
Am. J. Hum. Genet. 42:089-095, 1988

An Epidemiologic Approach to Ecogenetics
Muin J. Khoury,* M. J. Adams, Jr.,* and W. Dana Flanderst
Divisions of *Birth Defects and Developmental Disabilities and tChronic Disease Control, Center for Environmental Health and Injury Control,
Centers for Disease Control, Public Health Service, U.S. Department of Health and Human Services, Atlanta

Summary

Although "ecogenetics" seeks to examine genetically mediated differences in susceptibility to environmental
agents, researchers often examine the relation between genetic markers and disease without regard to envi-
ronmental determinants. By using epidemiologic definitions of genotype-environment interaction, it can be
shown that the relative risk of disease for the genetic marker is a function of the frequency of exposure to
the environmental agent, the strength of interaction between the genotype and the agent, and the specificity
of the environmental effect vis-a-vis the genotype. Using examples from the literature, we illustrate under
six patterns of genotype-environment interaction that the relative risk associated with the marker can fluc-
tuate markedly. However, with infrequent exposures, the relative risk is close to unity (implying no genetic
effect) even in the face of strong genotype-environment interaction. Alternatively, elevated relative risks im-
ply a frequent environmental exposure or a strong pattern of interaction. We suggest that genetic marker-
disease associations be evaluated within the context of an epidemiologic study design that considers spe-
cific environmental determinants of risk.

Introduction

Over the past decade, ecogenetics has been estab-
lished as a distinct branch of human genetics that
seeks to study genetically determined differences
among individuals in their susceptibility to the ac-
tions of physica', chemical, and biological agents in
the environment (Calabrese 1984; Mulvihill 1984;
Goedde 1978; Motulsky 1978; Omenn and Motul-
sky 1978). Ecogenetics has grown as an offspring of
pharmacogenetics, which refers to the study of the
genetic basis for differential drug response and reac-
tions (Kalow 1962; Vesell 1973); for example, sev-
eral enzyme systems have been found to be associated
with several diseases (e.g., acetylator phenotype sys-
tem with bladder cancer [Cartwright et al. 1982] and
a variety of other disorders [Evans 1984] and de-
brisoquine oxidation phenotype with lung cancer
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[Ayesh et al. 1984]). Although the concept of ge-
netic-environmental interaction is central to ecoge-
netics and has long been recognized by geneticists
(Haldane 1946), studies in this area have primarily
examined the relationship between genetically deter-
mined enzyme systems and disease, without consider-
ing environmental determinants (see, e.g., Ayesh et
al. 1984; Barbeau et al. 1985).

In this commentary, we provide an epidemiologic
framework for evaluating genetic-environmental in-
teractions in the context of ecogenetic studies. We
provide definitions for disease risk and relative risks
in terms of probabilities observed in epidemiologic
studies. We illustrate that, in the presence of six pat-
terns of interaction, the failure to consider environ-
mental components of the disease concomitantly
with measurement of the genetic marker may lead to
erroneous inferences concerning the role of the ge-
netic marker in disease etiology.

Formulation of Genotype-Environment
Interaction Model

Under a simple genotype-environment interaction
scheme, we consider that there is a susceptibility
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Table I

Formulation and Notations for a Genotype-Environment Interaction Model in Cohort and
Case-Control Studies

COHORT STUDY CASE-CONTROL STUDY

GENOTYPE, Disease Relative No. of No. of Odds
ENVIRONMENT Risk Risk Cases Controls Ratio

.....I 1 Al B1 1
+ ............. IR Re A2 B2 A2B1/AjB2

. J- . .IRg Rg A3 B3 A3Bj/AjB3
+,+ .. IRge Rge A4 B4 A4Bj/A1B4
NoTE.-A plus sign (+) denotes presence; and a minus sign (-) denotes absence.

genotype and an environmental exposure, each of
which is dichotomous (either present or absent) as
shown in table 1. It is to be noted that genotype is
presented here in terms of a single gene locus. How-
ever, the method can be extended to multiple genetic
loci as well. In studies of genetic marker-disease as-
sociations in which environmental effects are not
considered, the quantity usually estimated is the rela-
tive risk of disease for the marker, which can be
defined as the ratio of the probability of disease
among individuals with the susceptibility genotype
(P[DIG + ]) to the probability of disease among indi-
viduals without the genotype (P[DIG-]). To sim-
plify, we assume that the probability of exposure to
the environmental agent f is independent of the
genotype, an assumption that can be written as

P(EIG+) = P(EIG-) = P(E) = f . (1)

The probability of disease for a person with a given
genotype is the sum of the joint conditional probabil-
ity of disease and exposure and the joint conditional
probability of disease and no exposure.

