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ABSTRACT - Population stratification, secondary effects of illness or treatment,
biological heterogeneity of a clinical syndrome, or complex biology underlying a
syndrome (where only one component is measured) are conditions which may
obscure the association of a genetic risk factor with a clinical syndrome. We consider
several investigative strategies under each of these conditions. Only segregation-
based paradigms are robust to genetic heterogeneity and population stratification.
But secondary effects on the risk factor produced by illness or treatment require

other strategies for their detection.
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A genetic vulnerability marker for an illness
(genetic risk factor) may be defined as a heritable
trait, associated with a causative pathophys-
iologic factor in an inherited disease. By “herit-
able” trait, we mean either a trait determined by
a known single locus polymorphism (such as an
HLA type or an ABO blood group type) or
another measured trait (either quantitative or
qualitative) where the exact mode of genetic
transmission is unknown but evidence for some
genetic transmission exits from family or twin
studies. Several investigative strategies exist to
identify the association of genetic risk factors to
diseases. In psychiatry and medicine, the diseases
studied are often those where the inherited
pathophysiologic mechanism is unknown, the
specific gene(s) involved are not identified, and
the mode of genetic transmission is not specified.
In such an illness, the biology of the disease may
present conditions to which a particular inves-
tigative strategy is not robust. By robustness we
mean the ability of an investigative strategy to
correctly detect or reject a putative genetic
marker under various conditions.

Numerous investigative strategies have been
proposed in psychiatry to test the validity of a
genetic marker, and investigators must ask them-

selves how they might judge the validity of a
particular strategy. We present in this paper a
systematic consideration of the robustness of sev-
eral research strategies under certain conditions
which could lead to false positive or false nega-
tive conclusions on the validity of a marker.
These conditions include population stratifica- -
tion, secondary effects of illness or treatment on
a marker, biological heterogeneity of the clinical
syndrome, and complex biology of the syndrome
where only one component is measured. The first
condition can lead to false positive conclusions
about validity of a marker, the second to false
positive or false negative conclusions, and the
last two conditions can lead to false negative
conclusions.

Population stratification exists when a gene
frequency for the trait studied is higher in one
subgroup of a population than another. Sickle
cell anemia, for example, is more frequent in
Black people. If our knowledge on this disorder
were comparable to our knowledge of schizo-
phrenia, it is easy to imagine a serious hypothesis
that inherited anemias are heterogeneous, with
the inheritance of skin pigment related to the
inheritance of anemia in some cases. It is not
difficult to also imagine an investigative strategy
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Table 1

Robustness of genetic marker investigative strategies under various conditions

Complex biology

Population Secondary effect of  Genetic hetero- .
o . . . with unmeasured
stratification illness or treatment  geneity of illness
components
Vulnerability markers (inherited
risk factors)
Segregation of marker in pedigrees robust not robust robust robust
Comparison of patients by famil
. P P y ¥ not robust robust not robust robust
history
High risk study: well relatives
& . Y not robust robust not robust not robust
of patients vs. controls
Discordant vs. concordant MZ twins not robust robust not robust robust
Chromosomal linkage markers
Linkage of marker to illness
& robust robust not robust robust

in pedigrees

to test this hypothesis even if hemoglobin S were
unknown, such as by examining skin color and
anemia within families of patients or within the
Black African population subgroup. The prob-
lem becomes more difficult if the correct popula-
tion subgroup is unknown (in this example, if
there were no obvious way to distinguish persons
of black African descent). The ethnic associa-
tions of schizophrenia and affective disorders in
European populations (1) do imply that other, as
yet undiscovered but fortuitous associations with
psychiatric disorders could exist.

The same problem of stratification could exist
for inherited characteristics which do not have
single major gene locus transmission.

Secondary effects of illness or treatment pre-
sent another condition where a marker could be
mistakenly accepted as valid. The reported ven-
tricular enlargement in schizophrenia may be
such a finding (2, 3). Theoretically, treatment
could reverse a defect, thus leading to false nega-
tive conclusions on the validity of the defect as a
marker.

