
Estimation of penetrance from twin data

Leide A Praxedes and PA Otto

Departamento de Biologia, Universidade de São Paulo, Brazi l

A simple method for  estimating the gene frequency p and the penetrance value K from data on
polymorphic monogenic character istics on monozygotic tw in pai rs is presented. In spi te of the
method here presented having l imi ted value because the resul ts i t yields cannot be evaluated on
thei r  own, the estimates of p and K i t provides can be indi rectly tested by compar ing them to the
ones obtained in fami l ial  aggregates through classical  segregation analysis or  by using the latter  to
calculate the expected propor tions of dominant–dominant, dominant–recessive and recessive–
recessive monozygotic tw in pai rs. When the method is appl ied to data on tongue-rol l ing abi l i ty
publ ished in the l i terature, a good agreement is observed between twin and fami l ial  estimates, thus
indicating that the method is rel iable and that i t can be used as an anci l lary way of corroborating
or  otherwise evidence of monogenic autosomal  dominant mechanism infer red from the analysis of
fami l ial  data. Twin Research (2000) 3, 294–298.
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Introduction

The issue of incomplete penetrance has received in
the past a considerable amount of attention in the
l i terature. Its concept, after being correctly intro-
duced by Vogt,

1
was successively modified or gener-

al ised by several  authors.
2–20

In the present paper,
we shal l  adopt the concept of Rogatko

21
and Rogatko

et al ,
22

who used for the defini tion of penetrance the
fol lowing transi tional  matrix pi j:

f

f1 f2 f3

a1a1 p11 p12 p13

a1a2 p21 p22 p23

a2a2 p31 p32 p33 ,

where the penetrance (value or coefficient) is the
condi tional  probabi l i ty pi j that associates the pheno-
type fk wi th the genotype aman; for example, the
condi tional  probabi l i ty p(f1| a1a1) of an individual
wi th genotype a1a1 presenting the phenotype f1 is the
penetrance coefficient p11.

Many of the above-mentioned papers proposed
segregation analysis methods to cope wi th pene-
trance estimation from fami ly data; at present, the
parameter can be estimated on a routine basis using
compl icated computer-assisted complex segregation

analysis methods (for a discussion on the theme, see
Morton

20,23
). A previous publ ication,

24
however, has

shown that some si tuations can be deal t satisfacto-
ri ly wi th relatively simple segregation analysis mod-
els using fami ly data, from which the penetrance
coefficient can be estimated wi th no di fficul ties or
compl ications. The aim of the present communica-
tion is to show that the same is true in relation to the
estimation of the parameter from random samples of
monozygotic tw in pai rs.

There exists, in the l i terature, a number of papers
deal ing wi th the estimation of penetrance values K
from data on monozygotic and dizygotic tw in pai rs.
Some authors have proposed algebraical ly equiva-
lent methods for obtaining the penetrance value
from the concordance rate observed among pai rs of
identical  tw ins (Schinz,

25
Lasker,

26
Al len

27
and

Pfändler
28

). In al l  these papers, using di fferent
symbols, the authors obtained the penetrance param-
eter K di rectly or indi rectly from K = 2p1/ (1 + p1) or
K = 2n1/ (2n1 + n2), where p1 is the concordance rate
and n1 and n2 are respectively the observed numbers
of affected–affected and affected–normal  monozy-
gotic tw in pai rs. The method is simple, correct and
effective but uses truncated data wi th exclusion of
pai rs where both twins are normal  and can be
appl ied to pathological  or monomorphic genetic
trai ts only. Ri fe

29
developed simple monogenic

models using data on monozygotic and dizygotic
twin pai rs for estimating the gene frequency of
monogenic polymorphic trai ts, assuming fixed pene-
trance values; fol lowing this author, several  others
have developed twin methods to deal  specifical ly
wi th the compl icated issue of handedness, a trai t
strongly influenced by envi ronmental  factors (the
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important paper by Laland et al
30

l ists several  recent
references to this particular subject).

Recently, Otto et al
24

modified the fami l ial  segre-
gation method original ly proposed by Snyder,

31,32

making room in i t for estimating, besides the gene
frequency p, the penetrance value K. Three pene-
trance models (I, II and IV) proposed in the above-
mentioned paper fi tted wel l -observed fami l ial  data
on tongue-rol l ing abi l i ty and are summarised below,
where K1, K2 and K3 are the respective probabi l i ties
of AA, Aa and aa individuals presenting the domi-
nant phenotype:

K1 K2 K3

III 1-(1-K)
2

K 0

III 1 K 0

IV 1 1 K

These models reduce to the penetrance concept
using condi tional  transi tion matrices introduced
before. For instance, in the case of model I the matrix
pi j i s

dom rec

AA 1-(1-K)
2

(1-K)
2

Aa K 1-K

aa 0 1

where dom (dominant) and rec (recessive) are the
two phenotypes admi tted in the models.

