (12)

If we then take the conceptual leap of substituting frac-
tional effect E of a drug for probability of occurrence of
an event, and fractional lack of effect (i.e., fractional
survival S) for probability of non-occurrence, we obtain

E(d., dy) = E(d,) + E(d,) — E(d.)-E(dy) (13)
and
S(ds, dy) = S(d,)-S(dy) (14)

which is identical to equation 10.

The multiplicative rule of equation 14 is one of the
most widely misused criteria for zero interaction. This
misuse arises out of the longstanding and widespread
misconception that lack of pharmacological interaction
is equivalent to independent action in the probabilistic
sense. Thus it is supposed that the joint effects of non-
interacting agents should be described by the statistical
law relating to the joint probability of independent events

and therefore that, irrespective of the dose-response. re-
lations of the individual agents, if they do not interact
pharmacologically in producing their effects, then frac-
tional survival from a combined treatment (d,,d;) should
be the product of the fractional survivals from the indi-
vidual treatments d, and d;. Synergy and antagonism are
then defined as departures from this condition (151, 215,
235, 243, 357, 397, 411, 513, 531). Now there are indeed
many cases in which the effect of a combination of agents
satisfies equations 13 or 14 (a good example was provided
by Woolfolk and Stadtman (551) for combinations of
enzyme inhibitors), and it is correct in such cases to
describe the actions of the agents as being independent
in the probabilistic sense. However, that does not imply
that the effect of the combination is that which is ex-
pected from the agents’ dose-response curves (zero inter-
action). This matter will be examined in depth below
(section VIII). For the present, it will suffice to note that
the supposition that independent action and zero inter-
action are the same may immediately be invalidated by
reference to the preceding section in which it was shown
that, when agents have linear dose-response curves, the
effect of a zero-interactive combination is the simple sum
of the effects of its constituents, and this is not what is
indicated by equation 13. It has been shown (44) that
equations 13 and 14 apply generally to zero-interactive
combinations of a set of agents only when the effects of
the individual agents themselves obey the probability
laws of equations 11 and 12, i.e., when chance alone
determines whether any individual quantum of agent
hits its target and a single hit inactivates. Such agents
show simple exponential survival curves.

An example of the use of the fractional product method
of equation 14 is provided by the work of Bois et al. (60)
on inhibition of bioluminescence in Photobacterium
phosphoreum by combinations of zinc sulphate and
penta-chlorophenol, where the curves for fractional re-
sidual activity fit equation 9 well (fig. 13a). For example,
fractional survival after exposure to 0.6 mg/l1 Zn was 0.39
and, after exposure to 0.81 mg/l PCP, it was 0.49. The
product of these two survivals is 0.19, which agrees well
with the observed survival of 0.20 produced by the com-
bination. The isoeffective concentrations of Zn and PCP
were 1.04 and 1.88 mg/] respectively, so the interaction
index was 0.6/1.04 + 0.81/1.88 = 1.0, and the linear
isobole in fig. 13b confirms zero interaction. This is the
only example that the reviewer has found in a fairly large
literature in which use of the fractional product method
was appropriate.

Incorrect use of this method (where the dose-response
curves are not simply exponential) may be exemplified
by refs. 29, 36, 70, 71, 80, 140, 151, 178, 226, 227, 286,
295, 352, 353, 414, 441, 469, 522, and 538. Some authors
commit the additional error of applying the multiplica-
tion rule of equation 14 not to fractional survivals but to
fractional mortalities (126). This is clearly wrong for, as
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F1G. 13. Use of fractional survivor multiplication as a criterion for
interaction (data from table 1 of Bois et al. (60) for effects of zinc and
pentacholorophenol (PCP) on bioluminescence in Photobacterium
phosphoreum). (a) Simple exponential dose-response curves for the
effects of Zn and PCP on bioluminescence. (b) Isobole for the effect of
the combination of 0.6 mg/l Zn with 0.8 mg/l PCP. The fractional
surviving levels of bioluminescence on exposure to the constituents
separately were 0.39 and 0.49, respectively (see (a)), and the product
of these is 0.19, compared with the fractional level of 0.20 observed for
the combination. Concentrations of Zn and PCP isoeffective with the
combination were 1.04 and 1.88 mg/1, respectively (read off the curves
in (a)), so the isobole in (b) is virtually a straight line, indicating zero
interaction.

each fraction is less than 1, a product of two fractional
mortalities will always be less than either one, implying
that a combination of drugs is expected to cause less
mortality than each constituent alone.

3. Exponential dose-response curves with shoulders.
Similar curves. Exponential curves with shoulders may
be explained by target theory, taking into account the
operation of cellular repair mechanisms and/or multi-
plicity of cell targets, each of which must be “hit” for the
cell to be killed. Using the multi-target expression for
cell survival (162), we have

Sd)=1-[1-e*" (15)

where 8 gives the limiting slope of the curve and n is its
extrapolation value. Similar curves of this form have
equal extrapolation values but may differ in slope and,
when S(D,) = S(D,),

D, _5»
Db Bu

Substitution in equation 6b gives

S(da, dy) =1 - [1 - e'*(**£~“)I

=1- [1 -— e-ﬁado-ﬁ.db]" (16)

when n = 1, (the simple exponential case), this reduces
to equation 10.

4. Exponential dose-response curves with shoulders.
Dissimilar curves. Here n, # n;, and the curves cannot
be superimposed by scaling the dose-axes, so equation 5
is used.

fb-lfa(Da) == l ln{l - [1 - e—ﬁ'D']N}:

Bs
where
N = Ra
ny
Thus,
ﬁb db

D,[l + mii—[1- e—a.n.]N}] d,=0 (17
The parameters S3,, 85, n., and n, are obtained from the
survival curves and d, and d, are given, so D, is the only
unknown in this equation and may easily be found by
iteration. The effect of the combination is then found by
substituting this value of D, for d in equation 15 with 8
=B, and n = n,.

5. Linear-log and log-log dose-response curves. In a
wide variety of systems, either the response or its loga-
rithm is linear with the logarithm of dose. Agents that
may produce such effects include, for example, antime-
tabolites (37, 469), antibiotics (289), interferons (36, 80,
159, 231, 232, 261), growth factors (372), neuropeptide Y
(275), phorbol esters (135), narcotics and neuronal ago-
nists (132, 264, 556), hepatotoxins (404), and cromogly-
cate (420).The appropriate equations here are:

E@d)=a+8logd (18a)

and

log E(d) =a +Blogd (18b)

In both cases,
fb_lfa(Da) = 10~/ . Daﬂa/ﬂb
and substitution in equation 5 gives
D,[1 — D, dl-d.=0 (19)

D, is the only unknown here and may be found by
iteration.

6. Sigmoid dose-response curves. i. Mutually exclusive
agents. The median effect principle. Sigmoid dose-re-
sponse curves are generated inter alia by agents that obey
the law of mass action, for example, drugs that reversibly
occupy their receptor sites. Such curves are conveniently
analysed using the median effect principle. This was
originated by Chou (107) who showed, by examining a
variety of examples of first-order inhibition in classical
enzyme kinetics that, in general

E(d) d
1-E@d) M (20)
where E(d) is fractional effect of dose or concentration
d, and M is the median effective dose or concentration,
i.e., that which produces a 50% effect. Equation 20a was
subsequently (108) extended to the higher-order case
simply by inference from Hill’s equation (254, 255) for

10— e/Bs
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the cooperative binding of oxygen to haemoglobin. This
gave

1-E@) |M (200)
where m is a constant giving the order of sigmoidicity of
the dose-response curve and believed to indicate the
minimum number of molecular binding sites for the
agent. In fact, when there is more than one binding site,
observed values for m are often well below the actual
number of sites (307).Taking logarithms gives

log (E/(1 — E)) = m(logd — log M)  (20c)

which shows that a graph of log (E/(1 — E)) on the
ordinate against log d on the abscissa is a straight line
with slope m and intercept M on the dose-axis. (Alter-
natively, log (S/(1 — S)) may be plotted, in which case
the line has slope —m.). This graph is traditionally
termed the Hill plot, and has long been used either with
log(E/(1 — E)) or equivalent expressions, particularly in
enzymology (272, 278, 307, 342), but also in studies of
drugs causing muscle contraction (16, 116, 117, 366, 367),
neuronal activators (101), inhibitors of cell proliferation
(342) and tumour promoters (28), and also in general
toxicology (64). The von Krogh equation (519) for agents
causing haemolysis is the inverse of equation 20c, and is
graphed simply by interchanging the axes of the Hill
plot, so that the slope of the line is 1/m instead of m. In
the literature on the median effect principle, what is
usually plotted against log d is log[(1/E — 1)7!], but this
is simply another way of writing log(E/(1 — E) and the
reasons for preferring the more complicated expression
are not clear.

Chou (107, 108) noted that many equations for agents
obeying the law of mass action could be put in the form
of one or other of the above equations, for instance, the
Michaelis-Menten equation for enzyme inhibition, Scat-
chard’s equilibrium-binding equation, the Henderson-
Hasselbalch equation for the relation between dissocia-
tion and pH and the Langmuir adsorption isotherm, and
also pointed out that, in enzyme kinetics, equations based
on the median effect principle have the great advantage
that they enable fractional effects to be determined with-
out knowledge of kinetic constants or maximum enzyme
velocities that are not directly measurable.

From equation 20b, the effect of dose d is given by

E@) [g]"‘

d m
E@) = M rdn (21a)
and fractional survival S by
MM
S@d) = M +dn (21b)

Chou and Talalay (110, 111) extended this analysis to
the effects of combinations of agents, dividing them for
this purpose into mutually exclusive and mutually non-

exclusive classes. Mutually exclusive agents share the
same binding sites and occupation of a site by one agent
excludes its occupation by another. As a binding site
cannot be occupied simultaneously by different mutually
exclusive agents, they cannot interact in producing the
effect of interest, and so combinations of such agents
should show zero interaction and satisfy equation 1 (fig.
1). Moreover, as the degree of sigmoidicity m ideally
reflects the number of binding sites, the dose-response
curves of mutually exclusive agents, which share the
same binding sites, should have the same value for m
(and so should the curves for fixed-ratio combinations of
such agents). Thus their dose-response curves are simi-
lar, as they can be superimposed by a simple linear
scaling of the dose-axis. Further, graphs of log(E/(1 —
E)) against log dose for the agents and for their fixed-
ratio mixtures will all be parallel.

By considering mass-action mechanisms, equation 22
was derived for this case.

[MMQTM
S(d., db)

_FmV“+P@T“ d , d
~ 1SW.) S (ds)

from which

)
M, M,

E(d,, dy) = - 2
( b) . (i . ﬁ) (23a)
M, M,
and
S(ds, dy) = L (23b)
1+GE+£Q
M, M,

In fact, when two agents do not interact, equation 22 can
be derived directly from the sigmoid function (equation
20b) without invoking mechanisms of action at all, as
follows.
For isoeffective D, and D,, it is easy to see from
equation 20b that
D _ M,
D, M,
Substituting in equation 6a,
M

Do=do+ 30 ds (23¢)
and substituting this in equation 20,
F@A9W=mem
S(da, db) S(D,)
M,
=d¢+Mb ‘ db=gl+$
a Ma Mb
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which is equation 22.

In the first-order case (m = 1), equations 21b and 22
allow the effect of a combination of non-interacting
agents to be calculated directly from the effects of its
constituents (in a manner analogous to the use of equa-
tion 8 for agents with linear dose-response curves and
equation 10 for agents with exponential curves), as fol-
lows.

From equation 21b, in the first-order case,

(with appropriate subscripts for agents A and B)

From equation 22, rearrangement gives, in the first-order
case,

s<d,1,d..)=”%: :;b

Thus,
1 _ 1,1
5@, d) 5o T S

In the case of n inhibitors, the same argument shows
that

1 (24a)

1
S(dly d29 ] du)

=y 1 _
i S(d)
Equation 24 should be compared with the equation
derived by Chou and Talalay (110) relating the initial
velocity of an enzyme reaction in the presence of n
mutually exclusive inhibitors obeying first-order (Mi-
chaelis-Menten) kinetics to the initial velocities in the
presence of each of the inhibitors separately. This is

1 i |
Vigom i§1 Vi r=1D

(n - 1) (i = ly 2’ * %y n) (24b)

(i=1)2v A n)

where V; , ..., » is the multiply inhibited velocity, V; the
velocity in the presence of the ith inhibitor and V, the
uninhibited velocity. Chou and Talalay (110) showed, by
applying the equations of classical enzyme kinetics to a
variety of different cases, that this equation held in all,
irrespective of the number of inhibitors, whether the
reversible inhibition was competitive, non-competitive
or uncompetitive, and whether the kinetic mechanism
was sequential or ping-pong. However, if the velocities
in this equation are converted to fractional velocities S,
where S = v/v,, it becomes identical to equation 24. This
was derived from equation 22, which in turn was derived
without considering mechanisms of action and simply by
applying the zero-interaction equation to the sigmoid

function. Equation 24 therefore applies, not only to ini-
tial velocities of inhibited enzymes, but to the effects of
any combinations of non-interacting first-order agents
obeying the law of mass action.