Biological heterogeneity within a clinical syn-
drome can obscure a marker valid for only one
of the several forms of illness. Diabetes mellitus
was long thought to be inherited polygenically,
with no single locus component (4). It is now
known that a single locus is associated with a
subgroup of patients with an insulin-dependent
early onset clinical presentation, and that this

locus is associated with or identical to certain
HLA antigens. It is readily apparent that the
rarer the form of illness for which a marker is
valid, the more difficult it will be to detect.

An illness with a complex biology, with several
genetically independent risk factors, might be
studied when only one of the risk factors is
measurable. That is, several risk factors must be
simultaneously present for illness to occur. This
is not the same as heterogeneity, where each of
several risk factors, in the absence of other fac-
tors, can lead to illness. In the complex biology
situation, many persons, including relatives of
known patients with a valid marker, can have the
marker without being ill and thus it will not be
detected as a risk factor.

For the remainder of this paper, we will con-
sider the robustness of various investigative stra-
tegies under these four conditions (Table 1). The
conditions are not mutually exclusive, but we will
consider each one separately and disregard possi-
ble combinations of conditions.

Investigative strategies

Vulnerability markers
(genetic risk factors)

Segregation of marker in pedigrees. Rieder &
Gershon (5) designed a research strategy for
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identification of vulnerability markers, based on

segregation of a marker and illness within ped-

igrees, which is designed to be robust to these

causes of false positive or negative conclusions.

The criteria are straightforward:

1. Marker is associated with illness, in the
population.

2. Marker is heritable.

3. Marker is state-independent (manifest wheth-
er or not illness is active).

4. Within families, marker and illness
co-segregate.

We use the term “co-segregate” in the sense that
among relatives who manifest the marker the
prevalence of illness is higher than among rel-
atives who do not. This is not the precise mean-
ing of segregation in genetics, which refers to
distribution in pedigrees of single gene locus
characteristics, but it is a general analogy to
single locus segregation which applies to multi-
factorial and other complex modes of inheri-
tance.

Association with illness is defined to exist
when the marker is associated with increased
probability of illness. A simple patient-control
difference will demonstrate this for a common
finding in an illness. For a rare cause of illness,
an estimation (usually indirect) of the rate of
illness among persons with the marker, com-
pared to the rate among persons without the
marker, is needed. By this procedure, even a rare
cause of a common illness can be detected (5).

The reason for requiring state-independence is
that relatives may be studied before the age of
onset, or between episodes. Theoretically, a
genetic defect could manifest itself only during
illness, but this would be exceedingly difficult to
demonstrate as a marker since well relatives
could not be evaluated for absence of the defect.
In a remitting illness, one would expect the
marker to be positive even when the persons is
well, but some additional demonstration is
needed that the observed status of the marker is
not secondary to illness. By itself, this strategy
will fail to correctly reject a putative marker
which is actually a secondary effect of illness or
treatment.

The requirement of segregation makes the

8+

strategy robust in the presence of a population
association, since all members of a family are
part of the same population. This requirement
applies only to pedigrees in which both illness
and marker are present, in at least one individu-
al. With this stipulation, genetic heterogeneity is
resolved, since the subgroup of families selected
will be relatively homogeneous with respect to
biology of illness, if the marker is valid. This
approach remains robust when only one of sever-
al contributing factors is identified as a putative
marker, because selection of families is through a
proband (presenting patient) in whom the marker
and illness co-exist. That is, many persons in the
population may have the putative marker but not
the illness, because of the absence of other
(unknown) contributing factors, and many
patients may have the illness without the putative
marker because of heterogeneity. By selecting
families where the proband has the marker, the
unknown contributing factors should also be
present since the illness is present, heterogeneity
has been bypassed, and relatives should not be ill
without the marker. This point, on the robust-
ness of segregation strategy defined here, has
been reviewed at length elsewhere (6). Another
advantage of this strategy is that it does not
depend on a specific mode of genetic transmis-
sion of the illness and marker, although the
statistical power will be greatest in straightfor-
ward single locus transmission with complete
penetrance, and less in complex modes of trans-
mission.

