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ABSTRACT

Genetic models are described which exploit the unique relationships that
exist within the families of identical twins to obtain weighted least squares
estimates of additive, dominance and epistatic components of genetic variance
as well as estimates of the contributions of X-linked genes, maternal effects
and three sources of environmental variation. Since all of the relationships
required to achieve a resolution of these variance components are contained
within each family unit, the model would appear to be superior to previous
approaches to the analysis of quantitative traits in man.

HE families of identical twins contain individuals who share all, one-half,

one-quarter, and none of their genes. The presence of these relationships in
every family group provides an unusual opportunity to detect and measure many
important sources of human variation (NANCE et al. 1974, Nance 1976). In
this paper we describe a mathematical model for the analysis of quantitative
data from these families. Numerical examples will be given in subsequent
publications.

DESCRIPTION OF GENETIC MODELS

General Model

The general structure of the data is shown in Figure 1. Monozygotic twins
possess identical sets of nuclear genes and, consequently, their children are re-
lated to each other in the same way as conventional half-sibs. The two sibships
within each half-sibship often differ in size, mean age, and sex composition but
because they are ascertained through twin parents who are necessarily the same
age and sex, the expected size and average age of the sibships is the same, in con-
trast to conventional half-sibships resulting from illegitimacy, polygamy, death
of a parent, or divorce. After the observations on the children have been ad-
justed for age, sex, and parity effects if necessary, analysis of variance permits
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Ficure 1.—Diagram showing structure of data. Lines below pedigree suggest how observed
variation in offspring may be partitioned by a nested analysis of variance into among-half-
sibship, between-sibship—within-half-sibship and within-sibship mean squares.

partitioning of the total sum of squares into that accounted for by half-sibships,
by full-sibships nested within half-sibships, and by individuals within full-sib-
ships. Since the number of children within each sibship is variable, numerical
approximations for the coefficients (b,, b,, and a) of the between-sibship within-
half-sibship (03?), and among-half-sibship (¢4?) components of variation must
be calculated from the observed distribution of family size as shown in Table 1
(S~EDECOR 1956). Once the coefficients are determined, the variance compon-
ents can be estimated from the mean squares in the usual manner. The genetic
interpretation of the variance components of the half-sib analysis of variance is
shown in Table 2. The model follows the conventional half-sib analysis of vari-
ance (Farconer 1961; Comstock 1955), except that the availability of both
maternal and paternal half-sibships permits the inclusion of maternal effects in
the model. Since the genetic expectations for the within-sibship mean squares
obtained from the analyses of variance of families of male and female monozy-
gotic twins are identical, these mean squares can be tested for heterogeneity and

TABLE 1

Analysis of variance of data from offspring of identical twins

Source of variation D.F. Mean square Expected mean square
Among half-sibships N—1 MSA a2y, + byo?y, + ao?,
Between sibships— N MSB a?y, + be?y

within half-sibships
Within sibships 3(n;, +n;,)—2n MSwW a?y
Total 2(n;, +n;,)—1 MST

_ E(rytngy) —E (g0, ) /2 () b — 2(nyy ) —2(ny, 4 ny,) /2 (n+ng,)
- N-—1 T N

b — 2 (ngy2tn,)2/ (g tng,) —2 (0,2 4n5,)2/2 (01 ry,)

2 N—1 -

a
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TABLE 2

Genetic interprelation of variance components from offspring analyses of variance:
General model

Genetic interpretation

Variance Covariance

component estimated V, Vo Via VYVao Voo Vi Vere Vis Vew
[1762,8 covHS 3 1/4 0 1/16 0 0 0 1 U] 0
[2] 02,8 covS3d—covHSE 1/4 1/4 3/16 1/8 1/16 1 0 1 0
[3] o2y Vp—covS 12 3/4 3/4 7/8 15/16 0 1] 0 1
[4]1 02,9 cov§Q—covHSQ 1/4 1/4 3/16 1/8 1/16 0 0 1 0
[6] 02,2 covHS @ 1/4 0 1/16 0 0 1 1 0 0

pooled if homogeneous, leading to a total of five equations from the two classes
of kinships.

On the average, half-sibs share one-quarter of their genes, and since all of the
common elements are derived from a single parent, or in the present case from
genetically identical parents, the among half-sibship component of variance, ¢*4
(which is equivalent to the covariance of half-sibs), contains 14 of the additive
genetic variance (V,) associated with the trait. The half-sib covariance also in-
cludes 1/16 of the variance (V4,) resulting from the epistatic effects of additive
genes (Comsrtock 1955). Finally, although it may be possible to assume there
is no environmental variation among half-sibships in experimental animals
(Matuer and Jinks 1971), this would clearly be an oversimplification for many
human traits. For this reason, an among-half-sibship environmental component,
V gn, 1s also included in the model (Table 2).