Penetrance model II is a standard one used in
human genetics. Model I assumes that in the domi-
nant homozygote AA the effects of the two A genes
are independent. Since i t might be as reasonable to
assume that the recessive has reduced penetrance as
has the dominant, in model  IV the recessive geno-
type has reduced penetrance. In the present paper
we develop a method for estimating the parameters p
and K from data on monozygotic tw in pai rs using the
same three models, which are very simi lar. In fact,
since the penetrance value is general ly high, the
penetrance value of AA homozygotes in model I,
1 - (1 - K)

2
, is always near uni ty, which makes the

estimates obtained by models I and II (where the
penetrance value of the homozygous dominant
genotype is assumed to be 1) very simi lar. As to

models I and IV, they are completely equivalent, the
estimates of p and K obtained in each of them
leading to same expected proportions of recessive
individuals in the population and in the offspring of
dom � dom, dom � rec and rec � rec couples.

Models for  estimating gene frequency and the
penetrance value

Assuming
15

that the non-penetrance of a genetic trai t
is the lack of phenotypic mani festation due exclu-
sively or predominantly to envi ronmental  factors,
we can obtain the expected proportions of domi-
nant–dominant [P1 = P(dom–dom)], dominant–
recessive [P2 = P(dom–rec)] and recessive–recessive
[P3 = P(rec–rec)] monozygotic tw in pai rs in panm-
i tic populations. The final  expressions, as functions
of p (frequency of the dominant al lele) and K
(penetrance value) are shown in Table1.

Let us now suppose that, in a sample of N pai rs of
monozygotic tw in pai rs, n1 are dom–dom, n2 dom–
rec and n3 rec–rec; the l ikel ihood function, in
logari thmic form, is given by: L = Σ nilogPi =
n1logP1 + n2logP2 + n3logP3. The maximum l ikel i -
hood estimates p and K are the solutions of the set of
equations by putting �L/�K = 0 and �L/�p = 0.
Because general ly i t is not possible to obtain expl ici t
solutions for this set of equations, i terative numer-
ical  methods (such as the general ised Newton-
Raphson method) are used instead. It is possible,
however, using other simple algebraic argument, to
obtain expl ici t solutions for the models under the
assumption of panmixia. For instance, in model I the
expl ici t solutions taken di rectly from the algebraic
manipulation of the expressions for P1, P2 and P3

shown in Table1 are

K = 2 - [1 - � (n3/N)]/ {1 - � [(n2 + 2n3)/2N]}

and

p = {1 - � [(n2 + 2n3)/2N]}/K

These expl ici t solutions (as wel l  as the corre-
sponding ones to models II and IV), however, do not
take into account random sample deviations from
panmixia; furthermore, they do not permi t the exact
calculation of the standard errors of p and K, that, on
the contrary, is di rectly provided by the inspection

Table 1 Expected frequencies of dom–dom, dom–rec and rec–rec monozygotic twin pai rs in random-mating populations in models
I, II and IV

Model P1=P (dom–dom) P2=P (dom–rec) P3=P(rec–rec)

I pK 2[2(1+p)–pK(4–K)] 2pK(1–K) [2–pK (3–K)] [1–pK (2–K)]2

II p [p+2 (1–p) K 2] 4p (1–p) K(1–K) (1–p) [1–p+2p (1–K) 2]
IV 1–(1–p)2 (1–K 2) 2(1–p)2K (1–K) (1–p)2 (1–K)2

p: frequency of the dominant al lele; K: penetrance value.
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of the variance–covariance matrix of the Newton-
Raphson method, evaluated at the estimated points
for p and K. Since the expl ici t solutions shown above
must coincide, for samples wi th exact Hardy-Wein-
berg proportions, wi th those obtained by the max-
imum l ikel ihood method, they can be used as
starting numerical  values in the Newton-Raphson
procedure.

The maximum l ikel ihood estimates of p and K
cannot be tested di rectly in the samples from which
they were drawn because there exist in each model
three di fferent classes (corresponding to P1, P2 and
P3) and two di fferent parameters (gene frequency p
and penetrance value K), besides the sample size N,
should be extracted from the sample to calculate the
expected numbers of pai rs. In spi te of the method
having apparently l imi ted value because the resul ts
i t yields cannot be evaluated on thei r own, the
models can, however, be indi rectly tested (a) by
comparing the confidence intervals of the twin
estimates of p and K to those obtained from fami l ial
data drawn from simi lar populations, a good match
between them indicating that the estimates are
appropriate. Besides that, (b) the estimates of p and K
obtained from the analysis of independent fami ly
data can be used for calculating the expected
numbers of monozygotic tw in pai rs in each model , a
good fi tting obtained in �2

statistics indicating that
the parameters fi t wel l  the data in the model  being
tested.

The models described above al low estimation of
the values of p and K from random samples of tw in
pai rs analysed in relation to polymorphic character-
istics exhibi ting incomplete penetrance. To test the
models we used publ ished material  on tongue-
rol l ing, a trai t that can be satisfactori ly explained by
an autosomal  dominant mechanism wi th incomplete
penetrance.

24
In relation to the distribution of the

trai t among twin pai rs, we were able to locate in the
l i terature four samples of monozygotic dizygotic
twin pai rs

33–36
l isted in Table2. Data on fami l ial

distribution of the trai t, which we used for compar-
ing the estimates wi th those obtained using the twin
pai rs method, were taken from the combined sam-
ples of Sturtevant,

37
Vogel

34
and Otto et al .