P(DIG) = P(DEIG) + P(DEIG) . (2)

Equation (2) can be written as

P(DIG) = P(DIEG)P((EIG) + P(DJEG)P(EIG) . (3)

Equation (3) can be written as

P(DIG) = P(DIEG)f + P(DIEG)(1 - f) . (4)

To obtain the conditional probabilities of disease in
equation (4), one must determine disease risk for
each of the four possible genotype-environment com-
binations. As shown in table 1, we assume that

among unexposed individuals without the susceptible
genotype there exists a certain background risk of
disease, I, which reflects etiologic heterogeneity. Ex-
posed individuals without the genotype have a dis-
ease risk IRe (where Re refers to the relative risk of
disease for the exposure in the absence of the
genotype). Re reflects the specificity of environment
effect vis-a-vis the genotype. If Re = 1, then the expo-
sure is not a risk factor in the absence of the
genotype, whereas if Re> 1, then the exposure exerts
an effect even among individuals without the geno-
type (i.e., it is not specific to the genotype). Also,
unexposed individuals with the genotype have a dis-
ease risk IRg (where Rg refers to the relative risk
of the genotype in the absence of the exposure). If
Rg = 1, then the genotype requires an environmen-
tal trigger to increase disease risk. If Rg> 1, then the
genotype alone can produce excess disease risk
through a mechanism other than the environmental
exposure. If Rg < 1, then in the absence of the specific
environment exposure the genotype is protective
against the disease. Individuals with both the geno-
type and exposure have a disease risk IRge (where Rge
is the ratio of disease risk in exposed individuals with
the genotype to disease risk in unexposed people
without the genotype and reflects the strength of in-
teraction). Rg, Rev and Rge are relative risks estimated
in case-control studies by the corresponding odds
ratios as shown in table 1. If we replace the appropri-
ate parameters in equation (4), the marginal proba-
bility of disease among individuals with the genotype
is written as follows:

P(DIG+) =IRge x f + IRg x (1 -f). (5)

Similarly, among individuals without the genotype
the marginal probability of disease can be written as

90



Epidemiologic Approach to Ecogenetics

follows:

P(DIG-) = IRex f + I x (1 -f) . (6)

Thus, the relative risk associated with the genotype
when the exposure is neglected is the ratio of two
marginal probabilities:

Ra = [(1 - f)Rg + fRge]l[l - f + fRe] * (7)

The relative risk of disease for the susceptibility
genotype can also be estimated using estimates of Rg,
Re, and Rge obtained from the case-control design
(table 1). The relationship among Rge, Rg, and Re
depends on the pattern of interaction that exists be-
tween the genotype and the exposure. In epidemio-
logic studies, two commonly considered statistical
models are the additive model where Rge = Rg + Re
- 1 and the multiplicative model where Rge = Rg X

Re (Kahn 1983; Rothman 1986). However, no as-
sumptions will be made here about the underlying
statistical model of interaction.