A practical issue often arises with quantitative
measures, when there is overlap between patients
and controls. Even if the only patients selected
for study are those who are clearly different
from controls, random variation among relatives
may be expected, so that there will be ill relatives
whose classification is uncertain, or in the con-
trol range. In addition, in a heterogeneous ill-
ness, a small proportion of relatives may be ill
from causes other than marker-related. To test a
quantitative marker, quantitative comparisons as
developed by Rieder & Gershon (5) are used. For
example: if, on a quantitative measurement,
patients have higher mean values than controls,
for a valid marker the key prediction is that ill
relatives should have similar values to patients,
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and well relatives should have similar values to
controls. In some cases, it may be possible to
dichotomize the data and measure relatives of
“deviant” patients. Here the test is the same as
described above. However, even on a qualitative
marker, there may be individual relatives who
are in the “wrong” range of values. Among well
relatives there may be some who are biologically
at risk but who have not manifested illness, and
among ill relatives there may be phenocopies
(persons ill from other causes).

The segregation approach differs from the
other risk factor strategies in that it requires
examination of ill relatives, to whom a genetic
characteristic may or may not have been trans-
mitted along with illness. In the other strategies
considered here, relatives may not be examined
at all (comparison of patients by family history),
they may be examined when it is not known if
they are affected (high risk strategy), or, when
discordant MZ twins are compared, there is no
opportunity for a genetic characteristic not to be
shared.

Comparison of patients by family history. In this
method, the usual comparison is between the
frequency of a marker in patients with any ill
relatives versus patients with no ill relatives.
Even if the families are studied carefully, with all
relatives examined directly, there will be an
imprecision in the separation. For many modes
of genetic transmission, and the family sizes
commonly encountered, a substantial proportion
of cases of inherited disease will occur with no
family history. Only if there is also a substantial
proportion of non-familial non-genetic cases,
will the negative-family-history patients include
fewer genetic cases than the positive-family-his-
tory, and useful quantitative comparisons might
be made between the two types of patient. The
necessity for invoking such a “best-case” as-
sumption is a weakness of this strategy.

This strategy is not robust to population strat-
ification. Consider the sickle-cell anemia exam-
ple. If this were the only form of inherited ane-
mia, one would find more Black than non-Black
patients with positive family history, but it would
be a mistake to consider race a physiologic genet-
ic vulnerability factor.

The strategy is robust to secondary effect of
illness or treatment, since this effect would be
independent of morbid risk, Patients with and
without family histories would not be differenti-
ated on such a putative marker, so a false posi-
tive conclusion would not be reached.

Heterogeneity would obscure the validity of a
marker, in this investigative strategy because it
would differentially reduce the proportion of
marker positive patients with positive-family-his-
tory. In one special case however, a derivative of
the family history method can resolve hetero-
geneity: when a specific mode of genetic trans-
mission can be identified in a subgroup of
patients, by clinical or pathological traits associ-
ated with a particular pedigree structure (7).

High risk studies (well relatives of patients vs.
controls). This design can be executed in two
ways, by ascertaining well relatives of known
patients for comparison with controls on pre-
sence of a marker, or, as proposed by Buchs-
baum et al. (8), by screening normals, dividing
them into marker present or absent, and compar-
ing family history of each group. For considera-
tion of robustness, the same arguments apply to
both methods.

Population stratification will lead to falsely
positive conclusions about a proposed marker,
because prevalence of illness is higher in the
marked sub-population, as described above in
the discussion of race as a marker for sickle cell
anemia. Genetic heterogeneity and complex biol-
ogy can each confound this strategy, as discussed
elsewhere at length by Cloninger et al, (6). Brief-
ly, in the presence of genetic heterogeneity the
frequency of the marker in relatives of patients is
reduced, and the morbid risk in controls without
the marker is increased. Thus, either of the
comparisons that can be made will show a smaller
or vanishing difference between groups. Com-
plex biology can lead to many more normals
than patients having any single component of
risk, which makes the Buchsbaum strategy non-
robust to this condition.