It was subsequently shown (112), again by considering
mass action mechanisms, that equation 22 could be ex-
tended, for mutually exclusive agents, to

<1 (synergy) (25)

i $=combination index =1 (summation) (26)
D, D,

>1 (antagonism) (27)

where D, and D, are doses isoeffective with the combi-
nation at any specified level of effect and “summation”
is used in the sense of zero interaction. Equation 26 was
termed the General Isobol Equation, and is clearly iden-
tical with equation 1 here, and the combination index is
identical with the interaction index of equations 1 to 3.
Thus, two strictly mutually exclusive agents, behaving
according to the law of mass action, do not interact, i.e.,
the effect of a combination is precisely that expected
from the dose-response relations of the individual agents.
Considering that equation 26 was derived by examining
mechanisms of action while equation 1 was derived by
deliberately excluding such mechanisms from consider-
ation, this identity between the two equations is note-
worthy, but not surprising. Equation 1 describes the
general case of zero interaction and it is to be expected
that, when specific cases of zero interaction are analysed
in terms of well understood mechanisms, then the equa-
tions so derived will be compatible or identical with the
general equation. Similarly, Lam (312-315), in analysing
the effects of combinations of ionising radiations, the
dose-response curves of which do not obey the law of
mass action, derived an equation identical to equation 1
to cover this case. These agreements are therefore ex-
amples of the general including the particular. It is
obviously standing matters on their head to claim (112,
113) that the classical isobole method with equation 1 is
a merely a particular case of the median effect principle,
that it is the latter which comprises the general case, and
that the former may be derived from the latter.

The procedure adopted by these authors to analyse an
interaction between mutually exclusive agents is as fol-
lows. First, a median-effect plot (that is, a Hill plot) is
made of log (E/(1 — E)) against log dose for each of the
agents and for fixed-ratio combinations. These should
have correlation coefficients above 0.9. These plots es-
tablish the values of m and M to be used in equation 20b
and so allow isoeffective doses of the agents and their
combinations to be calculated. These values are inserted
in equations 25-27 and the combination index is calcu-
lated.

Ideally, two agents A and B, mutually exclusive at the
same binding site(s), should have dose-response curves
of equal sigmoidicities. However, this may not be found
in practice, especially when values are determined in
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complex in vivo systems, where factors such as differ-
ences in metabolism or in access to binding sites may
affect the shape of the dose-response curve. This gives
rise to a difficulty. When the dose-response curves of
two agents have different sigmoidicities, it may not be
possible to say, at least without extensive investigation,
whether this is because of such complicating in vivo
factors or because their binding sites are in fact different
(in number as well as location), i.e., because the agents
are not mutually exclusive. Equation 32 below was de-
rived to describe the mutually non-exclusive case but
Chou and Talalay (112, 113) concluded that, when m, #
m,, it was not possible to say whether agents were
mutually exclusive or non-exclusive and therefore to
decide which of equations 26 or 32 was appropriate
Accordingly, they suggested that both equations be used
in such cases.

This problem will be discussed further below. The
simplest and most direct way to resolve these difficulties
is to use the general method described above (figs. 10
and 12), but two algebraic solutions are available, as
follows.

From equation 20b,

D,

mgy/my,
fo 'fa(Ds) = Mb(ﬂ:)

and substitution in equation 5 gives

M|™™ dy|_
AT Y I

As D, is the only unknown in equation 28, it may be
found by iteration, and substitution in equation 20b with
the appropriate values of m, and M, gives the effect of
the combination.

When m, = m,, equation 28 reduces to equation 23c.

Alternatively, equation 29, suggested by Syracuse and
Greco (491), may be used for mutually exclusive inhibi-
tors.

1/m, 1/my
e

The authors did not give a derivation for this equation,
but it may easily be obtained from equations 1 and 20b,
as follows.

From equation 20b,
_ E ( D) 1/m
D=M [1 - E(D)]
(with appropriate subscripts for agents A and B)

As E(D) is a fractional effect, it may be replaced by (E/
E...), where E is the effect of the combination and E,.,
= 1. Thus,

1/m 1/m
ootz oy

1+ E/Em Emnx -
Using equation 1, equation 29 follows directly, and may
be solved by iteration on E.

ii. Mutually non-exclusive agents. Segel (445) showed
by kinetic analysis that combinations of mutually non-
exclusive enzyme inhibitors that obeyed Michaelis-Men-
ten kinetics were synergistic. Segel did not define synergy
explicitly but implied that it meant inhibition greater
than would be produced by combinations of mutually
exclusive inhibitors at the same specific concentrations.
He accounted for this increased effect by the formation
of mixed inhibitor-enzyme species that could not be
formed by combinations of mutually exclusive agents.
Thus, combinations of mutually non-exclusive inhibitors
obeying mass action principles have an inhibition mech-
anism over and above that possessed by mutually exclu-
sive inhibitors. Chou and Talalay (110) also concluded
from an examination of enzyme kinetics that the com-
bined effects of mutually non-exclusive inhibitors were
necessarily synergistic. An examination of the behaviour
of these combinations throws considerable light on two
basic issues in this field, namely, the difference between
mechanistic and empirical models and the difference
between independent drug action and zero interaction.

Consider an enzyme with two binding sites. One site
can be occupied by either inhibitor A or inhibitor B, and
the other site can be occupied only by inhibitor C. Bind-
ing at the site for C is independent of that at the site for
A and B, i.e., binding at site C has no effect on binding
at the sites for A or B, and vice versa. Thus, A and B are
mutually exclusive, whereas C is mutually non-exclusive
with respect to A and B. Assume for simplicity that the
dose-response curves for all three agents are identical,
i.e., that they are described by equation 20b, with the
same value for M, and with m = 1, that occupancy of
either site on the enzyme molecule inactivates it and
that, at a concentration M of any one inhibitor, 50% of
the appropriate sites are occupied (i.e., M is the median
effective concentration). Now examine the consequences,
illustrated in fig. 14, of first adding a concentration I of
one of these inhibitors, and then a further concentration
I of the same or a different inhibitor.

The dose-response curve described by equation 21b,
with m = 1, shows that, at concentration I of A, B, or C,
the fraction of enzyme molecules free of inhibitor (i.e.,
fractional residual enzyme activity) is M/(M + I). If a
further concentration I of the same inhibitor is added,
the fraction of molecules free of inhibitor falls to M/(M
+ 2I). Whether A or B was the first inhibitor added, it
makes no difference which of these is the second added,
for A and B are completely interchangeable at their joint
binding site. Thus, residual fractional enzyme activity
with a combination I of A and I of B is again M/(M +
2I). Accordingly, the isobole for fractional residual activ-
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F1G. 14. (a) Isoboles for the effects of combinations of A and B where fractional surviving activity is given by equation 21b with m = 1 and
the agents are mutually exclusive. The effects of doses 21 of A and 2I of B are the same as that of the combination of I of A with I of B, and
therefore the isobole for this effect is linear. (b) Isobole for the effects of combinations of A and C where fractional surviving activity is given by
equation 21b and the agents are mutually non-exclusive. Fractional surviving activity with a dose 21 of either A or C is again M/(M + 2I) but,
from equation 14, fractional survival with the combination of I of A with I of B is less than this, and therefore the isobole must be concave-up,

indicating synergy.

ity M/(M + 2I), which joins the dose 2] on the A axis
with the dose 27 on the B axis, and which passes through
the point representing the combination, will clearly be a
straight line, satisfying equation 1 (fig. 14a). Thus, this
combination is quantitatively indistinguishable from the
necessarily zero-interactive sham combinations (I,I) of
A or of B. Its effect is precisely what is expected from
the dose-response curves of the agents and so this com-
bination of mutually exclusive inhibitors is zero-inter-
active.

However, the result would be different if to the solution
containing A or B were added concentration I of C (fig.
14c). C occupies its own site independently of the situa-
tion at the site for A and B. The fraction of enzyme
molecules free of A (or B) is M/(M + I) and the fraction
free of C is also M/(M + I) and, as binding at the two
sites is independent, equation 14 shows that the fraction
free of any inhibitor is (M/(M + I))?. Now, for all nonzero
values of I, (M/(M + I))?is less than M/(M + 2I), i.e.,
fractional inhibition is always greater with the mutually
non-exclusive combination of A (or B) with C than with
the mutually exclusive combination of A with B. Accord-
ingly, the isobole for the effect of this combination, i.e.,
fractional residual activity (M/(M + I))? does not join
the point representing this combination to the points on
the dose axes representing 21 of A (or B) and 2I of C,
for these are less inhibitory, but terminates at higher
concentrations on the dose-axes, i.e., it is concave-up
and does not satisfy equation 1. This combination there-
fore does not behave like the sham zero-interactive com-
binations (I,I) of A, of B, or of C. Its effect exceeds that
expected from the dose-response curves of the agents,
and so this combination of mutually non-exclusive inhib-
itors is synergistic.

This illustrates clearly the difference between expec-
tation based empirically on dose-reponse curves and one
based on mechanisms Calculating the expected effect of
a combination from dose-response curves alone shows
how the combination would behave if there were no

interaction, and this provides a reference point for eval-
uating the observed effect of the combination. On the
other hand, predicting the observed effect requires a
sufficient knowledge of the agents’ mechanisms of action
as well as of the dose-response curves, and such calcula-
tions may show that, because of the particular mecha-
nisms of actions of the agents, the combination is syn-
ergistic, zero-interactive or antagonistic (215, 268-270,
539, 540). Thus, in the case just considered, examination
of mechanisms of action showed that combinations of
agents with dose-response curves characterised by equa-
tion 20b with m = 1 would be zero-interactive if they
were mutually exclusive but that, if they were mutually
non-exclusive, they would be synergistic.

This example also shows that independent action and
zero interaction are not synonymous, as is often assumed.
Combinations of A with B show zero interaction but not
independence, i.e., they satisfy equation 1 but not equa-
tion 14. On the other hand, combinations of A (or B)
with C show independence but not zero interaction.

For mutually non-exclusive drugs with similar dose-
response curves, i.e., m, = m = m, Chou and Talalay
(112,113) showed that the effect of a combination is

given by

[E(d,, db)]""' B [E(d..)]""‘ . [E(d.,)]"“

S, ds)|  LS(da) S(d,)
[E(d,).E(d,,)]""'_ b G deds o
S@.)-SWdy)] M. M, M.M,

As shown by Chou and Talalay (112), when m = 1,
putting E = 1 — S and rearranging gives S(d,, d;) =
S(d,)-S(dy). That is, in the first-order case, equation 30
is formally equivalent to equation 14 for independently
acting agents.

Equation 30 was extended (89, 90) by analogy with
equations 25 to 27 to define a combination index for
mutually non-exclusive inhibitors as follows.
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da‘db
Da'Db

4
Dot

<1 (synergy) (31)
=1 (summation) (32)
>1 (antagonism) (33)

= combination index

However, this extension by analogy is incorrect. The
authors have fallen into the trap discussed at the outset
(section II), i.e., the idea that a zero-interactive combi-
nation is one in which observed behaviour agrees with
that calculated from a knowledge of mechanisms of ac-
tion. However, interaction is defined as departure from
expectation based on the dose-response relations of the
agents, not expectation based on their mechanism of
action. What is expected from dose-response relations is
indicated by equation 1 (or the identical equation 26 of
Chou and Talalay), and the mechanisms of action of the
agents and whether they are mutually exclusive or non-
exclusive are irrelevant to this assessment. Thus, the
error in the formulations of equations 31 to 33 arises out
of the reasoning that equation 30 describes zero inter-
action between mutually non-exclusive agents because it
is derived from an understanding of their mechanisms of
action. In fact, equation 30 describes synergy, not zero
interaction, and this is just what would be expected from
the mechanisms of action of these agents. As shown by
Segel (445), by Chou and Talalay themselves (110), and
again above (fig. 14b), combinations of first-order mu-
tually non-exclusive agents obeying the law of mass
action are necessarily synergistic and, as will be shown
below, combinations of higher-order agents are also syn-
ergistic at higher dose levels.

Calculating combination indices according to the in-
correct equations 31 to 33 has the following conse-
quences. As Chou and Talalay observe, equation 32 has,
in comparison with equation 26, an extra term on the
left. Thus, this equation always overestimates the com-
bination index and, in consequence, combinations that
are in fact synergistic tend to be wrongly categorized as
showing zero interaction or even antagonism, and zero-
interactive combinations are wrongly deemed to show
antagonism.

