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ABSTHACT

A method iz pressntad for the analysis of the risk of nealth effects
pauned by a combination of insulta. The approach iz entirely
phenomenalogical and has nd built-im restrictions. 4130, interactions
netween the effects of various boxicants are treated in a general
manner. ‘The anly restrictions arise from the finite zet of Tunctiors
relatlog exposure parameters and the rigk of health effects. As an
example, the incidences of oral and esophageal cancer 1n man are analyzed
as a funecion of alechol and tobacco conmsumption. The propertias of the
zalutions obbalned are dlscussged, bogether with conclusiond about Lhe
processed involved ip the eticlogy of these cancers.
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CNTRCDUCTLION

In the environment, no toxieant can act on an organism all by itself,
cthere 13 always a mixture of many agents actimg in combination. In order
to study the health effects of multiple lnsults, the investigation of
exposures to only one and Ttwe toxicancs provides che basie informatlon
needed for a theoretiocal approach. At present, experimencs invalving twe
toxicatts are being planned with inereasing Frequency both ip chemical and
in radiological toxicology, becausze the presence of other toxie agents can
enhance or diminish the effects of a toxicant and yield resultz which are
signifieantly different from those expected Ffor an additivity of damages.

Most of the data avallable lnvalve the exposure to a dose of elther
toxle agent alone, follewed by an exposure to the combiration of Lbhe
dazes. A slmple comparison then shows whether the effects are at, above
or below additivity (Reil, 19B4). However, a measurement at a single dose
combination does not allow a detalled study of the interactlon between the
effects of the two toxlcants. For such an analysis, more elaborake data
sets are needed. Ab present, sufficiently large sets are avallable only
from epidemiological studias (Tuyns et al., 1977; Walter, 1980; Whittemars
and McMillan, 1983} bub corresponding expeciments both 1n vitro and in
vivo are being plantied ny many experimenters,

In the absence of gufficient experimental data, a multitude of
tathematical forma can be constructed for the interaction of two
toxicants. It la, therefore, important to approach the analysls without
preccnealved notions as to the nature of cthe interactlon and to raly on a
phenomenclogical approach ta reach conclusions which are, as far as
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possible, subject only te bhe reguirements of the data get. In additicnm,
the first priority is to find the dominant ones among the many
cankteioutiens possible, neglecting for the time being those of lesser
lmpor TAanee .

It is the purpose of this study, to introduce a formalism which iz
completely phencoenolsgical and hag as few puilt-in restrictions as
posaible, and to usze it in the analysis of epidemiclogical Jata To
demonstrate the vlability of the method.

SYNERGLSMS, COERGISMS AND ANTACORISMS

Combikration of Risks

Rizk are probabllities and the risks dus to a combination of insults
mist, therefore, combine prohabilities appropriabely. Thus, the risk of a
health effect due either to agent 1 or agent 2 i3 given by the Jum of the
two probabilities minus their overlap. The overlap is zero if and only if
the effects rauxad by the two toxicants are mutually exclusive; LLb is
equal to their product if the twa probabilities are indapendent of each
other; otherwise more complex forms apply. If more thap twoe causes with
probabilities ry, are possible, the general expression for the comainad
rizk =l toxicants with independent actions 25 given by

n
€q = 1 —:?] (1 - ri). (1)
Experimentally, ibE im often found, however, that the acticna =f several
toxicants are not independent of each other, but that there ave
interactions between the effsets of different inzults. In that case, a
risk higher or lewer tham ri.; [5 found. An experimantal value K For Ths
combined risk which is characterized by

> Synergism
R= r. , i2 said to indicate Cotrgism, {2)
ind
4 Antagorism

raspeotively. For small risks, that {s, ferc r; << 1, the higher order
productz of he risks r; are much smaller stiil, and %ne eriterion for
independenz actizn on the right-band side reduces approximately € the sum
of the risks., This sum of risks i3 often - but inecarrzetly - usad as a
general criterion for the ezistence of synerglsms or antagonisms. It is
for this reason that the ecnditicn for eguality in relatton (2} is rot
labeled with the generally inappropriate term 'additivity', but with ths
broader term 'coergism’.

Combired Giska in the Presence of Interachicns

If ingsractians are possible, the difference in -p2qualizy (2} can be
assigned to interzcticn termz of second or higher order which desoribe the
interactior between the zffects of two or more toxic agents,
respectively. The most genzral eXpression for the total risk of a mixzure
of n toxicants is thus

n o] f

E=1-0{(1t-r)+ } 1}

i=1 S LT P P
e e} n
- E E E LA R (3)
121 galet kEje1 1

-

PiJ

The second term oa Lhe right-hand side iz the source of the wvverlap terms
of up to nth order batween Lke risks r;, if they are assumed LO be
independant. The third ane fourth terms degerilbe the interaction bebwzer
the effeats of twe and threg taxizants, respectively. This baslc
structare of eg. {(3) is determined by the requirsment that it must reduee
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to the marginal risk ry if all exposures but the one to agent i are set
equal to zero. 3imilarly, the interaction terms Piilk must o8 zere Lf
any of the exposures bo agents i, 1,...,k is zerc.

