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Heritability of liability and concordance in monozygous twins
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Falconer (1965) presented a method of measuring the correlation between relatives for a
disease from data on the incidences of the disease in the general population and among relatives
of affected individuals. The model assumes an underlying continuous liability to a disease, the
liability being made up of many genetic and environmental factors and thus normally distributed.
The disease becomes manifest if an individual’s liability exceeds a critical threshold level. The
derived correlation between relatives may be used, in the absence or elimination of common
familial environmental factors, to provide an estimate of the heritability of liability to the
disease.
Two sources of bias remain in Falconer’s (1965) method of estimation. These arise because
sffcctcd individuals (those exceeding the thrcshold) form a truncated group with a skewed
distribution. Thus the variance of liability among their relatives may be reduced and the
distribution of relatives may be skewed. Falconer (1965) suggested that these biases would be
small, but pointed out (Falconer, 1967) that the skewness could bias estimates of heritability
of liability in monozygotic (MZ) twins, giving estimates which are too high.
Edwards (1969) overcame the difficulties of skewness and reduced variance by using tetrachoric functions for bivariate normal distributions. He presented a graph which relates populstion incidence and incidence in relatives of affected individuals for any correlation between
relatives in liability. His results show that Falconer’s original method gives estimates of heritability which are about one-tenth too low. In this paper Edwards’s results are confirmed and
extended, using 8 different approach to the problem. Then the genetic interpretation of concordance rates in MZ twins is examined in the light of the theoretical results obtained.

METHODS

The problems of skewness and of reduced variance, inherent in Falconer’s method, arise
because a truncated (affected) part of the population is chosen. These disappear when the
population is considered as a whole.
The model used assumes a normally distributed liability and absence of familial environmental factors, so that the correlation ( r ) in liability between relatives equals Rh2, the genetic
relationship multiplied by the heritability of liability. The method of solution was to generate
an ordered series of genetic classes from a normal distribution. Then from each class, and for
different levels of incidence and heritability, the proportion of relatives exceeding the threshold
value was estimated. Pooling the proportions for all genetic classes, a set of graphs or tables
was derived giving the correlation (or heritability) corresponding to any combination of incidences in the population and in relatives of affected individuals.
The details of this method are shown in Table 1 (p. 88). The incidence ( q p )in the population
specifies the threshold point (T). Given the heritability (h2),the genetic variance and distribution
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of liability in the population are known. The frequency (fi)of the ith genetic class, its mean
deviation (xih)and the mean deviation (Rx,h) of its relatives from the original mean and so
from the threshold point (T)e m be found. Then taking account of the respective residual
varianccs, the proportions of each genetic class (Pi),
and of relatives (Pi),
exceeding the threshold
can be estimated. Combining the proportions for all genetic classes, the incidence (qn) in relatives of affected individuals is obtained.
The various calculations were done by computer using three subroutines to evaluate functions
of the normal curve : (1) to get the mean and frequency in each of 40 equally spaced genetic
classes (from - 4 to + 4 standard deviation units), (2) to calculate the deviate (x)given the
incidence (p), using a complex algorithm from Hastings (1955), and (3) t o find the value of q
given x,by accumulating the frequency of classes exceeding x. A wide range of values for incidence, heritability and genetic relationship was used.

RESULTS

The results confirm those of Edwards (1969). They are plotted in Fig. 1 , to corrcspond in
form with Falconer’s original graphs and to allow more accurate readings than arc possible
from Edwards’s paper. The equivalence with Edwards’s graph shows that the results depend
on the correlation ( r ) between relatives in liability. This was confirmed in that the same results
were always obtained for a given value of r, equal to Rhz,for different combinations of R and h2.
I n the absence of environmental similarities among relatives, the graphs in Fig. 1 are thus
general for all coefficientsof relationship (Iz)by choosing the line for r equal to Rh2. However,
the composition of the genetic variance measured by the heritability will differ for different
relatives ; including all the additive variance but differing proportions of the dominance and
epistatic variance for different genetic rclationships (e.g. Falconer, 1960).
Incidence in relatives may, by sampling, be less than the population incidence. This would
give rise to negative estimates of heritability of liability as shown in Fig. 1. These should be
included when pooling estimates, since taking only positive estimates will bias the overall result.
The variance of estimates of the correlation (or heritability) will depend largely on the variance
of the estimate of incidence in relatives. This variance, V (log,, qlr),is O-l89/A on the log, scale
of Fig. 1, where A is the number of affected relatives. Thus the variance of a correlation estimate
can also be read simply from Fig. I . For example, with five affected relatives, the st,andard
error of log,, qlLis ,/(0.189/5) = 0.194. This is equivalent to 0.95 cm. on the ordinate of Fig. 1,
since 4.9 em. cover one log unit, A t qI, = 0.2 ”/, 1.0 yoand 10 % respectively the standard error
of a heritability estimatc of 0.5 from first-degree relatives would be, from Fig. 1, approximately
0.10, 0.16 and 0.32, corresponding with the values obtaincd by E’alconcr’s (1965) formulae.
The simple geometrical pattern of the lines in Fig. 1 provides a good algebraic approximation
(to within 5 yo)of the values of the correlation ( r ) ,namely:
= log q,/log