The within-sibship mean square, ¢%y, is equivalent to the total phenotypic vari-
ance minus the covariance of full sibs. Therefore, it includes 1/2V, and 3/4Vp
in addition to the epistatic interaction components shown in Table 2. The within-
sibship environmental component, Vg, may be thought of as a measure of en-
vironmental variation that affects all individuals irrespective of their genetic re-
lationship. This component includes the experimental error variance as well as
variation resulting from age, sex, or parity effects, unless these are removed prior
to analysis. If present, genetic-environmental interactions could inflate the en-
vironmental variance (Vyy), while the existence of a significant covariance
between genotype and environment would tend to bias the genetic components of
variance.

The between-sibship within-half-sibship component, o5, is equivalent to the
full-sib covariance minus the half-sib covariance. Consequently, it includes
1/4V 4 and 1/4V ), as well as the epistatic interaction components given in Table
2. As with the two previous components, a source of environmental variation,
Vs, is included in the model to take into account possible environmental differ-
ences between-sibships within-half-sibships.

Maternal effects can be detected by contrasting the analysis of variance for
monozygotic male and female twin half-sibships, respectively. To the extent that
genetically determined pre- or postnatal maternal effects influence a trait, the
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offspring of female monozygotic twins would be expected to resemble one an-
other to a greater extent than the children of male twins. Consequently, in the
female twin half-sibships, the maternal effect, V, appears in the among-half-
stbship component, ¢2,2. In contrast, since the children of male twins are born
to genetically unrelated mothers, if maternal effects exist, they will augment
0°s3 1n comparison to o?;?. Since all the offspring within a sibship are born to
the same mother, genetically determined maternal variation does not enter into
the within-sibship mean square, and as noted previously, the within-sibship
sums of squares from the families of male and female twins may, therefore, be
combined to obtain a pooled estimate of ¢?y. In this model, the maternal com-
ponent includes variation arising from maternal dominance effects (Vyp), from
the covariance between direct additive and maternal effects (V,y) and from
the covariance between direct dominance and maternal effects (Vyy), in addi-
tion to first order maternal effects. Note that the five equations shown in Table 2
are not linearly independent, since the sum of the coefficients of the first two
equations is identical to that of the last two. Consequently, no more than four
parameters could be estimated from these five component equations alone.

At least four additional equations may be obtained from the parental data. As
shown in Table 3, the total sum of squares from the twin parents may be parti-
tioned by a conventional analysis of variance into an among- and a within-twin
pair component, in which the within-pair component will estimate the within-
pair environmental variance, while the among-pair component will include all of
the genetic variance as well as the variance attributable to environmental differ-
ences among pairs. Biases in the estimation of variance components may also be
introduced here by the presence of significant genetic-environmental interaction
and/or covariance.

A covariance between husband and wife may result either because of environ-
mental similarities or because of nonrandom mate selection. The direction of the
effect of nonrandom mating will be positive or negative, depending upon whether
mating is assortative or disassortative. However, in either case, nonrandom
mating will lead to a positive covariance between spouses. Although the effects
of nonrandom mating (V ,s) are not estimated directly in the subsequent anal-
ysis, the relationships shown in Table 3 permit a clear separation to be made

TABLE 3

Genetic interpretation of parental data: General model

Genetic interpretation

Relationship Parameter Ve Vo Vau Vi Voo Ve Vier Ves Vew Vas
[6] Among twin pairs o2, 1 1 1 1 t 1 1 0 0 O
[7] Within twin pairs o2y 6o ¢ 0o 0 O o0 0 1 1 O
[8] Husband-Wife covariance covHW 6 o0 ¢ 0 o o0 1t 1 0 1
[9] Spouse-Spouse covariance covSS 0 0 ¢ 0 0 ¢ 1 0 0 Vg
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between the contributions of common environment and assortative mating to
the husband-wife covariance.

An additional set of five equations can be derived from the two conventional
and three unique parent-offspring relationships that exist within the data. For
example, the phenotypic covariance between the child and the twin parent dif-
fers from that between the child and the twin aunt or uncle only because of the
increased environmental similarity of the former; while the covariance between
the offspring and the genetically unrelated aunt or uncle provides another esti-
mate of Vigy, the among-half-sibship environmental component. It seems likely
that for some traits the maternal effects which are detected in the offspring analy-
sis may not be equivalent to those measured by the parent-offspring covariance.
This difference is evident when the expectations for the maternal effects in the
two relationships are compared. Based on KemprORNE (1957), the genetic ex-
pectation for the among-female-half-sibship component of variance can be
written as

1/4‘VA + 1/16VAA + VMA + VAM + VMD °
while the expectation for the mother-offspring covariance is
1/2VA + 1/4‘VAA + 1/2VMA + 5/4'VAM + VDM .