The idea that different equations for zero interaction
are applicable, depending on whether the agents are
mutually exclusive or non-exclusive, has also caused
difficulties for Chou and Talalay in knowing how to
assess combinations of agents that cannot confidently be
classified as either, i.e., where m, # m,. It has been
suggested (112, 113) that both equations 26 and 32 be
used in such cases, on the grounds that the assumption
of non-exclusivity (equation 32) would always predict
less synergy than that of mutual exclusivity, i.e., that it
was conservative in respect of classifying interactions as
synergistic. Conservatism is not used here in the usual
sense of fixing confidence limits but in the sense of a
bias towards classifying interactions as antagonistic and

against classifying them as synergistic. Many authors
have adopted this unsatisfactory course (98, 99, 113, 167,
189, 232, 415, 464a, 499), and have treated this inherent
bias as if it were somehow a virtue, but it has not been
explained why under-classification in one direction is an
advantage while over-classification in the other is not a
disadvantage. In fact, these problems, and the suggested
methods for dealing with them, are all quite unnecessary,
as they arise out of the misconception described above,
i.e., that the definition of zero interaction depends on
mechanisms of action. On the contrary, zero interaction
is described unequivocally by equation 1, and whether
dose-response curves have equal or unequal sigmoidici-
ties is irrelevant in this context. Thus, Chou and Tala-
lay’s equations 25 to 27 are applicable in all cases (they
are the equivalent of equations 1 to 3 above).

iii. Problems of curve-fitting. The median effect prin-
ciple has been applied to a wide range of agents, often in
circumstances in which simple mass action principles
are not known to operate or, indeed, are unlikely to
operate. Chou and Talalay (112) therefore sensibly rec-
ommended that the method should be used only when
there is a high correlation (r > 0.9) between log (E/(1 -
E)) and log dose. However, this recommendation has
interesting implications, because one and the same set
of data may be closely fitted by a variety of equations.
The question naturally suggests itself —if an equation
fits, may it be used to calculate the expected effect of a
combination, irrespective of the nature of the equation
and irrespective of what it may suggest about underlying
mechanisms of action? In principle, the answer should
be yes, because interaction or the lack of it are deter-
mined from quantitative relations between dose and re-
sponse, not from mechanisms of action, as explained
above. A simple concrete example will illustrate this
point.

Table 1 and fig. 15 show fractional survival of cells
exposed to three different concentrations of a toxic agent.
The points are equally well fitted by linear, exponential,
and first-order sigmoid curves, with near perfect corre-
lation in all three cases. It follows from the argument
above that the calculated effect of a necessarily zero-
interactive sham combination of 0.1 mg/ml with 0.2 mg/
ml (which must equal the observed effect of 0.3 mg/ml)
should be obtained correctly whether we use for the
calculation equation 8 (for linear curves), equation 10
(for exponential curves), or equation 24a (for first-order
sigmoid curves), and this is indeed the case. In fact, there
is only a negligible divergence between observed and
calculated effect, whichever of these equations is used.
Thus, if the equations fit the data well over the whole
range of interest (i.e., over the range of effects caused by
the tested concentrations of the single agents and the
expected effect of the combination), it does not matter
which equation is used.

However, this does not imply that equations may be
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TABLE 1
The same set of data may be equally well fitted by linear or exponential survival curves or by Hill plots

Fractional survival from fitted equations

Dose (@) Obeerved fractional Linear Exponential Sigmoid (Hill plot)
survival (S) E = 0.827d S = 10704 1
S=1.E (equation 9, og [S/(1-S] = 0.987
(equation 7) with base 10) (log d-log 1.073)

0 1.000 1.000 1.000
0.1 0.909 0.917 0.912 0.909
0.2 0.833 0.835 0.833 0.836
0.3 0.762 0.752 0.760 0.775
Correlation coefficient

a) Between observed and calculated S 0.998 1.000 0.999

b) Between S and d, log S and d, and log (S/(1-S)) -0.998 -1.000 -1.000

and log d '
Fractional survival calculated for combinations
on Obeerved $ wm":';_s‘; Equation 10 Equation 24b

0.1 + 0.2 0.762 0.742 0.757 0.769
03+03+03 Outside measured range 0.286 0.442 0.516

f 0.9 o ~0.08 s
§ - <08
- "
E b4 . -
] o - °
§ -0.10 < 07 0
E 0.8
.: L3
-\ \  oe
0.15
0.7 0.5 0\
0 01 02 03 o oy 02 03 -1.0 -0.78 -0.50
] a Llog @

F1G. 15. Three different equations may fit the same data. Fractional
survivals with doses 0.1, 0.2, and 0.3 of the agent are given in table 1.
(a) Survival S plotted against dose d; (b) Log S plotted against d; (c)
Log (S/(1-S)) plotted against log d (Hill plot). All curves fit the data
well.

used outside the range over which they have been shown
to hold. For example, the expected effect of a sham
combination of 3 X 0.3 mg/ml will be 0.286 in the linear
case, 0.442 in the exponential case, and 0.516 in the
sigmoid case. Clearly, at least two of these estimates
must be grossly inaccurate.

This underlines the importance, in all procedures that
depend on fitting curves to experimental data, of avoid-
ing without good reason extrapolation outside the range
of effects over which all the dose-response curves have
been shown to fit. Thus, in using the median effect
principle, it is not sufficient that the individual curves
each fit equation 20c with a high correlation coefficient.
It is also necessary that the effect of the combination
lies within the common range over which these curves
have been shown to fit, because there can be no guarantee
that they fit (and thus that median effect equations
apply) outside this range. Some authors clearly ignore

this elementary requirement, and it is unfortunate that
computer-drawn graphs of changes in combination index
with fractional effect often cover the entire range of
possible effects from zero to complete inhibition, al-
though the range over which dose-response curves are
determined is always less (and sometimes much less)
than this.

This requirement is particularly important when one
or more of the agents used is such that it would not be
expected to obey the law of mass action, for instance, it
may be an alkylating agent which would be expected to
show an exponential survival curve (1a, 64-66, 153-155).
Although the data for such agents may fit equation 20c
well over the limited range used in the particular exper-
iment, marked divergence is to be expected outside that
range. Even worse is the practice of using the median
effect principle where the data are clearly insufficient for
determining the form of the curve (442, 445, 499). One
reason for this cavalier misuse may be the availability of
computer software that seems to have seduced some
investigators into having these calculations made auto-
matically, without prior thought as to whether they were
indeed appropriate to the data.

iv. Application of the mass-action law to complex biolog-
ical systems. It is worth pointing out that, whereas de-
ductions about mechanisms of action from observed pa-
rameters such as the degree of sigmoidicity of a dose-
response curve may well be correct when applied in the
simple circumstances in which mechanisms are suffi-
ciently well understood (for instance, the effects of re-
versible inhibitors on enzymes in solution), such deduc-
tions are questionable when applied to the much more
complex phenomena of cell survival in culture (1, 64-66,
153-155, 258, 304, 415), carcinogenesis (109), viral rep-
lication in cells in vitro (231, 232, 518), tumour regression
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in vivo (499), protection of animals against viral infection
(442, 471), or killing of populations of insects by insec-
ticides (112, 113). It would be surprising, for example, if
the sigmoidicity of the dose-response curve observed in
a population of cells or animals bore a direct relation to
that of the agent at its molecular site of action and
reflected the operation of the law of mass action at that
site. As pointed out by Bliss, Finney and others in work
to be discussed below, such curves may rather reflect the
population distribution of “tolerances,” i.e., doses or con-
centrations of agents required to produce some all-or-
none effect, such as death in individual cells or animals.
Such population distributions may reveal little about the
continuous dose-response curve for the underlying effect,
whatever that may be, that leads to death in the individ-
ual.

The law of mass action applies strictly to homogeneous
and (in principle) unbounded systems of freely diffusible
molecules. This is a far cry from the situation within a
cell, where the reacting molecules are in large part im-
mobilised on membranes or sequestered in organelles,
with the result that the operation of the mass-action law
is considerably modified by conformational, partitioning,
microenvironmental and diffusion effects (211). More-
over, even if within a cell or organelle reacting molecules
were to be regarded as freely diffusible, binding relation-
ships will differ substantially from those predicted by the
mass-action law when binding sites are limited (51).
These complexities are, of course, raised to orders of
magnitude higher where multicellular individuals are
concerned, and it difficult to see how it can be seriously
suggested that carcinogens, for example, exert their ef-
fects on populations of such individuals according to the
principle of the mass-action law (109). Even if, in spite
of these considerations, such a suggestion were to be
entertained, it is a matter of simple observation that,
except at the extremes of 0 and 100% effect, any given
dose or concentration of agent applied to a population of
cells or individuals produces the effect being measured
(death, tumour induction, protection from infection, etc)
in only a fraction of the population. This shows that the
population is heterogeneous in its response and suggests
strongly that heterogeneity, rather than any simple
chemical law, may determine the form of the dose-re-
sponse curve.

An instructive example is afforded by the dose-re-
sponse curves for lysis of red cells by various agents
(bacterial lysins, complement, alkali, hypo-osmolar so-
lutions, etc). These curves are sigmoid and are trans-
formed to straight lines when log(E/(1 — E)) is plotted
against log concentration of lytic agent (519), and thus
might without more ado be accepted as manifestations
of the mass-action law. In fact, however, the red cell
population is heterogeneous in susceptibility to lysis
because it is heterogeneous in age, and susceptibility is
age-dependent. Indeed, differential osmotic lysis may be

used to separate red cell subpopulations of different ages
(351, 459). Thus, these dose-response curves are mani-
festations of population heterogeneity, not of the law of
mass action. The dose-response curves for killing of
insects by insecticides, often used to illustrate the median
effect principle (112, 113, 201) are likely also to reflect
population heterogeneity, as are other effects measured
on populations (98-100, 109, 114, 153-155, 231, 232, 258,
304, 415, 442, 471, 499, 518).

Figure 16 illustrates how a linear Hill plot may be
generated simply by a population distribution. It shows
that, when susceptibility in a population to some all-or-
none effect such as death is log-normally distributed
with respect to dose, log (E/(1 — E)) is highly correlated
(r = 0.998) with log dose over at least a 5-log range of
dose and over a fractional effect range from 0.006 to 0.99.
A standardised normal distribution was used to generate
the curves in this figure, and gave Hill plot values of M
= 1.0 and m = 0.83. Other values for these parameters
would be obtained by using distributions with different
means and standard errors.

These examples do not mean that equations based on
the median effect principle may not be used for quanti-
tation in complex systems, if they fit the data. However,
they provide a salutary warning against using a mere fit
(however good) to an equation to make detailed infer-
ences about supposed mechanisms of action, whether
these are based on the mass action law, whether agents
are mutually exclusive or non-exclusive, and so on, when
in reality all such suppositions may be illusory and the
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FIG. 16. A linear Hill plot may be generated when susceptibility to
a quantal effect (e.g., death) is log-normally distributed with dose. A
standardised normal distribution on a logarithmic dose scale was used
to generate the curve of cumulative probability of effect, which is
sigmoid with log dose. A Hill plot of log(E/(1-E)) is linear with log
dose over a 5-log range (r > 0.99).
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fit may reflect only a distribution of sensitivities between
individuals.

v. Utility of the median effect principle. In summary,
the importance of the median effect principle is that it
enables calculation of the effects of combinations of
agents that obey the law of mass action. It is particularly
useful in the study of enzyme inhibitors, for it enables
effects to be calculated without reference to kinetic con-
stants. The method, including the Hill plot, may also be
used whether or not the agents are known to obey the
mass action law, provided the dose-response curves fit
equation 20c well over the range of interest, and provided
that the effect of the combination lies within the range
over which all the single agent dose-response curves have
been shown to fit the equation. (It should not be assumed,
however, that a fit to this equation implies that the
agents obey the law of mass action).

An integral step in the procedure advocated by Chou
and Talalay is the calculation of correlation coefficients
that determine the applicability of the equations to the
data. This step could with advantage be adopted more
widely with respect to curve-fitting when other types of
equations (linear, exponential, etc.) are applicable.

The procedure requires that a series of combinations
be tested in which the agents are present in fixed ratio.
This requirement arises because (a) the doses of agents
in combinations producing specified effects are deter-
mined from equation 20b, so that it is necessary to
determine m and M for combinations as well as for
agents, and (b) the authors believe that the choice of
equations to be used for assessing the interaction de-
pends on whether the agents are mutually exclusive or
non-exclusive. However necessary this requirement may
be for the procedure advocated by Chou and Talalay, it
is not necessary for the assessment of interactions. As
has been shown repeatedly above, an interaction index
may be calculated for an individual combination, irre-
spective of whether others are also tested and of their
arrangement, and mutual exclusivity or non-exclusivity
is irrelevant to the calculation.

When each of the dose-response curves fits equation
20c but sigmoidicities are unequal, equations 28 or 29
may be used to calculate the effect of a zero-interactive
combination, but the mechanism-free general method
described earlier (figs. 10 and 12) is preferable as it avoids
the requirement to fit equations to data that may not
necessarily be well-behaved.