Patterns of Genotype-Environment Interaction

We illustrate the effects of six biologically plausible
patterns of genotype-environment interaction on the
relative risk of the marker R*. These patterns are
summarized in table 2 and are illustrated graphically
in figure 1. In each situation, it is assumed that the
combination of the genotype and the exposure is del-
eterious (i.e., Rge > 1), that the exposure is a risk
factor (i.e., Re > 1), but that the genotype may be
associated with either increased or decreased risk
(i.e., Rg < 1 or Rg > 1). In the first pattern, the
genotype alone and the exposure alone do not cause
excess disease risk (i.e., Rg = 1 and Re = 1). Two

be
0)

(In

LUn)

IRge IRge

I

IR IR1g

GENOTYPE

Environmental Factor Absent

Environmental Factor Present

Figure I Patterns of genotype-environment interaction de-
picted in table 2.

examples can be given. The first example is that of a
rare environmental exposure, succinyl choline ad-
ministration during anesthesia, and its interaction

with pseudocholinesterase deficiency in producing
postoperative apnea (Evans 1983). The second is an
example of a universal environmental exposure,
phenylalanine in the diet and its interaction with the

Table 2

Patterns of Genotype-Environmnmt Interactions Observed in Ecogenetic Studies

Effect of Specificity of
Genotype in Environment
Absence of Effect vis-a-vis

Pattern Environment Genotype Notations

1 ............ Innocuous Specific Rg = 1, Re = 1
2 ............ Innocuous Nonspecific Rg = 1, Re > 1
3 ............ Risk factor Specific Rg > 1, RC = 1
4 ............ Risk factor Nonspecific Rg > 1, Re > 1
5 ............ Protective Specific Rg < 1, Re = 1
6 ............ Protective Nonspecific Rg < 1, Re > 1
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phenylketonuria genotype in producing mental retar-
dation. In both examples, neither exposure nor

genotype alone produces excess disease risk, but they
do increase risk when present in combination.
A second pattern of interaction is that of an in-

nocuous genotype in the absence of the specific expo-
sure (i.e., Rg = 1) but an environmental exposure
effect in individuals without the genotype (i.e., Re
> 1). An example of this type of interaction is
xeroderma pigmentosa, i.e., exposure to sunlight and
the production of skin cancer (Mulvihill 1984). In
this case, Rg = 1 because the genotype requires an
environmental trigger (UV light) but Re > 1 because
sunlight is a risk factor for skin cancer regardless of
the presence of xeroderma pigmentosa (Frank and
Slesis 1986).

In the third pattern of interaction, the genotype
alone is associated with excess disease risk whereas
the exposure alone is not (i.e., Rg > 1 and Re = 1).
An example of this type of interaction may be G6PD
deficiency and fava beans. In this case, eating fava
beans alone does not produce hemolytic anemia,
whereas G6PD deficiency can do so if there is expo-
sure to certain antimalarial drugs (Evans 1983).

In the fourth pattern of interaction, both the geno-

type and the environment alone are associated with
excess risk of disease (i.e., Rg> 1 and Re> 1). An
example here is alpha-1 antitrypsin deficiency and
cigarette smoking in pulmonary emphysema. Individ-
uals with the PiZ phenotype have a very high risk of
chronic obstructive pulmonary disease even if they do
not smoke (i.e., Rg> 1), and smokers have a high risk
of chronic obstructive pulmonary disease even if they
do not have the deficiency gene (i.e., Re> 1)(Tock-
man et al. 1985).
The fifth and sixth patterns of interaction occur

when there is a reversal of the genotype's effect de-
pending on the presence or absence of the environ-
ment. In this case, the genotype is protective in the
absence of the environment (i.e., Rg < 1) but dele-
terious in the presence of the environment (i.e., Rge
> 1). Although no clear-cut examples in human
genetics can be cited, a somewhat related example is
that of the sickle cell trait and its advantage in the
face of malaria (Luzatto et al. 1970) but its possible
disadvantage in the absence of malaria (Calabrese
1984). These types of interaction are included to il-
lustrate that, under reversal of the genotypic effect in
different environments, the failure to consider such
environmental components can lead to even more

Table 3

Relative Risks Associated with Genotype That Are Seen
in Type I Interaction, by Frequency of Exposure and R..

FREQUENCY Rge
OF

ExPosuRE 5 10 100

.001 ........... 1.004 1.009 1.099

.01 ........... 1.04 1.09 1.99

.10 ........... 1.40 1.90 10.9

.50 ........... 3.0 5.5 50.5
1.0 ............ 5.0 10.0 100.0

NoTE.-In this type 1 interaction the genotype alone is innocu-
ous and environmental factor specific (i.e., Rg = 1 and Re = 1).

serious errors in assessing the role of the genotype in
disease etiology.