24
The last

authors obtained also the fami l ial  estimates of p and
K for the three models shown in Table3.

Resul ts

Applying to the individual  samples above described
the methods just presented, we obtained in al l
instances consistent estimates of p and K. Since the
data regarding the distribution of the trai t among
monozygotic tw in pai rs were homogeneous between
samples, as shown by heterogenei ty �2

tests per-
formed on contingency tables, we present in Table3
the estimates of p and K and of thei r respective 95%
confidence intervals obtained by agglutinating the
data of al l  four samples.

Discussion

Inspection of our resul ts reveals an almost perfect
match for each of models I, II and IV of the con-
fidence intervals of both p and K obtained from
fami ly and monozygotic tw in data.

The twin estimates cannot be tested di rectly, as
discussed before. However, the fami l ial  estimates
can be appl ied to each of the corresponding twin
models to calculate the expected numbers of dom–
dom, dom–rec and rec–rec monozygotic tw in pai rs.
Then, since the parameters p and K were extracted
from simi lar but statistical ly independent samples,
the observed and expected numbers of types of tw in

Table 3 Estimates of p and K obtained from pooled data on tongue rol l ing among monozygotic tw in pai rs (mz) and fami l ies (f)

95% confidence intervals
Mod. sample p se (p) K se (K) p K

mz 0.602 0.035 0.804 0.032 0.532–0.672 0.741–0.868

I f 0.573 0.030 0.798 0.035 0.513–0.633 0.728–0.868

mz 0.615 0.045 0.750 0.066 0.526–0.704 0.618–0.882

II f 0.618 0.061 0.684 0.114 0.496–0.740 0.456–0.912

mz 0.368 0.032 0.333 0.051 0.305–0.431 0.231–0.435

IV f 0.346 0.027 0.311 0.050 0.292–0.400 0.211–0.411

se=standard error; 95% confidence intervals; p±1.96 se(p), K±1.96 se(K). Fami l ial  estimates were taken from reference 24.

Table 2 Data on distribution of tongue rol l ing abi l i ty among
pai rs of monozygotic tw in pai rs

Sample n1 (dom–dom) n2 (dom–rec) n3 (rec–rec) Total

Matlock33 18 7 8 33
Vogel34 62 16 14 92
Reedy et al35 43 7 11 61
Martin36 15 8 5 28

Total 138 38 38 214

dom=rol ler; rec=non-rol ler.
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pai rs can be compared using the usual  �2
statistics

wi th two degrees of freedom. The resul ts of such
tests are shown in Table 4.

The resul ts of the tests indicate an excel lent fi t for
al l  three models, thus corroborating the findings
obtained by the comparison between confidence
intervals of tw in and fami l ial  estimates.

Estimates of p and K could also be obtained
straightforwardly from random samples of dizygotic
twin pai rs. The detai ls are omi tted here, but the
corresponding expressions for P1 = P(dom–dom), P2

= P(dom–rec) and P3 = P(rec–rec) in model  I, for
example, are P1 = pK

2
(4 + 12p - 8pK + pK

2
- 8p

2
K

+ 2p
2
K

2
+ p

3
K

2
)/4, P2 = pK(8 - 4K - 16pK + 8pK

2
-

pK
3

+ 8p
2
K

2
- 2p

2
K

3
- p

3
K

3
)/2 and P3 = (2 - 4pK +

pK
2

+ p
2
K

2
)
2
/4. These expressions, those obtained in

models II and IV, and the corresponding l ikel ihood
expressions are far more compl icated than the ones
obtained for the case of monozygotic tw ins. In
addi tion, only two rel iable samples describing the
distribution of tongue-rol l ing abi l i ty among dizy-
gotic tw in pai rs

34,36
could be located in the l i t-

erature; one addi tional  dizygotic sample (described
in Reedy et al

35
) had to be discarded because i ts data

were frankly heterogeneous in relation to the other
two. The size of the combined dizygotic sample was
thus smal l . This and the compl icated l ikel ihood
expressions used for estimating p and K in the three
models explain the large standard errors associated
wi th the estimated parameters. In any case, these
were obtained wi thout di fficul ty and were (estimate
± 1 s.e.): a) for model  I: p = 0.682 ± 0.141 and K =
0.671 ± 0.136; b) for model  II: p = 0.657 ± 0.116
and K = 0.606 ± 0.233; c) for model  IV: p = 0.250 ±
0.120 and K = 0.478 ± 0.168. The resul ts of �2

tests
for fi tting expected numbers using fami ly estimates
were, respectively, for models I, II and IV, 0.96, 0.87
and 0.96, thus indicating, as in the case of mono-
zygotic tw ins, an excel lent fi t.

A l l  these facts indicate that the method here
presented, in spi te of i ts l imi tations, can be used as
an anci l lary way of corroborating or otherwise
evidence of monogenic autosomal  dominant mecha-
nism inferred from the analysis of fami l ial  data
through classical  segregation analysis.
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3 Keal in A. Statistisches Prüf- und Schätzverfahren für die
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