The criteria used by these authors to evaluate inter-
actions between mutually exclusive agents (equations 25
to 27) are correct, for they are in fact those of the classical
isobole method (equations 1 to 3) of which they represent
a particular case. As shown above, these equations are
valid irrespective of mechanisms of action or of the forms
of dose-response curves. Thus, these criteria are valid for
agents of all types, and are not, as these authors suppose,
restricted to mutually exclusive agents. For the same

reasons, computer-drawn plots of combination index ver-
sus fractional effect are correct when based on the as-
sumption of mutual exclusivity (equations 25 to 27),
whether the agents are mutually exclusive or not, for
these equations assign an index of 1 to zero-interactive
combinations. Such plots should not be extrapolated
outside the range of effects common to all the single
agent dose-response curves.The criteria advocated for
evaluating interactions between mutually non-exclusive
agents (equations 31 to 33) are incorrect, for they are
based on equation 30, which describes the behaviour of
mutually non-exclusive agents that would be expected
from their mechanisms of action, not the behaviour to
be expected if they did not interact, which is described
by equation 1 (or equation 26). For the same reasons
also, plots based on the “conservative” assumption of
mutual non-exclusivity (equations 31 to 33) are incorrect,
for they wrongly attribute zero interaction to inherently
synergistic combinations and thus overestimate the de-
gree of antagonism.

VII. Additivity Envelopes

The more or less intuitive origins of the isobole method
and the uncertainty of many leading investigators as to
whether it could be applied to combinations of agents
with dissimilar dose-response curves have understanda-
bly led to attempts to “improve” the method. One such
attempt that has had a certain vogue is the additivity
envelope method of Steel and Peckham (479, 480). These
authors wrongly assumed that linear isoboles indicated
zero interaction only when the individual agents in the
combination had linear dose-response curves (or curves
that could be linearized by an appropriate transforma-
tion). Of course, any continuous curve that is not closed
can be linearized by a suitable transformation, just as
any piece of string can be straightened, so these authors
added the proviso that the transformation should be to
a quantity with some “biological meaning.” They did not,
however, say how mathematical transformations with
this property could be distinguished from those without
it.

The field in which these authors were primarily inter-
ested was radiobiology, in which the dose-response curves
of main interest are exponential survival curves, usually
with shoulders. According to Steel and Peckham, the
shape of the zero interaction isobole was uncertain in
such cases, and they proposed to set bounds to this
supposed uncertainty by using the extremes of the sur-
vival curves of the agents, i.e., the initial shoulders (Mode
I calculation) and the limiting slopes (Mode II calcula-
tion) to construct an envelope that would assuredly con-
tain the zero interaction isobole. Points below and to the
left of the envelope would therefore represent synergistic
combinations and points above and to the right antago-
nistic combinations.

In fact, as shown for two-agent combinations above,
and for the general case elsewhere (44), the shape of the
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dose-response curve is irrelevant to the construction of
the zero interaction isobole and no uncertainty arises on
that score. However, the additivity envelope is certainly
valid under specific conditions, and it is instructive to
see what these are.

The Mode I calculation may be made as follows. Sup-
pose a combination (d,,d,) produces fractional cell kill
K(d,,dy). On a graph of the survival curves, the effect of
dose d, of agent A is measured by the vertical distance

_ representing cell kill k,(d,) due to that dose alone. Then

a point is located on the survival curve of B such that
ky(d.) + ky(dy) = K(d,,ds). In other words, if effects are
defined in terms of these distances only (on whatever
scale is appropriate), it is assumed that the “effect” of a
zero-interactive combination is the sum of the “effects”
of its constituents. But this is true in general only when,
for both agents, “effect” is linearly related to dose (44).
Thus, if cell kill is measured on a linear scale, kill is
simply proportional to dose and, if it is measured on a
logarithmic scale, effect is a simple exponential function
of dose. In either case, the survival curves would be linear
on the appropriate scales. Thus, the Mode I calculation
is based on the assumption that the survival curves of
both agents can be linearised by appropriate choice of
effect scale. This point is worth emphasising for, when
an agent has a nonlinear dose-response curve, even sham
combinations of the agent with itself generate curved
Mode I isoboles (42).

The Mode II calculation is made by following the two
survival curves sequentially as follows. (1) The effect of
d, is first found from the curve for A. (2) The point
corresponding to this effect is located on the curve for
B. (3) An increment equal to d, is measured from that
point along the curve for B to give the expected effect of
the combination. (4) This last manoevre is equivalent to
displacing the corresponding point on the curve for B to
the left by a distance d,.

In mathematical terms, this sequence of steps may be
analysed by treating effects as monotonic (invertible)
functions of doses and supposing that D, and D, are
respectively doses of the individual agents that are isoef-
fective with the combination. (1) The first step entails
finding f.(d.). (2) In the second step, the dose of B
isoeffective with d, is f, f.(d.). (3) Adding an increment
d, of B to this so that the total amount of B is isoeffective
with the combination (and therefore with D) implies
that

fb.lfa(da) + db = Db
So, using equation 1,

- =D
fifolda) = Dy = dy = 7* d,

Inverting the monotonic function £, gives

D
where k—D

fa(da) = fb(kda)y

From elementary algebra, the curve for the function
f(kd) is simply the curve for f(d) with the d-axis expanded
k-fold. Accordingly, the method of following survival
curves sequentially to find the expected effect of a zero-
interactive combination is valid only when the curves
are superimposable by a linear expansion or contraction
of the dose-axis, i.e., when they are similar.

When the conditions for the validity of the Mode I
and Mode II calculations are both satisfied (the former
is only a special case of the latter), both calculations
produce the same linear isobole, i.e., the envelope col-
lapses to a single straight line, and this is precisely the
isobole produced by the classical isobole method. Illu-
minating examples, showing almost complete collapse of
the envelope to a single straight line for combinations of
agents with almost linear dose-response curves (on a log-
linear plot) are given by Siemann et al. (453, 454). The
originators of this method pointed out that the advisa-
bility of using it depended on the closeness of the survival
curves to linearity on the appropriate scale (479, 480).
This advice is almost always honoured more in the
breach than in the observance, but it is fully supported
by the above analysis. It appears, therefore, that the
envelopes that several authors have depicted (137, 190,
246, 281, 295, 370, 387, 415, 485, 486, 492, 494, 497, 498,
504) are no more than artefacts occasioned by application
of the method to non-linearized curves (artefacts that
may be produced even for sham combinations of one and
the same agent). When used in this fashion, the artefacts
may include, for example, a concave-down lower bound
to the envelope (137, 281, 295, 370, 492, 494), which could
result in antagonistic combinations being deemed syn-
ergistic, and a concave-up upper bound (485, 504), which
could lead to synergistic combinations being deemed
antagonistic. The experiments of Tsai et al. (504) show
how misleading these artefacts may be. These authors
were interested in the observation that combinations of
etoposide and cisplatin were effective in variety of human
lung tumours and had shown therapeutic synergy in a
mouse tumour model. They therefore set out to see
whether these favourable features could be attributed to
synergy that might be demonstrable in vitro. Eight hu-
man lung tumour cell lines were tested, and a total of 32
isobolograms was generated. Most (29/32) of these
showed moderate to marked synergy according to the
classical isobole method. However, the lower bounds of
the additivity envelopes were all concave-up, sometimes
markedly so, with the result that the great majority of
combinations fell within the envelopes. Thus, although
synergy between the two drugs was plain to see on simple
inspection of the isobolograms, the idea that the additiv-
ity envelope method consitituted a “rigorous test” for
synergy compelled the authors to ignore this clear evi-
dence and to conclude that there was no overall synergy,
and therefore that the clinical benefit of combinations
of these drugs was not due to synergy at the cell level.
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If the additivity envelope method is applied to linear
or linearized curves only, these artefacts do not appear,
and conventional straight line isoboles are produced,
identical to those of the much simpler classical isobole
method. The envelope additivity method therefore serves
no useful purpose and should be discarded.

VIII. Similar and Dissimilar Action.
Independence and Zero-Interaction.

Concentration-and Response-Addition

We now return to a more detailed discussion of a
problem raised earlier. An important fallacy discussed in
section II was that interactions between agents should
be defined in terms of their mechanisms of action. A
corollary of this is that interactions occurring between
agents with similar mechanisms of action should differ
in some basic way from those between agents with dis-
similar mechanisms, that this difference should be ap-
parent when the interactions are analysed quantitatively,
and therefore that different methods should be used for
analysing interactions between agents with similar ac-
tions on the one hand and between those with dissimilar
actions on the other.

The idea was first clearly expressed by Bliss (56),
Finney (175, 176), and Plackett and Hewlett (405), who
described two types of non-interaction: (a) similar ac-
tion,in which drugs were supposed to have the same
mechanisms of action, to act at the same sites and to
behave in all respects as simple dilutions of each other
and (b) independent action, in which drugs were sup-
posed to act at different sites with different mechanisms
of action.

When drugs act as simple dilutions of each other, their
dose-response curves should be similar, i.e., when doses
are on a linear scale, the curves should be superimposable
by a simple linear scaling of the dose axis and, when the
dose axis is logarithmic, the dose-response curves should
be parallel. It is easy to determine the nature of the
isoboles that would be generated by non-interacting com-
binations in such cases. If drug B behaves as a k-fold
dilution of drug A then, in equation 1 we simply substi-
tute k~'d, for d, and k~'D, for D, and the equation is
thereby unchanged. Accordingly, such combinations gen-
erate linear isoboles. Moreover, as the two dose-response
curves are superimposable, & is constant over the whole
range, so the isoboles for different levels of effect are
parallel (fig. 1).

On the other hand, when drugs act dissimilarly, then
it was supposed that this would usually be reflected in a
dissimilarity of their dose-response curves, i.e., these
would not be superimposable by any linear scaling of the
dose-axes and linear-log plots would not be parallel. It
was postulated that, when such drugs do not interact,
then they may be said to act independently, and therefore
that the effects of combinations may be derived directly
from statistical theory for independent events. This rea-

soning implies that the effect of a zero-interactive com-
bination of A and B will be given by equation 13 (that
is, by equation 11 with fractional effects substituted for
probabilities). Alternatively, if lack of effect is being
measured (i.e., fractional survival of enzyme activity, of
cell populations, etc), then equation 14 would hold (which
is equation 12 with fractional survivals substituted for
probabilities). Departures from these two types of non-
interaction were supposed to indicate synergy or antag-
onism (“negative synergy”).

It soon became clear that there were difficulties with
this approach, and it was subsequently substantially
elaborated and modified (18-22, 177, 247, 248, 249, 250—
252, 406-408). However, these modifications, which were
largely concerned with constructing mathematical
models to fit various types of interaction and non-inter-
action, are not directly relevant here, as it is the original
unmodified formulation that has had such a notable
influence in this field. Some of the methods described
above show this influence, and it is useful to reconsider
these together.

(a) Loewe (225) divided combinations into those in
which the dose-response curves were “homodynamic”
(i.e., similar) and “heterodynamic” (i.e., dissimilar). This
classification was based on an earlier paper by Frei (185)
and was apparently made independently of the work of
Bliss and Finney, but it is clearly analogous. Loewe
concluded that isoboles for non-interactive combinations
would be linear in the former case but that, in the latter,
they would generally be nonlinear. However, the reason-
ing behind the latter conclusion was obscure. Loewe
found further that the equation he proposed for non-
interacting heterodynamic combinations would generate
two different isoboles for the same effect, although both
common sense and common observation show that, for
combinations of agents with monotonic dose-response
curves, each effect can have only a single isobole. Possi-
bly the intention was to imply that the position of the
isobole was uncertain in such cases (not that there would
in reality be two isoboles), but the paper is not clear on
this point. In view of these difficulties, it is hardly
surprising that Loewe concluded that synergism and
antagonism were “imaginary magnitudes devoid of a
basis of reference and of practical applicability.” This
conclusion happily seems not to have deterred him or
most other investigators from using the isobole method,
which rests firmly on the idea that synergy and antago-
nism are most certainly real, have an unequivocal basis
of reference and are indisputably of practical use.

(b) Traditional radiobiological criteria for interactions
divide them into four main classes (145, 227, 443, 508)
defined by the effect of a fixed dose of one agent on the
dose-response curve (generally the curve of log survival)
of the other. These classes are (i) independence, in which
a fixed dose of agent B shifts the log survival curve of A
uniformly downwards by a fixed distance, and the frac-
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tional product equation 14 holds; (ii) additivity, in which
a fixed dose of B shifts the survival curve of A uniformly
to the left on a linear scale (this criterion for additivism
was also used by Draskoczy (149) and Poch (409-412);
(iii) synergy, in which a fixed dose of B increases the
slope of the survival curve of A, i.e., the displacement
downwards increases with the dose of A; and (iv) antag-
onism, in which the slope of the survival curve is de-
creased.