For furthey discussions, i1t will become necessary to assume expliclt
cause-effect relationships fer the marginal risks ry. These may assume &
variety of matnematical Forms, but it will be assumed hure that

al the relevant exposure quantity is the accumulated dose Dj of
the toxicant, and that
b the dose~effect relationship is given by a power function of
the dese D;, that is, by
my
r; = @y L PR (4)

kWhereas these agssumptions will influence the dezalled form of the results
given here, the methods employed are general and can be used to analyze
data inveiving dose-effect relatianshipa which have several terms or which
involyve exposure guantitiegs other than dose.

In view of the basie requirements Jor the ipteraction term rqisz o
between R toxicants, itz most sizple possible form is the produet ot all
dpsgr Dy, The next higher level of compiexity is a product of powers ny
of the doses Dj.

m n

1¢D,) 7, (5}
=1

whera the parameter 443 . m ig deterrined from experimencal data. This
form is appropriate for simuitaneoua exposyres and, undar certaino
conditionz, for some consecutive exposures, [f tha icteraction depends in
any way on the sequence of some of the expoaures, “hen a mathematical form
kaz to be chosen wrich is asymmetrie ikh the relevant doses.

Trao.m C Y1zl m

fxplicit Formula for Two Agents and Bagkground

For “wo agents and a health effect with a background risk r,, the
most general form for the combired risk is

B=r +r,+ry+vr,-{010, (6)

where the overiap Q for indspecdeni action is defined by
R T L L P (7)

ilere, the marginal risks and the Intarackion term are potentially of the
same order, whereas the overlap terms in @ are at least guadrartic in the
marginal risks r;. Tnus, for small values of the risks, tne cwveriap Q can
ofzan ne neglected.

In terms of theé exposure parareters, the combined risk R 1F then

ziven by
- m no. Pa q .

Bo=a, +a; Dy +ay Dy o+ a0, "0, (83
The repregentation af tne risks in which egs. (6) and (B) are glven is
called the absolube risk model. 1% assumes that Che marginal risks rg,
vy, 0y and the interaction term r4, all have diffarsct dependences on age,
sex, and some lifestyle parameters. Its U parameters a; and a;; are ths
absolute risk coefficients, ton he determined from exper*nental data.

a3



If it is assumed that all dependences except those con exposure are
the same, the background risk r, can be factored out, resulting in the
relative risk model, which thus assumes that the combined risk is
proportional te the backgreound risk

R=r0[1+f1+f2+i‘12—{Q' 1, (9)
where

Q' = ro[F] + I, + f.F r (10)

2 = Tfp - g F1f2l
Here, the symbols f; and f;, denote the fractional excess risks for the
two agents and thELF Lnteragt1on, respectively, and Q' is the relative
overlap for independent action of the toxicants. The quantity in square
brackets is called the relative risk and is independent of age, sex and
some lifestyle parameters.

In the low-dose region, if the relative overlap Q' is very small and
can be neglected, the combined risk in terms of the doses D; is

=a°[1+b.fD+bD +bDD], (11

1 22 127%
with the relative risk coefficients b and b1g Thus, if the relative
£,

risk R/a, is fitted to an EerleenCal data s 3 parameters have to be
determined.

ANALYSIS OF EPIDEMIOLOGICAL DATA

Analytical Approach

The characteristics of some biological processes which lead to the
endpoint under consideration manifest themselves not anly in the dose-
effect relations of the marginal risks, but are particularly evident in
the algebraic form of the interaction terms. The main purpose of the
analysis is, therefore, an attempt to extract the mathematical essence of
the information contained in the data set.

Geometrically speaking, the fitting of a data set by eqs. (8) or (311}
is equivalent te fitting a risk surface to the data peints in the 3-
dimensional space defined by the two dose axes Dy and Dy and the risk axis
R (For an aid to visualization, see Fig. 3). The approach used here is to
determine the surface with the most simple algebraie structure which gives
an acceptable fit to the data. Thus, the first trial functions are
planes, then surfaces are used which are curved in one or more dimensions.