qI,

and solving for r. The fifth-degree term can be omitted unless r exceeds 0.5; that is, when the
situation refers to MZ twins for diseases with high heritability.
Another useful expression can adjust the tabulated correlations (or heritabilities) if the
patients represent one population ( A )and the relatives are drawn from another population ( B ) ;
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for example, with regard to sex or age. From Fig. 1 an estimate (rt)is obtained, using thc population incidence for B and the incidence of relatives for B. The adjusted correlation is then simply
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Fig. 1. Grtrpli of the uorrolaLion ( r ) in liability botween raltttives, givm the pipulation incidence
e,nd the incidmco in ralativcs of effectfed indivicltmls. (In thct abwnco of erivironriiontal similarities
hrtween relatives T equals Rh2, tho coefficient of rela.tivriship ( B )multiplied by the hcritability of
liability ( h 2 ) ) .

To check on the accuracy of this expression, the expected incidence was calculated for relatives
in B of patients in A , using the same methods as before and merely changing the threshold level
for relatives (Table 1) to that for incidence in B. The expression proved very accurate and could
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adjust the correlation (or heritability) for large (up to 100-fold) differences in incidence to
within 5 % of the true value. For example, if R = 0.5, h2 = 0-5, qpA = 0-1yo,qpB = 1.0 % or
10 %, then qlsBwas found by computer to be 6.2% and 32.5 yo,respectively, giving the corresponding tabulated heritability values of 0.65 and 140. Using the above expression, the adjusted
heritabilities became 0.49 and 0.50 respectively.
The results in Fig. 1 also apply to MZ twins, if common environmental effects are absent or
can be eliminated. The incidence in co-twins is usually expressed as a concordance rate (thc
proportion of co-twins affected for each twin independently ascertained) and can be read off
Fig. 1 for different levels of heritability and population incidence. To bring out a striking feature
of the results, they are shown in another form in Fig. 2. I n the absence of environmental similarities, concordance rates in M Z twins will not be expected to be high unless the hcritability
is very high (or the population incidence is very high). For example, in a disease with incidence
of 1 yo in the general population, the expected concordance rates in MZ twins would only be
about 13 yo if the heritability was 50 % or about 37 yo if the heritability was 80 Yo.Thus a low
Table 1. Parameters w e d in the evaluation of incidence in
relatives of uflected individuals
(Population incidonco, q p ; threshold, T ; heritability, h2; gcnetic relationship, R.)
Genetic class (i)

Individuals

Genetic mean
Frcqurncy
Residual variance
Mean deviation from the threshold
Proportion exceeding the threshold
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concordance rate in MZ twins cannot be taken to prove that the heritability is low. High MZ
concordance rates may indicate either a very high heritability, or that common environmental
factors are important. These alternatives may be resolved, as in conventional twin analysis
(e.g. Kempthorne & Osborne, 1961), by comparing estimates of correlations in liability for
MZ twins, for dizygotic twins (DZ)and among full-sibs.For example, the expression 2(r,,fx- rnz)
estimates the heritability, while the term (2rDrrA,fz) estimates the importance of common
environmental effects in twins.
A good example of the dilemma posed by finding low MZ concordance rates hut high heritability estimates from other relatives is given by clubfoot (talipes equinovarus). Ching, Chung
& Nemechek (1969) concluded that inheritance was multifactorial with a heritability of
liability of 0.68. Wynne-Davies (1970) found an estimate of 0-60 for heritability of clubfoot,
using British data. HOWOVCI’,
they quote, a8 anomalous with their results, datti of Tdelberger(1939) on 174 twin pairs (40 MZ and 134 DZ) with at least one member of the pair having
clubfoot. The concordance rates were 33 % for MZ and 3 yoof DZ pairs. Taking the population
incidence as 0.12 yo in Caucasians, estimates of heritability of liability from Idelberger’s data
are :
from MZ
0.83 2 0.06,
from DZ
from 2@&12- YDZ)

0-78& 0.16,
0.88 & 0.34.