“Independence” as defined by these criteria clearly
corresponds to the independent case of Bliss. In the so-
called “additive” case, it is supposed that “the damage
due to a dose of B has the same effect on the survival
curve due to A as a survival equivalent dose of A” (227)
or “B is looked at as if it were an unknown dose of A”
(412). This case is thus equivalent to the similar action
case of Bliss, and it is clear that both “independence”
and “additivity” are meant to be types of non-interaction,
distinct from the interactions represented by the remain-
ing two classes. However, the originators of this classi-
fication seem not to have appreciated that simple down-
ward or horizontal shifts in the survival curve would be
produced by zero interaction only when these curves had
certain specific properties.

As shown above, the independent case, described by
equations 10 and 14, applies generally to non-interactive
combinations of a set of agents only when the agents
have simple exponential survival curves. The “additive”
case, in which the curve is shifted horizontally on a linear
scale, describes zero interaction only when the dose-
response curves of the agents are similar. For, if a fixed
dose d, of B shifts the dose-response curve for A to the
left by a fixed distance, then this is equivalent to con-
verting the function f,(d,) to the function f',(d,) = f.(d,
+ kd,) where k is a constant. As the effect of the com-
bination equals that of D,, we have

fa(dc + kdb) = fa(Da)
and therefore, for monotonic functions,
d, + kd, = D,

If, as supposed, we are here dealing with a case of zero
interaction, we may use equation 1 to show that
D,
k= D,
i.e., if k is constant, so also is the ratio between D, and
D,. The shift in the curve for A is fixed at all effect levels,
so this ratio is also fixed at all levels, i.e., the dose-
response curves of A and B are similar.Simple exponen-
tial survival curves are, of course, similar in the sense
used here so, with combinations of such agents, the
downward and laterally shifted curves would coincide.
This invalidates the idea that the difference between
combinations of agents with similar and dissimilar (in-

dependent) mechanisms of action is revealed by the
different types of shift produced in the curve.

(c) Steel and Peckham (479, 480) justified their addi-
tivity envelope method by the supposed difference in the
pattern of zero interaction shown by agents with linear
and nonlinear dose-response curves respectively. How-
ever, analysis of the methods by which they calculated
the bounds of the envelope shows that the underlying
idea is that of differences between agents with similar
and dissimilar modes of action and dose-response curves
(485,486). Their Mode I calculation entails adding log
effects, i.e., it is equivalent to the independent case
(dissimilar action in the scheme of Bliss) when agents
have simple exponential dose-response curves, and their
Mode II calculation requires the dose-response curves to
be similar. The fallacies in their procedure have been
discussed above.

(d) Chou and Talalay (110-113) classified agents that
obeyed the law of mass action as either mutually exclu-
sive or mutually non-exclusive, acting respectively at the
same or different site(s). The former would ideally have
similar dose-response curves (corresponding to the sim-
ilar case of Bliss) and application of the mass action law
showed that non-interactive combinations of such agents
would generate linear isoboles. Mutually non-exclusive
agents may have dissimilar dose-response curves and
Chou and Talalay reasoned that, as they acted at differ-
ent sites, their actions would be independent (corre-
sponding to the independent case of Bliss), and their
equation describing zero-interactive combinations of
such agents (equation 30) is, in the first-order case,
equivalent to equation 14 for independent action. In fact,
there are well-attested examples of independent action
of agents that obey the mass-action law, for instance,
inhibitors that bind to different sites on the enzyme
molecule (551). However, difficulties with the analysis
arose because, when agents have sigmoid dose-response
curves, equation 30 does not produce linear isoboles. For
example, in the first-order case, all isoboles are concave-
up because, as discussed above, such combinations are
synergistic by virtue of the mechanisms of action of the
agents (fig. 14). Unfortunately, Chou and Talalay then
equated zero interaction with effects expected from
analysis of mechanisms of action (the basic error dis-
cussed in section II). This reasoning led them to an
incorrect equation for zero interaction (equation 32) for
mutually non-exclusive agents, an equation that in fact
described synergy, and to the incorrect conclusions (112,
113) that equation 30 “does not describe an isobologram,”
that combinations of mutually non-exclusive agents that
they had previously shown were necessarily synergistic
(110) in fact showed summation, i.e., zero interaction,
and that the isobole method was applicable only to
combinations of mutually exclusive agents.

(e) Finney (176) pointed out that similar and inde-
pendent action could be distinguished on the basis that,
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in the former case, the effect of a combination on a
population of individuals could be obtained by calculat-
ing the effect of the sum of the doses of the constituents
(weighted according to potency) whereas, in the latter
case, it could be obtained by adding the effects of the
constituents (with due subtraction of effects occurring
jointly in the same individuals, as in equation 13). Ges-
sner (200, 201) accordingly termed the two cases dose-
addition and effect-addition (or effect-summation), re-
spectively. Analogous terms (concentration-addition and
response-addition) were coined by Anderson and Weber
(8) in order to avoid the connotation implied in Bliss’
classification that the modes of action of the agents were
known to be similar or independent. (Chen et al. (106)
used the term response-addition in a different sense to
mean addition without subtraction of joint effects, i.e.,
as in equation 8.)

Gessner (200, 201) noted that, whereas the dose-addi-
tion isobole was always linear, the effect-addition isobole
calculated from equation 13 would he convex-down in
his experiments (which concerned loss of righting reflex
in mice given combinations of d-tubocurarine and
ethanol). Weber et al. (533) also found convex-down
response-addition isoboles when assaying mortality in
fish caused by combinations of heavy metals and pesti-
cides. This type of curvature was noted also by Péch and
Reiffenstein (413). According to the classical isobole
method, the isoboles depicted by these authors indicate
antagonism. Nevertheless, the conviction that independ-
ence and zero interaction were equivalent led them to
conclude that such curved isoboles represented a type of
zero interaction. This fallacy originates in a failure to
realise that the response-addition isobole is not a general
indicator of zero interaction, that the shape of this iso-
bole depends on the shapes of the agents’ dose-response
curves and the doses employed, and that it indicates zero
interaction only when the dose-response curves of the
agents themselves are described by the independent ac-
tion equation 13.

That this is so is shown by a more general examination
of the differences between mutually exclusive and mu-
tually non-exclusive inhibitors discussed above. Consider
a combination (d,,d,) where agents A and B have sigmoid
dose-response curve described by equation 20b, with
equal sigmoidicities m. If the combination is zero inter-
active (concentration addition), the reciprocal of fraction
residual activity is, from equation 23b, given by

1 d, dl"
S@,dy 7 [M * Mb] ®4)

On the other hand, if the combination shows independ-
ent action of A and B (response addition), the reciprocal
fractional activity is, from equations 14 and 21b, given

by

1 1 1
S(da, dy)  S(da) * S(dy)

o] o3
)

da * db ™
* (M.. : M») (35)

When m = 1, the right-hand side of equation 35 is always
greater than that of equation 34, i.e. fractional residual
activity is always less with independent action that with
zero interaction. Thus, if two first-order inhibitors with
identical dose-response curves behaved as mutually non-
exclusive inhibitors (independent action) and so gener-
ated response-addition isoboles, all combinations would
be more inhibitory than expected from zero interaction,
i.e., they would be synergistic. Indeeed, this is what was
found in such cases by Segel (445) and by Chou and
Talalay (110) (and see figs. 14 and 17).

The situation for higher-order cases is more complex
and may produce synergy, zero interaction, or antago-
nism, depending on the relation between d, m, and M
(fig. 18). For example, if m = 2, the right-hand side of
equations 34 and 35 are equal only when d,.d, = 2M,M,
When d,,d, < 2M,.M,, combinations of two second-order
inhibitors with equal sigmoidicities would leave less re-
sidual enzyme activity in the zero-interactive, concentra-
tion addition case (equation 34) than in the independent,
response-addition case (equation 35) and, at doses above
this level, they would leave more residual activity. Thus,
if two such agents behaved as ideal mutually non-exclu-
sive inhibitors and generated response-addition isoboles,
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F1G6. 17. Isoboles for fractional surviving effects from 0.25 to 0.9 for
combinations of first-order mutually non-exclusive inhibitors A and B.
The dose-response curve of each agents is given by equation 21b, with
m,=my=1, M, =8, M, = 5. As A and B are mutually non-exclusive,
their effects are independent, and therefore the effects of combinations
are given by equation 14. All isoboles are concave-up, indicating syn-
ergy.
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F1G. 18. Isoboles for fractional surviving effects from 0.015 to 0.5
for combinations of two higher-order mutually non-exclusive inhibitors
A and B. The dose-reponse curves are given by equation 21b with m,
= m, = 2, M, = 8, M, = 5, and the effects of combinations by equation
14. Combinations (d,,d,) show zero interaction when d.d, = MM, =
80, (indicated by the dashed line), antagonism when d.d, is less than
this and synergy when it is greater.

combinations would show zero interaction when d.d, =
2M_M,, antagonism at lower doses and synergy at higher
doses.

The dependence of the response-addition isobole on
the shapes of the dose-response curves was shown also
by Christensen and Chen (115) and Unkelbach and Poch
(509) for agents with Weibull dose-response curves,
where fractional survival is given by

S(d) = e™#¢" (36)

Here, the effect of a combination (d,d,) of agents with
identical dose-response curves is, in the zero-interactive
(concentration addition) case,

S(ds, dy) = e Pltd)” (37)
and, in the independent (response-addition) case,
S(da, dy) = eP@™ % (38)

When n > 1, survival in the independent case always
exceeds that in the zero interaction case and so, if two
such agents behaved with strict mutual exclusivity, gen-
erating response-addition isoboles, combinations would
show antagonism. Conversely, when n < 1, the response
isoboles generated by mutually non-exclusive agents with
such survival curves would show synergy. When n = 1
(simple exponential survival curves), equations 37 and
38 are identical and zero interaction and independence
coincide. Thus, when combinations of agents with simple
exponential survival curves show zero interaction, the

isoboles are linear whether calculated according to “con-
centration addition” or “response addition.”

In each of these five examples, the idea that the pattern
shown by zero interaction depends on the mechanisms
of action of the agents (specifically, on whether these
mechanisms are similar or dissimilar) has led to incorrect
conclusions. In fact, if interaction is defined in terms of
observed effects (not mechanisms of action, real or sup-
posed), then one pattern describes all zero-interactive
cases, and this is shown by the classical isobole method
and equation 1. When combinations are non-interactive,
the only difference between the isoboles for combinations
of agents with similar and with dissimilar dose-response
curves is that, in the former case, the linear isoboles for
different levels of effect are parallel (fig. 1) whereas, in
the latter case, they are not.

The following additional points are relevant in consid-
ering these problems.

(@) Imprecise usage of the term “independence” has
led many to conclude that, if agents act independently
(in the probabilistic sense), they cannot interact phar-
macologically in producing their effects. This conclusion
is incorrect. Independence is defined by equation 13 (56,
175), and the effects of combinations that satisfy this
equation behave as do the probabilities of events that
are statistically independent. Zero interaction, on the
other hand, is defined by equation 1, and combinations
satisfying this equation behave as do sham combinations
of one and the same agent, the effects of which are
necessarily those expected from the dose-effect relations.
A combination may satisfy one or both or neither of
these equations. When agents have simple exponential
dose-response curves, sham combinations of one and the
same agent, which necessarily satisfy equation 1, also
satisfy equation 13. Thus, such combinations show both
independent action and zero interaction (see also Unkel-
bach and Pé6ch (509) and Kodell & Pounds (303)). By
the same token, zero-interactive combinations of differ-
ent agents of this class also satisfy both equations, show-
ing both independent action and zero interaction. On the
other hand, a combination may, for instance, satisfy
equation 13 but not equation 1, i.e., the constituents act
independently in the statistical sense but show pharma-
cological interaction. This is ideally the case with the
combinations of mutually non-exclusive inhibitors dis-
cussed above which, as shown by figs. 14, 17, and 18 and
by equations 37 and 38, show synergy, zero interaction,
or antagonism, depending on the circumstances (degrees
of sigmoidicity or slopes of the dose-reponse curves and
doses of the agents). A sham combination of various
doses of one and the same agent of this class would
satisfy equation 1, as it is necessarily zero interactive,
but would not in general satisfy equation 13 as the dose-
response curve is not exponential.

(b) Although a principal motivation of these authors
was to introduce mathematical rigour into the study of
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drug interactions, their formulations in regard to sup-
posed biological mechanisms were essentially imprecise
and equivocal. Non-interaction between agents was said
to exist when neither modified the physiological action
of the other that led to the response in question (56) and
this definition was accepted by Hewlett and Plackett
(249), Ashford and Smith (21), and Shelton and Weber
(451). However, consider the effect of a sham combina-
tion of two doses of one and the same agent, in which
individual molecules of agent compete for binding to the
same site. Unquestionably, the action of a second dose is
modified (i.e., its fractional effect is reduced) by the
presence at the site of molecules of drug from the first
dose, yet the two doses do not interact pharmacologically
as the effect of such a combination is precisely that
expected from the agent’s dose-effect relations. Or con-
sider the effect on cell survival of two successive doses
of an agent which has a shouldered exponential survival
curve. Again, the action of the second dose is certainly
modified (i.e., its fractional effect is increased) as a
consequence of administration of the first dose although,
again, the effect of this sham combination can only be
that expected from the agent’s dose-response curve and
thus it shows zero interaction.