The advantage of high risk strategies is that
they are robust to secondary effects of illness or
treatment, because the individuals examined on
their marker status have never been ill or treated.
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A powerful variant of the high risk method is
to combine it with segregation. One can select
patients who have a marker, and examine their
offspring at a young age. The predicted outcome
is that offspring with the marker are much more
likely to develop illness than offspring without.
Of course, this strategy can require a long time
to be implemented. This time is reduced if off-
spring are studied just before they enter the age
of risk, and are followed only long enough for a
statistically usable proportion to develop illness.

Discordant vs. concordant monozygotic twins.
Monozygotic (MZ) twins are genetically identi-
cal, and so do not afford any opportunity for
parental genes to segregate independently be-
tween them. The assumption behind using the
concordant-discordant comparison to detect a
genetic marker, is that in the discordant pairs
neither twin is genetically vulnerable but in con-
cordant pairs both are, so a genetic marker
should be found in concordant but not discor-
dant pairs. The assumption does not allow for
the possibilities that discordance can be pro-
duced by failure of a genetic tendency to
express itself (variable penetrance in the case of
a single locus trait), or that concordance will
occur when non-genetic illness factors are
shared by identical twins (such as viral infection
in utero).

Even if these possibilities are disregarded and
the assumption is accepted, genetic heterogeneity
will diminish the observable differences between
the two types of MZ twin pairs, by reducing the
number of concordant pairs who will show a
marker. For the same reason, however, the com-
plex biology condition has no effect on MZ twins;
they share all genes, including genes which are
components of vulnerability unrelated to the
marker studied. Population stratification leads to
false positive conclusions in this strategy, because
there is no opportunity for independent assort-
ment of a disease and population marker.

If a putative marker is actually produced by
illness or treatment, it will not be manifested in the
discordant twin who has never been ill. For this
condition, the MZ twin strategy is robust, and can
usefully test whether a finding is secondary to
illness.

Chromosomal linkage markers

This is a classic genetic strategy, which is dis-
cussed here for comparison with genetic vulner-
ability marker [risk factor] strategies. An
important difference between a linkage marker
and a risk factor marker is that linkage is neces-
sarily an event that occurs in relation to a single
genetic locus, whereas a risk factor may be poly-
genically determined or be the result of complex
interactions between several loci.

A second difference between linkage and risk
factor strategies is that the risk factor is neces-
sarily associated with the physiologic process that
causes the disease, whereas in linkage equi-
librium the marker is not associated with the
disease in the population. (Within families, how-
ever, one allele occupying the marker locus will
be consistently associated with illness.) When
there is a population association due to linkage
disequilibrium, the linkage analysis can still be
performed, with appropriate modifications to
allow for association (9, 10).

Secondary effects of illness or treatment would
not be expected to affect a marker locus.

Genetic heterogeneity reduces the power of
linkage analysis, since the analysis generally con-
siders a cumulative result over all pedigrees. In
some instances, it is possible to detect linkage
despite the presence of heterogeneity (11), but
the greater the number of forms within the het-
erogeneity, the less likely that a particular link-
age will be detectable.

Discussion

No one investigative strategy for vulnerability
markers is robust to all the conditions we have
considered. Among strategies discussed here, the
segregation paradigm of Rieder & Gershon (5) is
the only one which is robust to genetic hetero-
geneity. It would not be prudent to reject a
vulnerability marker until the possibility of het-
erogeneity is eliminated by such a paradigm.
Population stratification presents another
major problem for validation of a vulnerability
marker. Only strategies that examine the assort-
ment of the marker in pedigrees with illness
appear to be robust to this condition. For a
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single locus marker, pedigree linkage analysis
does this best. However, when the inheritance of
the marker does not follow Mendelian inheri-
tance, a strategy such as that of Rieder &
Gershon (5) must be followed. It appears, then,
that a genetic vulnerability marker can not be
successfully established without investigating
pedigrees of patients, but this has rarely been
done in psychiatric disorders, except in the inves-
tigation of linkage markers. By itself, however,
the study of pedigrees, with ill and well relatives
compared, is not robust to false positive or nega-
tive conclusions based on secondary effects of
illness or treatment. To rule this out, one of the
strategies that examines individuals at risk who
have not developed illness seems most appropri-
ate, such as the study of offspring of known
patients as they enter and pass through the age of
risk.
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