Liability and concordance in monoxygous twins

89

Thus the MZ concordance rate is not too low and anomalous with the other data but is as
expected (or rather high) for multifactorial inheritance. A similar resolution of apparently
conflicting data from twins and from other relatives may be possible for other diseases; for
example, for schizophrenia (Gottesman & Shields, 1967).
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Fig. 2. Expected concordance rnto in monozygotic (MZ) twins given the popuhtion incidence arid
the heritability of liability.
DISCUSSION

In coinparison with Pig. 1 Falconer’s (1965) graph and formulae underestimate the correlation brtween relatives by about 10 yo of the true estimate. Thus, in absolute units, the bias is
only important when the correlation is high. The anomalous situation of overestimation of
heritability in MZ twins, discussed by Falconer ( 1 9 6 7 , arises only when the correlation betwecn
MZ twins is very high (over 0-9).Falconer’s (1965) original method may still be useful in many
analyses where the present methods and results are difficult to apply-for example, in complex
situations involving degree of severity or onset age or any partition of the affected group by
some measure of liability.
The abrupt threshold model has been criticized as unrealistic and Edwards (1969) has considered an alternative of attaching a risk function to a normally distributed liability. The
empirical risk function used, however, tends t o infinity at the limit rather than to unity. The
present approach shows how the threshold model implies a normally distributed genetic liability,
with :L cum ulativc normal risk function, determined by the population incidence (setting the
threshold) and by the heritability (determining the residual variance in a genetic class) of
disease. The abrupt threshold is thus conceptual rather than real and may be avoided by
redefining the variance and risk function.
The improved estimates of heritability of liability should not obscure possible dcficiencies of
the model in summarizing data on population and familial incidences of a disease. These have
been well discussed by Edwards (1969) and others. The method appears to be robust in practice,
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and reasonable estimates of heritability have been obtained for several diseases (Carter, 1969).
It thus provides a useful tool in understanding and utilizing information on multifactorial
disease. However, because its application is simple, there is some danger that the method may
be used uncritically and indiscriminately. For example, few authors have tried to estimate or
eliminate the effects of environmental similarities among relatives, and these may be important.
A feature of Falconer’s (1965) model is that it is descriptive rather than analytical. By combining data on many families genetic heterogeneity may be masked rather than elucidated.
However, it may be possible to deduce the underlying genetic basis of a disease-for example,
by comparing heritability estimates from different kinds of relatives. Thus, if heritability
estimates were larger from sib data than from parent or offspring data, then recessive alleles
at one or several loci might be indicated. Some resolution of heterogeneity may also be possible
by partitioning a condition into different classes by some criterion. A measure of effectiveness
of a, partition is given by the genetic correlation between classes, which tends to zero as distinct
classes are identified. The heritability of the combined condition will be less (not greater as
Edwards (1969) suggests) then the weighted average of the heritabilities in the separate classes.
The reverse applies if the partition does not separate different genetic classes within a condition.
Morton et al. (1970) have examined the additive continuous models of Falconer (1965) and
Edwards (1969), incorporating terms for consanguinity. They have also presented a discontinuous ‘load’ model which takes account of loci with additive effects and also of rare loci with
large non-additive effects. They found that the discontinuous model gave a good fit more often
than the other two models when tested on several sets of data, which included incidences in
different kinds of relatives and in consanguineous marriages for several familial diseases. However, all models gave similar estimates of recurrence risks.

SUMMARY

Results from heritability of liability model of Falconer (1965) have been revised, eliminating
two sources of bias. The results have been graphed for convenient usage, and in the absence of
environmental similarities among relatives can apply to all kind of relatives. Confidence levels
for the heritability (or correlation) estimates can also be read directly off the graph.
The results also apply t o concordance rates in MZ twins. They show that, in the absencc of
environmental similarities, concordance rates for a disease in MZ twins will only be high if the
heritability is very high. Thus a low concordance rate in MZ twins cannot be taken to prove that
genetic factors are not important in the predisposition to a disease.
I am indobtad to Dr 0. Mayo and Dr D. S. Falconer for constructive criticism and advice in thc derelopment of this paper; and to Dr T. Gedde-Dahl for some unpublished result,s on concordance in twins. The
approach used arose during discussion with Dr W. E. Nance.
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