It is also appropriate to point out, with reference to
supposed mechanisms, that agents that act truly inde-
pendently of each other do not necessarily act at different
sites and with different mechanisms of action. With a
single target/single hit inactivation mechanism, such as
may be shown by ionising radiations for example, all the
quanta of agent act independently of each other in the
probabilistic sense, but they all have the same mecha-
nism of action and act at the same site (162, 318).

(c) The work of Bliss, Finney, Hewlett, and Plackett
was concerned primarily with quantal (all-or-none) ef-
fects on populations of organisms and not with contin-
uously variable effects on individual organisms, although
attempts have been made to link the two types of re-
sponse (250, 252) in order to generalize the equations
that were derived. However, because of the nature of the
experimental material from which these authors initially
drew most of their data (killing of insects by insecticides,
where probit mortality is linear with log dose), the math-
ematical treatment was oriented almost entirely to dose-
response curves of this particular form, and the extent
to which the equations generated can be applied to
pharmacological responses in general, in which most
dose-response curves are not of this form, is questionable.

(d) The dose-response curve of a drug is likely to
reflect its primary action closely only when the effect
being measured is an immediate or close consequence of
the primary action itself. When the observed effect is
more or less distanced from the primary action by inter-
mediate action sites and processes, then deductions about
the similarity or dissimilarity of the primary actions of
different agents from the shapes of their observed dose-

response curves are of dubious value. Thus, similar dose-
response curves do not, in fact, guarantee similar primary
modes of action. For example, all simple exponential
dose-response curves are similar (i.e., superimposable by
scaling the dose-axis), but they may be produced by
agents with very different mechanisms of action, such as
ionising radiation (4, 162), ultraviolet light (532), heat
(120, 121), photodynamic action (253), DNA cross-link-
ing agents (128, 434, 453, 454), zinc salts (60), pentachlo-
rophenol (60), and hydrogen peroxide (322). Indeed, Fin-
ney (176, 177) drew particular attention to the case in
which independently acting agents (i.e., with entirely
distinct modes of action) had identical probit regression
lines.

On the other hand, dissimilar dose-response curves do
not guarantee dissimilar modes of action. Two drugs with
wholly similar primary modes of action but with different
molecular structures, and therefore different physico-
chemical properties, may be subjected to different met-
abolic processes, (including activation and inactivation),
may have different rates and/or modes of excretion, may
be subject to different restrictions in reaching their com-
mon site(s) of action, or may be carried there by different
transport mechanisms, so that their dose-response
curves may differ substantially. In fact, it was the obser-
vation that structurally analogous (even isomeric) insec-
ticides believed to act similarly nevertheless had dose-
response curves of markedly different slopes when probit
mortality was plotted against log dose (249, 346, 487)
that led Hewlett and Plackett to modify the original
formulation of Bliss (251, 252, 406). Thus, drugs cannot
with confidence be classified as acting similarly or dis-
similarly simply on the basis of the shapes of their dose-
response curves.

These objections notwithstanding, these ideas have
had great influence and, in consequence, many investi-
gators look upon concentration-addition and response-
addition as different but entirely equivalent models, per-
haps differing in their purpose or the sorts of data to
which they may be applied, but otherwise of equal stand-
ing and validity (8, 30, 115, 302, 303, 306, 509, 533). This
is not the case, and it should therefore be stressed that
the former is the general model for zero interaction
whereas the latter describes only the restricted class of
statistically independent actions. These may be zero-
interactive if the dose-response curves are appropriate,
i.e., simply exponential, but otherwise they show synergy,
zero interaction, or antagonism as the case may be,
depending on the forms of the dose-response curves and
the particular combination used.

IX. Some Important Aspects of Interactions

A. Significance of Minor Interactions

The biological significance of relatively small devia-
tions from zero interaction requires consideration. This
problem principally exercises microbiologists, who com-
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monly disregard evidence of synergy unless the interac-
tion index is less than 0.5 (or sometimes 0.75 (400)) and
evidence of antagonism unless it exceeds some number
greater than 1 (values selected are arbitrary and variable,
and include 1.3 (225), 2 (3, 240, 400, 503), 2.75 (2), 4 (14,
114, 152, 240), and even 8 (373). There are two reasons
for this conservatism. One is the large error inherent in
microbiological assays, stemming from the custom of
using doubling dilutions of agents. The other is a doubt
as to whether small interactions are clinically significant.

Errors of measurement can, of course, be reduced by
improved techniques, for instance, using dilutions less
than 2-fold (41, 260) or continuous dilution (138). More-
over, even small degrees of synergy or antagonism can
be distinguished from zero interaction with high statis-
tical confidence by comparison with sham combinations
of an agent with itself (223, 541). That minor interactions
may be significant in vivo is shown by considering phar-
macokinetic factors. A relatively small degree of bowing
of the isobole towards or away from the zero interaction
line may make a considerable difference to the duration
of effective drug levels in vivo (fig. 19), and should
therefore not be regarded as being therapeutically un-
important (45).

B. Agent multiplicity

It is important to know whether simply increasing the
number of agents in a combination affects the level or
type of interaction produced. The most clear-cut results
are for combinations of antibiotics, where measurements
are made in relatively simple and reproducible in vitro
systems. For example, Armstrong (17) tested combina-

B (mg/kg)

Tissue level (mg/kg!

o 1 2 3 4 5 L]

Hours alter administiration

A (mg/ingt

F1G. 19. (a) Curves showing the variation with time after adminis-
tration in the concentrations at the site of action of drugs A and B.
From these curves, the joint concentrations of the agents at specified
times (up to 6 hr after administration) may be read. These are indicated
by the arrowed path in (b), which also shows isoboles for the concen-
trations that produce some required effect of A and B. If the isobole
shows moderate synergy, effective levels are reached at 1 hr after
administration and persist until 5 hr. On the other hand, if the isobole
shows moderate antagonism, the required levels are maintained only
between 2 hr and 3 hr after administration. (With a slightly more
antagonistic isobole, the required levels would not have been reached
at any time).

tions of two or three antibiotics against various isolates
of Pseudomonas aeroginosa and Proteus vulgaris. With
combinations of two drugs, 70% of tests showed synergy
and 25% antagonism whereas, with triple combinations,
all tests showed synergy. With both organisms, the high-
est level of synergy was shown by triple combinations.
Similarly, Berenbaum et al. (50) compared the effects of
double and triple combinations on Pseudomonas malto-
philia. With double combinations, 75% were synergistic,
compared with 98% of triple combinations. Again, the
highest level of synergy was found with triple combina-
tions. An important finding was that the level of synergy
of a combination of two antibiotics was generally in-
creased by adding a third, even if this was one to which
the organism was resistant, and this effect operated even
when the organism was resistant to all three antibiotics
on their own. This finding may have implications for the
treatment of infections caused by multiply resistant or-
ganisms. (See also ref 152 for anti-malarial drugs.) Yu et
al. (560) carried out similar studies with Staphylococcus
epidermidis and found that 20% of double combinations
were synergistic while 75% showed antagonism. With
triple combinations, the corresponding proportions were
60% and 40%. Finally, Odds (388) compared double,
triple, and quadruple combinations of antifungal agents.
The proportions showing synergy were, for combinations
of two, three, and four, respectively, 47%, 57%, and 91%,
and the proportions showing antagonism were 36%, 34%,
and 0.

It would be premature to draw general conclusions
from these few examples, but they strongly suggest that
in many cases the likelihood of occurence of synergistic
reactions and the degree of synergy may both increase
with the number of agents in the combination. The
effects of agent multiplicity clearly require further ex-
amination in a variety of systems, and an economical
strategy for examining interactions in multi-agent com-
binations has been described (50).

X. Therapeutic Synergy. Multifunctional
Interactions

So far in this review, only interactions between agents
in respect of single effects (monofunctional interactions)
have been examined. However, all agents have multiple
effects at the level of whole cells or individuals and, while
it is sometimes the case that one effect is of such over-
whelming importance that others may virtually be ig-
nored, this is not true for most biologically active agents.
For example, many cancer chemotherapeutic agents have
such pronounced toxicity for normal tissues that thera-
peutic options are governed at least as much by these
effects as by the desired anti-tumour effect.

Accordingly, we have to consider the phenomena gen-
erated by multi-functional interactions in the same in-
dividual. Two examples from the asthma literature will
illustrate what is involved.

Wolfe et al. (548) treated asthmatic patients with
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terbutaline (either 2.5 or 5 mg) or aminophylline (either
200 or 400 mg) or with a combination of the two lower
doses. Fig. 20 shows changes in the 1-sec forced expira-
tory volume (FEV,) and the incidence of side-effects.
The isobole for peak rise in FEV, is concave-up, indicat-
ing synergy, whereas that for the incidence of toxic
effects is concave-down, indicating antagonism. Now
suppose the maximum acceptable incidence of side-ef-
fects is set at 13%. With terbutaline alone, this is reached
at a dose between 2.5 and 5 mg, where the increase in
FEV, is between 16 and 25%. With aminophylline alone,
this incidence of toxicity is reached at a dosage of 200
mg, where the increase in FEV, is 14%. Thus, the best
therapeutic effect that can be achieved with a single
drug, within the specified limit on toxic effects, is an
increase in FEV, of 16 to 256% with terbutaline. Now the
same limiting toxicity is produced by the combination of
2.5 mg terbutaline with 200 mg aminophylline, but here
the increase in FEV, is 32%. Therefore, within a specified
toxicity limit, a combination of these drugs enables a
better therapeutic effect to be achieved than either drug
alone.

The opposite state of affairs is illustrated by the results
of Dyson and Campbell (156), who treated asthmatic
patients with choline theophylline, salmefamol or a com-
bination of these (fig. 21). The therapeutic effect meas-
ured was increase in peak flow and the toxic effect was
tremor (the lower the tremor index, the greater the
tremor). The isobole for the therapeutic effect shows
antagonism (fig. 21a) while that for toxicity shows syn-
ergy (fig. 21b). Now suppose that the limit on toxicity is
taken as a tremor index of —3.6%. With choline theoph-
ylline, this is produced by a dose greater than 800 mg/
day, which gives a rise in peak flow of 5%. With salme-
famol alone, this level of toxicity is produced by a dose

? 400 23 1
- Peak rise in FEV, (%) Toxicity incidence (%)
2
%
02 16 28 ) 7 24
] 2.8 8.0 ] 2.8 5.0
Terbutaline (mg)

F1G. 20. A greater therapeutic effect may be achieved with a com-
bination of drugs than with either drug alone if therapy is constrained
by a specified limit on toxicity and the isoboles for the therapeutic and
toxic effects show synergy and antagonism respectively. Data from fig.
1 and table 3 of Wolfe et al. (548) for the effects of terbutaline and
aminophylline alone and in combination on FEV, and toxicity in
asthmatic patients. If the toxicity limit is set at a 13% incidence of side
effects, the best that can be achieved with one drug alone within this
limit is an increase in FEV, of 16-25% with 2.5-5 mg terbutaline.
However, within the same toxicity limit, a combination of 2.5 mg
terbutaline with 200 mg aminophylline produces an increase of 32% in
FEV,.

(a) (b)
4 12 -3.3
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F1G. 21. Combinations of drugs may be therapeutically inferior to
single drugs. Data from tables 2 and 4 of Dyson and Campbell (156)
for the effects of choline theophylline and salmefamol, alone and in
combination, on peak flow and tremor in asthmatic patients. The
limiting toxicity is set here as a tremor index of —3.6%. This is produced
by a combination of 400 mg/day theophylline with 2 mg/day salmefa-
mol, which gives a 4.2% increase in peak flow. However, larger increases
in peak flow (>6.0% and >7.2%) are produced by 800 mg/day theoph-
ylline or by 4 mg/day salmefamol on their own, and neither of these
cause as much tremor as the combination.

greater than 4 mg/day, which gives a 7.2% rise in peak
flow. However, the combination of 400 mg/day theoph-
ylline with 2 mg/day salmefamol, which produces the
same level of toxicity, gives an increase in peak flow of
only 4.2%. Thus, within the specifed toxicity limit, either
drug on its own is therapeutically more effective than
the combination.

Accordingly, when isoboles for the therapeutic effect
show synergy and those for toxicity show antagonism, it
is to be expected that the use of combinations will allow
therapeutic effects to be achieved that cannot be ob-
tained with the agents on their own without exceeding
limits on toxicity. When the reverse state of affairs holds,
use of combinations may be positively disadvantageous.