Illustrations

In the illustrations given here, the observed theo-
retical relative risks (R*) for genetic markers are
shown for various types of interaction, exposure fre-
quencies (i.e., f), and Rge.

Type I Interaction
As shown in table 3, with Rge and frequency of

exposure to the environmental component, the rela-
tive risk associated with the genetic marker R* as
measured in the population tends to increase. How-
ever, with infrequent exposures (<1% of the popula-
tion), the relative risk associated with the marker is
close to unity, implying no measured genotype effect.
Even in the face of strong interaction (i.e., Rge =

100), the relative risk is <2. Thus, a low relative risk
for the genetic marker does not negate the impor-
tance of the genetic marker in the etiology of the
disease if there is interaction with an environmental
trigger and if the exposure frequency is low. Alterna-
tively, high relative risks imply either a frequent envi-
ronmental exposure, strong genotype-environment
interaction, or both. Under this scheme, it will be
easy to detect phenylketonuria as a risk factor for
mental retardation in the general population because
of the universality of the environmental trigger (i.e., a
normal diet).

Type 2 Interaction
As shown in table 4, under type 2 interaction, the

R* associated with the marker tends to decrease with
increasing Re at a given exposure frequency. The im-
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Table 4 Table 6

Relative Risks Associated with Genotype That Are Seen in
Type 2 Interaction, by Frequency of Exposure and R.

FREQUENCY Re
OF

EXPOSURE 2 5 10

.001 ........... 1.098 1.095 1.089

.01 ........... 1.97 1.91 1.83

.10 ........... 9.91 7.79 5.74

.50 ........... 33.7 16.8 9.1
1.0 ........... 50.0 20.0 10.0

NOTE.- Rge is assumed = 100. In this type 2 interaction the
genotype alone is innocuous and the environmental effect is pres-
ent in the absence of genotype i'.er, Rg = 1 and Re > 1).

pact of Re is larger at higher exposure frequencies.
This effect is intuitively understood by considering
that the probability of disease among individuals
without the genotype will be inflated by an excess
risk due to the exposure to the environmental factor
in a fraction of individuals. Thus, the nonspecificity
of the environmental effect vis-A-vis the genotype will
tend to dilute the measured effect of the genotype in
the general population.

Type 3 Interaction
As shown in table 5, when the genotype confers

excess disease risk in the absence of the environmen-
tal component (i.e., Rg> 1), the net effect will be to
increase the measured effect of the genotype in the
population R* at any given Rge, Re, and f. Thus, if the
genotype confers excess risk of disease regardless of
the environmental exposure, a genotypic effect is
easier to detect in the general population, especially

Table 5

Relative Risks Associated with Genotype That Are Seen
In Type 3 Interaction, by Frequency of Exposure and R,

FREQUENCY Rg
OF

EXPOSURE 2 5 10

.001 .......... 2.098 5.095 10.09

.01 ........... 2.98 5.95 10.9

.10 ........... 11.8 14.5 19.0

.50 ........... 51.0 52.5 55.0
1.0 ........... 100 100 100

NoTE. Rge is assumed = 100. In this type 3 interaction the
genotype alone is a risk factor and the environmental effect is
specific to genotype (i.e., Rg > 1 and Re = 1).

Relative Risks Associated with Genotype That Are Seen
in Type S Interaction, by Frequency of Exposure and R,

FREQUENCY Rg
OF

EXPOSURE 1/2 1/5 /lo

.001 ........... 0.60 0.30 0.20

.01 ........... 1.50 1.20 1.10

.10 ........... 10.4 10.2 10.1

.50 ........... 50.2 50.1 50.0
1.0 ............ 100 100 100

NOTE. Rge is assumed = 100. In this type 5 interaction the
genotype alone is protective and the environmental effect is specific
to genotype (Rg < 1 and Re = 1).

with increasing levels of Rg. Type 4 interaction is a
combination of type 2 and type 3 interaction.