Algebraically speaking, this means that at first all linear and
quadratic forms of both deoses are tested in all combinations. There are
L4 such trial functions, characterized by their egponents in eq. (11}
which are combined in the symbol (mn pg}. In addition, the interference
term is given a special form, found already in previcus evaluations of
synergisms (Reif, 1984; Whittemore and MecMillan, 1983). This results in a
separable form of eg. (11), that is, in a product of fagtors each related
to only one toxicant

R = ao[1 + by, I b,D (12)

505 1.
For linear and quadratic ferms of the marginal risks, there are 4 such
functions. Separable functions will be denoted by the symbol (mn*mn),
whereas the absence of a marginal risk or of an interference term is
characterized by (m0 pq) ang (mn 00}, respectively.
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analysis of Twe Laka 5ets

Thare are two data sets that relate the incidence of cancer of the
upper gastro-intestinal tract te the consumption of aleohol and Tobacco.
The first is a study of Tuyns et al. (1377» of caophageal cancer in the
province Iile~et-Villaine of France; the gecond an investigation of the
incidence of oral raccer in Lhe United States (Walter, 1920}, A full
diseussicn of the detalls of both data sets ane of bthelir analyses are
given elsewhere {Seiler, 1385}, only results and sonclusions will be
summariged here.,

The 48 tria)l functions were teated not only For the guality of their
it te the data but alse for the stability of these fits for moderakte
changes in the doses. Both the fitted zuwrfaces and the values of the
parameters fitted proved to be surprisingly stable, although the sum af
weighted least-squares per data point sometimes changed consigzrably. The
best Fits were determined on the basi3z of gondness of flt and the
requirement that the cosificients cbtained be clearly nonzero.

Faur trial functions camslatently yielded Ehe best fits, and twe of
these alse fulfilled the criteria for nonzero ceefficients, They are Lhe
“unet fons oharacterized by (22 00) and {12¥12). The firsc assumes
independent action of the toxicants ard quadratie marginal risks; tha
second assunes A syvergistic, but separable risk function acd relative
risks |inear in tobacco and quadratic in alechol consumption. It should
pe noted that whercas most of the 43 trial functions have 3 [ree
paramaters, She Eest flbs were cbtained by twa more restriative functions
wikh anly 2 parameters {(Figs. 1 and 2).
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Fig. 1. HRelative risk of escophageal cancer ms a function of aleohol and
tobacee consumption. The data peints are those of Tuynz et al. {13977) ard
the solid and dashed lines are fits for the trial funcbions (12%12) and
(2 0), respectively.
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Fig. 2. Relative risk of oral cancer as a function of aleohol and tobacco
consumption. The data points are those of Waiter (1980) and the solid and

dashed lines are fits for the functions (12¥12) and {22 00}, respectively.

For both orzl and esophageal cancer, the best trial functions were

the same, and even more important,
same, resulting in the same risk surface (Fig. 3).

the relative risk coefficients were the

This implies that

cancer of the oral cavity and the esophagus due to the consumption of

aleohol and tobacco have a similar, if net the same etioclogy.

Also, it

allows to combine beth organs inte one critical organ for these toxicants.

Fig. 3.

as a function of alcohol and tebacco consumpticn.

RISK

ALCOMOL USE {G/Day)

Surface for the relative risk for both oral and esophageal cancer

In order to show the

curvature of the surface it has been cut off at a relative risk of 50.
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Mathematically, there are no valld reasons to prefer one of the two
pbest solutions over the other. Biologiecally, however, there are reasons
for a preference. In the complex melti-stage evolutlon from a normal cell
to a cancerous cell, there are likely to be several steps where
interaction can occur and result in 2 nonzero interaction term. On the
sther hand, the existence of two tetally independent multi-stage pathways
leading to the same cancer, one 1nduced by alcohol and the other by
pobacco seems conslderably less plausible. For this biological reason,
the sciution (22 00) 1s considered the less likely one.

The separahle structure of the more likely solution {12*%12) reguires
that che synergistic interaction is of a kind which allows the risk
enhancement due to one toxicant to be totally independent of the
enhancement due to the other agent. Thus, although there is a dependence
in a statistical sense, there must be 1ndependence 1n the mechanism of the
interaction, This requirement restricts the type of processes that
mechanistic medels may use to deseribe the pathogenesis of oral and
esophageal cancer by alcohol and tobacco.

Finally, the separability of the most probable solution and the
equality of the risk surfaces for both cancers can lead to the formulation
of some hypotheses with regard to the histologogy of the cancers or
particular processes 1n their etiology. These hypotheses could then be
verified in future experiments.

DISCUSSION

The purpese of this study was to introduce a formalism for the
aralysis of cdata from experimental sftudies involving a combination of
ingults., The method involves a minimum of a priori assumptions ang
attempts to distill the mathematical essence of the way in which
biochemical processes Lnfluence the dependence of health effects on
exposure.

The implementation of this method which Ls discussed here 1n detail
uses an approach common in other fields by assuming that, until mere 1s
known about the processes studied, only the dominant contributions are of
interest and that only the simplest solutions which are compatible with
the data should be determined. More complex approaches to egs. (3} to (5)
can be devised easily, once additional knowledge on the health effects 1s
avallable.

The application of this methodology to twe totally independent sets
of epidemiclogical data on canecers wlth different locations in the upper
gastro-intestinal tract leads to several important results, demonstrating
the capability to determing the numerical values of risk coefficients, and
to diseriminate between different algebraic structures of the 1nteraction
term. From these results, inferences can drawn and hypotheses formulated,
which lead to new, clearly defined experimental questions.
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