It will be noted that the approach adopted in these
examples was first to set a constraint in terms of toxicity
and then to determine the maximum therapeutic effect
that could be obtained subject to this constraint. In
theory, the complementary approach could have been
adopted, i.e., to first set a minumum acceptable thera-
peutic effect and to then determine what toxicity would
be incurred in achieving this effect. However, the second
approach is not in general practicable because what is
set as a minimum acceptable therapeutic effect may turn
out to be unachievable with the agents being used,
whereas it is always possible to set a level of maximum
acceptable toxicity (even if it is decided that the accept-
able level is absence of detectable toxicity). In practice,
therefore, it is the first approach that is adopted, con-
sciously or by implication, in most clinical investigations
of this type.

The two examples discussed above are relatively clear-
cut. Therapeutic advantage may however also be ob-
tained in less obvious circumstances, for instance, when
the isoboles for therapeutic and toxic effects both show
synergy or both show antagonism, or even when the
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isoboles for all relevant effects show zero interaction (41,
46, 48). Exploiting the differences in the interactions for
therapeutic and toxic effects is the basis of what is
usually termed “therapeutic synergy” (209, 210, 546).
The examples discussed above show that this is appro-
priately defined as a problem in optimisation, that is,
given a set of agents (and relevant variables such as
dosage, intervals between doses, etc), the problem is to
find the combination of variables that produces the
greatest therapeutic effect without violating a specified
toxicity constraint or set of constraints (42, 85, 90,
527).The view was earlier expressed (42) that “therapeu-
tic synergy” was an unfortunate term in that it con-
founded two issues that appeared to be essentially differ-
ent, i.e., (a) interactions between agents with respect to
single specified effects, combinations being defined une-
quivocally as synergistic, zero-interactive or antagonistic
according to their position with reference to the linear
isobole for that effect or the magnitude of the interaction
index; and (b) the way in which multifunctional inter-
actions could be exploited for therapeutic or other aims
(therapeutic synergy). Possibilities for such exploitation
might exist whether the individual interactions were
synergistic, zero-interactive, or antagonistic and even
when there were no interactions in respect of any rele-
vant effect.

While this distinction had the merit of emphasising
that differences between interactions for different effects
could be exploited even when no individual effect showed
synergy, it had the demerit of implying an unnecessary
separation between two aspects of the study of interac-
tions. There would be advantages in bringing both as-
pects of this field into the same conceptual framework,
and this may be effected as follows.

The model for monofunctional zero interaction is the
sham combination of an agent with itself, which gener-
ates a linear isobole for the effect under consideration.
Thus, if the isobole for the effect of a combination of
different agents is not linear, we know that an interaction
is present. The model for multifunctional zero interac-

- tion is again the sham combination of an agent with

itself, which generates linear and parallel isoboles for all
types of effects. These isoboles are similar, i.e., they can
all be superimposed on each other by simple linear scal-
ings of the dose-axes. The purpose of examining multiple
types of effect is to determine whether the relations
between them vary with the combination, for it is only
this feature that confers therapeutic or other advantage
on one combination as compared with another. This is
equivalent to determining whether the isoboles for dif-
ferent types of effect are similar or dissimilar. The con-
vergence between monofunctional and multifunctional
interactions is thus brought about by linearizing the
isobole for an effect of interest by an appropriate trans-
formation and examining the effects of this on the iso-
boles for other relevant effects. If the transformation

converts all isoboles to parallelism and linearity, we have
mimicked the model of the sham combination of an agent
with itself (or with dilutions of itself) which is necessarily
zero-interactive, and this shows that all combinations
show identical relations between the different effects. On
the other hand, if the transformation results in nonlin-
earity of remaining isoboles, then different combinations
will differ in the spectrum of effects they produce.

The isobole to be linearized may be, for instance, that
for maximum acceptable toxicity or other cost, minimum
acceptable therapeutic effect or other gain, or the union
of segments of different isoboles that bound a region of
acceptable combinations (see ref. 42, figs. 24 and 30).
For example, in fig. 22a, agents A and B show antagonism
for both therapeutic and toxic effects. If the isobole for
the toxic effect is linearized, that for the therapeutic
effect becomes concave-up. If the isobole for the thera-
peutic effect is linearized, that for the toxic effect is
concave-down. Thus we have either “therapeutic syn-
ergy” (fig. 22b) or “toxic antagonism” (fig. 22c), which
are entirely equivalent in terms of therapeutic aims. This
matter will not be pursued further here, but is raised
simply to show that conventional synergy and so-called
“therapeutic synergy” are not distinct fields of study,
unconnected except for a trivial coincidence of termi-
nolgy, but represent respectively the simpler and more
complex aspects of the same problem.

XI. Finding the Optimum

The problem of optimisation underlies perhaps most
investigations in combination therapy, but has received
little formal consideration. The matter is usually ap-
proached by means of conventional clinical trials, gen-
erally of fairly large scale, in which two (occasionally
more) regimens are compared. If one regimen produces
a significantly better therapeutic result than the other
and is less toxic, or at least not more toxic, then it is
obviously the preferred regimen. However, if it produces
both greater therapeutic and toxic effects (which is more
often the case), the choice is less clear, but usually
depends on whether the increased toxicity is thought to
be a worthwhile price to pay for the increased therapeutic
effect. However, this is merely the start of the investi-
gator’s problems for, even when it has convincingly been
shown that one regimen is indeed better than the other,
the sheer complexity of most multi-drug regimens makes
it very difficult or impossible to know with any assurance
how to proceed.

For example, in cancer chemotherapy, widely used
regimens may include four to five (sometimes up to 10)
different agents (61, 70, 81, 92, 143, 184, 209, 210, 214,
460, 546) and, in the treatment cf serious infections,
combinations of four to five antibiotics have been used
(141, 495, 558). In such regimens, the variables include
dose of each agent, intervals between doses, number of
doses per course, number of courses, interval between
courses and so on, so that a regimen of, say, five agents
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F1G. 22. “Therapeutic synergy” (and the equivalent “toxic antago-
nism”) are multifunctional interactions corresponding respectively to
conventional synergy and antagonism, which are monofunctional in-
teractions. (a) Agents A and B show conventional antagonism for both
therapeutic and toxic effects. Either isobole may be linearized (for
instance, by scaling the coordinates d, and d, for each combination on
the isobole to I"*,a and I"'d,, where I is the interaction index for that
combination. (b) The transformation that linearizes the toxicity isobole
makes the isobole for the therapeutic effect concave-up, i.e., it shows
“therapeutic synergy”. (¢) The transformation that linearizes the ther-
apeutic effect isobole leaves the toxicity isobole concave-down, i.e., it
shows “toxic antagonism”.

may comprise at least 25 independent variables, each of
which may profoundly influence therapeutic effect and
toxicity. Thus if, in a clinical trial comparing two regi-
mens, i.e., two particular arrangements of these 25 vari-
ables, one arrangement were found to produce a signifi-
cantly better effect than the other arrangement, the
question would arise as to how these 25 variables should
be changed to produce a still more effective arrangement,
and the answer will rarely be obvious.

A naive approach is to find the optimum level of each
variable in turn in the expectation that this will give the
optimum levels of all. Figure 22 shows why this approach
is usually doomed to failure. This figure shows the pro-
longation of survival in mice with L1210 leukaemia
treated with various doses of carminomycin and cyclo-
phosphamide, alone or in combination (24). The opti-
mum dose of carminomycin alone is 1.08 mg/kg, which
increases survival by 60%. If that dose is kept fixed and
the dose of cyclophosphamide is varied, the best thera-
peutic effect obtained is an 88% increase in survival
(with a combination of 1.08 mg/kg carminomycin and
100 to 120 mg/kg cyclophosphamide). Alternatively, the
optimum dose of cyclophosphamide alone is 180 mg/kg
and, if this is kept fixed and the dose of carminomycin
varied, the best combination is 0.4 mg/kg carminomycin
with 180 mg/kg cyclophosphamide, which prolongs sur-
vival by 181%. However, a 331% increase in survival
could have been obtained with a combination of 0.65 mg/
kg carminomycin with 140 mg/kg cyclophosphamide, but
this fact could not be discovered using this method of
searching for the optimum. It is relevant that Wampler
et al. (526) showed that the optimum in a three-variable
experiment could not be found if two variables were
optimised first and then kept fixed at the levels thus
determined while the third variable was subsequently
explored.

The difficulty in these cases arises from the fact that
the principal axes of the response surface in biological
experiments are not generally parallel to the dose-axes
(24, 86, 89, 93, 477, 526, 545), and therefore the optimum
dose of each agent on its own is not its optimum dose in
combination. Accordingly, optimum drug combinations
cannot generally be found by exploring one variable, or
a limited number of variables, at a time. All relevant
variables must be explored together. However, this raises
a huge logistical problem. For example, with a combina-
tion of five agents, even if every variable except dose
were fixed, examining combinations at only three dose-
levels would entail comparing 125 different combina-
tions.

Such blunderbuss approaches are not feasible, and
more efficient methods must be used. Two possible ap-
proaches will be considered here: response surface meth-
ods and direct search methods.

A. Response Surface Modelling

Here, the therapeutic effect, or any other effect of
interest, is measured for a predetermined number of
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different combinations of predetermined composition.
The varying levels of observed effect are then fitted
approximately by a “response surface,” i.e., some alge-
braic function, the maximum of which (if there is a
maximum) is found by standard mathematical methods
(65-68, 374). This approach has been explored exten-
sively by Carter and his colleagues (85-93, 198, 375, 472
474, 477, 526, 5217, 545). There are two difficulties here.
The first, perhaps not very important, because it has a
fairly obvious remedy, is the temptation to fit to the data
functions that are mathematically easy to handle but
which may give a misleading fit. For example, consider
the experiments of Solana et al. (474) on the production
of sister-chromatid exchanges (SCE) in Chinese hamster
cells by combinations of ethylnitrosourea (ENU) and cis-
diamminedichloroplatinum (II) (DDP). A second-order
polynomial was fitted to the DDP response-curve but, as
the slope of the curve decreased with increasing dose, the
coefficient of the second-order term was necessarily neg-
ative. This implied that SCE/cell rose to a maximum
and then fell as dosage of DDP was increased further,
whereas the experimental data showed that it rose over
the whole dose range. The same anomaly was found in
the work of Wilson et al. (545), who fitted a second-order
polynomial to the results of experiments on combina-
tions of methylmethane sulphonate and ENU. As both
second-order terms were negative, the surface showed a
peak, with a fall in SCE/cell as the concentrations of
either drug was increased further. The experimental
data, however, showed only an increase.

A far more important difficulty is that the number of
combinations that must be examined in order to fit a
second-order surface rises more or less exponentially
with the number of variables. For instance, even with
the highly economical central composite experimental
design of Box and Wilson (68), a problem in n variables
entails testing 2° + 2n + 1 combinations. Thus, for a set
of five agents in which doses, the intervals between them,
and the total number of doses were varied (15 variables),
the number of combinations to be tested would be 32,799.
Even then, as the examples (474, 545) considered above
show, there is no assurance that a surface so fitted would
be good enough to indicate the optimum. It is therefore
not surprising that the application of this approach to
pharmacology has so far been limited to experiments
involving two or three variables, and it is difficult to see
how it could constitute a practicable approach with the
much greater number of variables commonly encoun-
tered in clinical therapeutics.

B. Direct Search Methods (DSM)

An alternative approach is a step-wise search of the
response surface. The problem is analogous to that of
searching for the top of a hill in the dark, with the ability
to measure the heights of points selected one at a time
but without being able to see the hill as a whole. These
points are not at predetermined locations; instead, the

location of each is selected during the exploration on the
basis of the previous measurements. Common sense sug-
gests that if, at each step in this exploration, the next
point in the sequence is located in a direction away from
the lowest point in the vicinity, we should eventually
reach the top. This idea was first formalised by Spendley
et al. (476), and the method is illustrated in fig. 24 as a
problem in optimising combinations of two drugs, using
again the results of Avery and Cruse (24) for effects of
combinations of carminomycin and cyclophosphamide
on L1210 leukaemia in mice. In this figure, the contours
are isoboles for the therapeutic effect, obtained from fig.
23, but the investigator is at the outset unaware of their
position or shape. Initially, the effects of three combi-
nations (represented by the vertices of triangle ABC) are
measured. Combination A is found to have the least
therapeutic effect of the three, so the triangle is reflected
through the centre of the line BC joining the remaining
two points to give a new combination D, and A is dis-
carded. The lowest effect in the new triangle BCD is
produced by combination B, so the triangle is reflected
in turn through the centre of line CD to give combination
E, and so on. Successively formed triangles climb the
response surface, turning with the contours, until one,
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F1G. 23. Isoboles for prolongation of survival in mice with L1210
leukaemia given carminomycin and cyclophosphamide, alone or in
combination (data from table 1 of Avery and Cruze (24)). The greatest
prolongation in survival with carminomycin alone is 60%, with a dose
of 1.08 mg/kg, and the greatest prolongation with cyclophosphamide
alone is 116%, at a dosage of 180 mg/kg. Overall, the greatest prolon-
gation, by 331%, is achieved with a combination of 0.66 mg/kg carmi-
nomycin with 140 mg/kg cyclophosphamide. The response surface
forms a hill, and the isoboles for prolongations in survival of 150-300%
form closed curves that touch neither dose-axis. It should be noted that
the principal axes of the response surface are not parallel to the dose
axes, so that a search for the optimum dose of one agent on its own
followed by a similar search for the optimum of the other will not locate
the optimum combination.
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KLM, straddles the peak, after which there is no further
improvement, successive reflections merely switching be-
tween triangles KLM and KMN. The peak may now be
approached more closely if desired by reducing the size
of the triangles. This approach is readily generalised for
n variables, using instead of a triangle a “simplex” of
n+1 combinations.