Type S and Type 6 Interactions

When the genotypic effect varies depending on the
presence or absence of the environmental compo-
nent, unpredictable effects on the observed Ra* can be
obtained. As shown in table 6, measured values of
R* can vary from less than unity (protective effect) to
more than unity (risk-factor effect) depending on
values of fand Rg. At a given exposure frequency, the
more protective the Rg, the lower the measured R* in
the population. On the other hand, at a given Rg
effect, the higher the exposure frequency, the higher
the measured R* in the population. In this situation,
if the environmental component is neglected, some
studies might find a protective effect of the genotype,
whereas others will find a risk-factor effect; and con-
troversy thus will ensue.

Comments

The concept of genetic-environmental interaction
is not new. In 1946, Haldane wrote a classic paper on
the issue, in which he illustrated six forms of interac-
tion (which are equivalent to three types in the pres-
ent paper). In Haldane's exposition, the genotype
was defined in terms of genetic strains (thus implying
genetic effects at multiple loci) and the phenotype
was measured in terms of means and variance of a
continuous trait in the population (instead of in terms
of disease risk, relative risk, or odds ratio, as we have
done here). The effects of genetic-environmental in-
teractions on the measured phenotype are further
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complicated by the number of genetic loci involved,
the nonadditivity of the genetic effects (Ward 1985),
and the presence of etiologic heterogeneity (Sing et al.
1985). Nevertheless, numerous studies have exam-
ined the relationship between genetic traits and dis-
ease entities without considering environmental fac-
tors. Examples range from HLA studies (Bias 1981)
to studies of specific enzyme systems (Ayesh et al.
1984; Evans 1984). In the face of accumulating evi-
dence on genetic-environmental interactions (Cala-
brese 1984), this one-sided approach may not be
ideal in unraveling disease etiology. As shown in
these illustrations, depending on the pattern of in-
teraction, on the frequency of exposure to the envi-
ronmental component, which can vary among differ-
ent populations, and on the strength of interaction,
the importance of the genotype in disease etiology
may not be appreciated. Likewise, a one-sided ap-
proach by epidemiologists in the study of the role of
environmental factors in disease etiology-an ap-
proach that does not consider differential genetic sus-
ceptibility-can also lead to incorrect interpretation
of the effects of the environmental factors (Khoury et
al. 1987).

In this commentary, we advocate an epidemiologic
approach to evaluating genetic marker-disease asso-
ciations and their interaction with specific environ-
mental risk factors. However, prior to conducting
such studies, a major challenge is to determine which
environmental factors might be relevant to which ge-
netic markers in the etiology of a specific disease.
This initial step depends on prior epidemiologic data
and on biologic and molecular knowledge of disease
mechanisms and is beyond the scope of this discus-
sion. Once a genetic marker(s) is identified, the case-
control design is frequently the preferred approach
because it allows for the evaluation of multiple envi-
ronmental risk factors that might interact with multi-
ple genotypes of interest. Moreover, the case-control
design is often more feasible and less expensive than
other approaches, particularly for rare diseases. After
appropriate selection of cases and controls, genetic
marker(s) of interest are measured and information is
collected systematically from the two groups con-
cerning documented and suspected risk factors for
the disease under study and for environmental expo-
sures that can interact with the genotype of interest.
The stratified analysis for disease risks (odds ratio
that is used to estimate values of Re, Rg, and Rge
(as shown in table 1) could potentially determine
whether an interaction exists between a genotype and

an environmental factor and the type of interaction.
This simple analysis can also point to the statistical
pattern of interaction (i.e., additive or multiplicative)
between the two variables. Adjustment for potential
confounding variables can be accomplished via either
study design (such as matching) or appropriate statis-
tical procedures (such as the Mantel-Haenzel proce-
dure or multivariate analysis [Kahn 1983]). In addi-
tion, the case-control method allows for evaluation
of both duration and multiple levels of the environ-
mental exposure in its interaction (dose response)
with the genotype.

In summary, the failure to consider environmental
determinants of risk can lead to erroneous inferences
concerning the role of genetic markers in disease cau-
sation. The application of epidemiologic principles
and techniques to ecogenetics can potentially lead
to a better understanding of disease mechanisms in
terms of genetic-environmental interactions.
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