One of the most important feature of DSM is its
economy. Although in the two-variable problem shown
in fig. 24 it was necessary to examine three starting
combinations and then to take a further 11 steps to reach
the optimum, an analogous problem in n variables merely
increases the size of the starting simplex and each sub-
sequent step requires only one new combination. Thus,
if 11 steps were needed to reach the optimum, a problem
in 15 variables would require a starting simplex of 16
combinations and 11 further steps, a total of 27 combi-
nations compared with the 32,799 required by a response
modelling method.

Further, as in response modelling, sample sizes at each
point may be qmte small (Wampler (526) used only two
animals per group in an experiment); there is no need to
ensure that the differences between the effects of succes-
sive combinations are statistically significant, as it is the
overall trend that is important here (476).

Any stepwise search may, of course, fail to locate the
optimum of the response surface if this has more than
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F1G. 24. A direct, stepwise search of the response surface shown in
fig. 28, using the method of Spendley et al. (476). The search starts
with triangle ABC. The lowest point on the surface here is A. This is
reflected through line BC to give point D. The lowest point in the new
triangle BCD is B, which is reflected in turn to give E, and so on.
Successive triangles climb the surface, the direction of search turning
with the contours, until the region of the optimum is reached. If the
search is continued without modification at that point, it makes no
further progress, but switches back and forth between triangles KLM
and KMN. If desired, the search can then be made to converge more
closely on the optimum by reducing the size of the triangles.

one peak and the search happens to locate a minor peak
first. The problem of finding the global optimum in such
circumstances much concerns investigators of optimiza-
tion methods (53) but fortunately it seems unlikely to be
of much importance in biological studies, where ade-
quately characterised response surfaces almost always
appear to show single peaks (88, 89, 91-93, 198, 472, 477,
478, 545).

One drawback of the simplex method of Spendley et
al. (476) is that the shape and size of the simplex and its
possible directions of movement are rigidly fixed from
the outset and do not automatically adapt themselves to
the shape of the response surface as it is explored or take
account of toxicity constraints. The method was there-
fore improved by Nelder and Mead (376) who incorpo-
rated rules that allowed the simplex to elongate in fa-
vourable directions and to contract if a movement was
unfavourable. Box (69) introduced the further modifica-
tion of using a “complex” of >n+1 points and allowing
the complex to retreat if it violated a constraint.

Even with these improvements, these methods, which
were designed primarily for use in mathematical and
industrial problems, are not adapted to take into account
two important problems that arise in the clinical use of
toxic drugs. These are (a) violation of constraints means
unacceptable toxicity to patients and possibly death, and
(b) almost all measurements made in a clinical context
are subject to large statistical error. We found, in com-
puter simulations, using mathematical problems with
known solutions and artificially induced error, that the
Nelder-Mead and Box methods could not cope with error
of the magnitude typical of biological experiments, in
which standard errors may easily be 0.2 to 0.3 of the
mean, or more. The reason for failure was that the
direction of each move depended too much on the loca-
tion of the single combination discarded at that step.
When error is high, there is a high probability that the
wrong combination will be selected, acting in effect like
a misleading signpost, and that this wrong choice mis-
directs the next move.

Accordingly, the methods have been modified in at-
tempts to overcome these difficulties. The main, and
most effective, modification was to remove the undue
weight attached to the discarded point. The combina-
tions in each successively formed complex were parti-
tioned between the best and worst halves and the direc-
tion of the next move was set along the line joining the
mean positions of these two sets. Thus, if x, and x,, are
the mean values of any variable in the best and worst
sets, respectively, its value in the new combination is («
+ 1)x;, —ax., where a is some positive number (Box (69)
recommends putting « = 1.3).

The results of a three-variable search with the Nelder-
Mead and Box method and with the new method (which,
for brevity, will be termed the partition method) are
shown in figs. 26 and 26. In these experiments (48a),
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Fic. 26. Effects of combinations of isophosphamide and N-acetyl-
cysteine with a varying time interval between the two drugs in mice
with advanced L1210 leukaemia. Mean survival time (MST) for groups
of eight mice are shown. Drugs were injected once on day 7 of the
disease, and the MST of untreated mice was about 10 days. The starting
complex consisted of 10 arbitrarily selected combinations of the vari-
ables, and gave MST's of 14-22 days. Ten subsequent steps were then
taken using either the Nelder-Mead, Box, or partition search methods
(see text). The total number of deaths from drug toxicity during the 10
steps of the search (80 mice) is indicated. Note the large swings in
MST with the Nelder-Mead and Box methods, due to excessive drug
toxicity, and the more consistent progress and lower overall toxicity of
the partition method.

Time

Iso-P

F1G. 26. Paths of the three searches shown in fig. 26 for combina-
tions of isophosphamide (Iso-P), N-acetylcysteine (NAC) and varying
time interval. The areas enclosed by the dashed lines include the
combinations of the starting complex. Note the highly erratic search
paths of the Nelder-Mead and Box methods and the highly consistent
search path of the partition method.

submitted for publication), mice were injected with
L1210 leukaemia cells subcutaneously. This produces a
systemic disease that kills usually in 10 to 11 days. Drugs
were given on a single occasion on day 7 of the disease,
so that the procedure is a stringent test of their efficacy.
Clearly, the search paths of the two standard methods
are highly erratic and, although combinations with high
therapeutic effect are found, there appears to be a large
element of chance in this (even a completely random
search will occasionally find good combinations). In con-
trast, the partition method appears to have a much more
consistent search path. Overall, it finds more effective
combinations and with less cost in toxicity (the latter
feature may be due to the lack of highly erratic changes
in path, that is, lack of erratic changes in dosage of any
of the agents).

The partition method must be regarded as only an
interim improvement and undoubtedly requires further
investigation and modification. It is important to note
that, although this experiment involved only three vari-
ables, this restriction was made in order to facilitate
visualisation of the search path so that problems in the
method could be analysed. There seems to be no reason,
when these methods have been further modified to make
them more suitable for biological work, why they should
not be applied to problems with high numbers of vari-
ables.

The advantage of direct search methods are clear.

(a) They constitute the only known practicable ap-
proach to handling problems with numerous variables,
and they avoid the pitfalls associated with exploring one
variable (or a limited number of variables) at a time.

(b) They entail no restrictive assumptions about the
shape of the response surface, and therefore avoid the
problems that arise from the inevitable divergence be-
tween real and mathematically fitted surfaces.

(c) They are made one step at a time (i.e., only one
new combination is examined at each step) so that, in
the long run, they are highly economical.

(d) Their flexibility is such that new variables may be
added and even the rules of the search may be changed
after the search has begun. For instance, if a direct search
had been restricted to one variable in the problem illus-
trated in fig. 23 (say, dosage of carminomycin), it would
have located a dose of about 1.08 mg/kg as the optimum.
If at that stage dosage of cyclophosphamide had been
added as a new variable, so that further exploration was
of both drugs simultaneously, a direct search method
would have little difficulty in ascertaining the correct
direction of move towards the optimum dosage of both.
This flexibility would be an important consideration in
any step-wise search in a clinical context, where irresist-
ible pressure to make changes, including the incorpora-
tion of new agents, may arise during the course of a trial
of any considerable duration.
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XII. Finding the Minimum. Complex
Environmental Mixtures

Human beings (and other living organisms) are ex-
posed environmentally to very large numbers of mate-
rials of known or possible toxicity. Such materials often
occur together in complex mixtures of dozens to many
hundreds of constituents. Typical complex mixtures are
tobacco smoke, ground-water contaminated with pesti-
cides and herbicides in areas of intensive farming or with
industrial chemicals near waste dumps, food containing
additives and naturally occurring toxins, and products of
combustion. Even when individual toxicants are present
in negligible amounts, several may interact together in
producing effects. The opportunity for such interactions
increases enormously as the number of substances pres-
ent in a mixture rises and, as shown in section IX B, the
degree of interaction between toxicants may also increase
with their number. All these facts are matters for consid-
erable concern (101, 125, 199, 323a, 358, 483, 554, 555).

Careful investigations of complex environmental mix-
tures, such as a representative mix of 25 organic and
inorganic chemicals found in ground-water or material
leached from a dump site have shown them to have toxic
effects (for example depression of immunological func-
tions and teratogenic effects), when administered to lab-
oratory rodents (199, 455b, 456), and no doubt investi-
gation of other typical mixtures in animals will also show
toxicity that would be unacceptable if it occurred in
humans.

Thus, measures are required to reduce toxicity due to
environmental exposure to such mixtures. One obvious
recourse is a blanket reduction in the environmental
level of the whole mixture, but this option may be prac-
ticable in special cases only, such as that of cigarette
smoke. However, it has been suggested that, if the agents
in a mixture act synergistically, then removing one might
produce a disproportionate reduction in effect (147, 447).
The possibility should therefore be considered that in
some circumstances it might be a more effective use of
resources to reduce the level of one or a few key constit-
uents in a mixture that contribute disproportionately to
the synergistic interaction, or possibly to eliminate these
entirely, rather than attempt a uniform, smaller, and
possibly less effective reduction in all constituents.

For example, if it could be shown that a substantial
reduction in the level of one or two particular pesticides
in contaminated ground-water would disproportionately
reduce its toxicity, this might constitute a powerful ar-
gument for legislation against their use (even if it might
take a long time for such a ban to affect ground-water
levels significantly).

The direct search method illustrated in fig. 24, or one
of the more recent versions, might constitute a useful
strategy for tackling this problem, with the obvious mod-
ification that the aim of the search is to find combina-
tions of reducing toxicity instead of increasing therapeu-

tic effect. The search is thus, as it were, run in reverse.
Of course, the combination with the absolute minimum
toxicity is that which contains no toxic materials at all,
and locating this is not the aim of the exercise. The aim
is rather to use DSM to find which components of the
mixture should be reduced or eliminated so as to reduce
toxicity most effectively. An appropriate procedure may
be illustrated by reference to fig. 24, supposing the iso-
boles to represent, not increases in MST, but levels of
toxicity. It should first be pointed out that, unlike the
surface in this figure, toxicity response surfaces are not
likely to peak and then fall with increasing levels of
toxicants; they are likely only to increase, and therefore
it is only the rising part of this surface that is relevant
here (i.e., the bottom left quadrant of the figure).

The toxic mixture with which we are faced at the start
of the search may therefore be represented by the com-
bination of 0.7 mg/kg carminomycin with 120 mg/kg
cyclophosphamide, with a toxicity level of about 200. The
search starts with triangle IJK. The most toxic combi-
nation here is K, so this is discarded and reflection
through the line JI gives combination G. The most toxic
combination in the new triangle is J, the next reflection
gives H, and so on. Thus, the search begins with a
progressive reduction in the level of cyclophosphamide,
and this reduces toxicity levels from 200 to 75. Subse-
quently, the level of carminomycin is reduced, and this
lowers toxicity levels further, from 75 to 50. Evidently,
faced with the problem of reducing the level of toxicity
of the starting mixture by reducing the level of one
component, the search course would indicate that the
one to reduce was cyclophosphamide.

This type of strategy might be applied, for instance, to
representative mixtures of toxicants, the composition of
which could be varied at will (103, 199, 554, 555). It may
not be necessary, using DSM, to start with combinations
of all toxicants known to be present because, as explained
above, the methods are highly flexible and it might be
feasible to start with mixtures of fewer components,
perhaps those thought to be the most important, and to
add others subsequently. However, the efficiency of such
modifications requires investigation.

Constraints may be placed on the search if relevant.
For instance, in the context of reducing the toxicity of
environmental mixtures, cost is an important factor and
might appropriately be set as a constraint.

The advantages of DSM in such problems of minimi-
zation are the same as those they have in problems of
therapeutic optimization, i.e., they are economical of
resources and highly adaptable, they entail no assump-
tions about the underlying response surface, and they
appear to represent the only feasible approach to prob-
lems of such complexity.
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