In the present model, the epistatic (Vy, Vpy) and dominance maternal effects
(Vyp) are pooled with the linear (additive maternal) effects (V) in both rela-
tionships to obtain an overall maternal effect (V). For this reason, it would be
desirable to search for heterogeneity in the estimates of Vy derived from the two
sets of equations prior to conducting an analysis over all of the equations.

Data Analysis

An equation of estimation can be derived from each of the fourteen expecta-
tions described in Tables 2-4. Measurement of the genetic and environmental
parameters of interest can then be achieved by the simultaneous solution of ap-
propriate sets of the foregoing equations by the least squares method. Two ap-
proaches are possible, a weighted or an unweighted analysis. For the latter,
variance components can be used, and each component is assumed to be statisti-
cally independent and known with equal accuracy. In practice, the weighted
analysis is preferable since it permits hypothesis testing and the estimation of
confidence intervals. However, mean squares must be used in the equations of
estimation rather than variance components when this approach is followed.
The equations are then weighted by the reciprocal of their sampling variances
and constraints are applied to adjust for non-independence of the mean squares
prior to obtaining the least squares solutions.

The equations of estimation may be represented by

MG=C, (1)

where M is the m by n matrix of variable coefficients for m equations in n un-
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TABLE 4

Genelic interpretation of parent-offspring covariances: General model

Genetic interpretation

Relationship Parameter V, Vs Ve Ve Vis
[10] Offspring-Mother covOM 1/2 1/4 1 1 1
[11] Offspring-Father covOF 1/2 1/4 0 1 1
[12] Offspring-Spouse covOS 0 o 0 1 0
[13] Offspring-Twin Aunt covOA 1/2 1/4 1 1 0
[14] Offspring-Twin Uncle covOU 1/2 1/4 o 1 0

knowns, G is the n by one column vector of genetic and environmental parame-
ters whose estimates are desired and C is the m by one column vector of variances
and covariances derived from the data. When mean squares are used instead of
variance components, a different coefficient matrix, M, must be calculated for
each set of families because of unequal sibship sizes. This is accomplished by mul-
tiplying the ccefficients of the components given in Tables 2—4 by the appropriate
weights and accumulating like terms, a process which may be represented alge-
braically by

M=AK, (2)

where K 1is the original matrix of component coefficients of the 14 equations
specified in Tables 24,

A, 0 O
A= 0 A, O .
0 0 I7
ad b,31 0 0
n pé&1 0 O
2 1
A, = 0o 0 1 0 o , and A, =
0 1
0 0 1 B0 ~
0 0 1 b2 a?

One effect of adjusting the coefficients for unequal family size is that the rank of
the first five equations is almost invariably increased from four to five and the
rank of the first seven equations from five to seven.

The next step is to calculate the m by m V matrix of weights and constraints.
V is a symmetric matrix whose diagonal elements are calculated from one of the
following two formulae:

. 2
Vi = 24 )

—m ) 3(a)
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where c; ) is the mean square whose variance v;; is to be estimated, and df is
the associated degrees of freedom, or

Cixn’? + d(k)d(l)
df +2 ’

where ¢; () is the mean cross product with df degrees of freedom whose variance
is to be estimated and d ) and d;) are the sample variances of the two variables
involved in the covariance (IMaTHER and Jinks 1971).

The off-diagonal elements of V are zero in the case of orthogonal contrasts or
with completely independent data sets, as in the case of the first five equations.
Otherwise, one of the following formulae are used:

For a covariance between two variances, c; ¢ and c;(,), between a variance and
an intraclass covariance, c; ), and c;)), or between two intraclass covariances,
Ci (kk) and Ciqiny:

3(b)

Vi =~

_ 2dm)’

Vij —m ’ 3(c)

where d ) is the sample covariance between the elements k and 1.

For a covariance between a covariance and either a variance or an intraclass
covariance,

1) with no elements in common, i.e., € (1m) and c; ) OF € (1m) and C; x)»

_ 2dgm) day

Uiy == e ) TRE) 3(d
] df + 2 L] ( )
2) with one element in common, i.e., ¢; %) and ¢; 1),
2¢i ey Ay
Vi = — or 3(e
) df + 2 ] ( )
D = 2di(k) d(kl) 3(f)
Y df +2
For a covariance between two covariances,
1) with no elements in common, i.e., ¢; 1) a8d C; (mn)>
per e 16D Cimm + daom dimy 3(g)
Y df +2 ?
2) with one element in common, i.e., ¢; 4y and ¢; gm),
b = Cia Cigam + day dam 3(h)
Y df +2 ’
y = dav dam + da dam 3(1)
Y df +2 i
Cigny d + duy d .
vi; — i(kl) U (km) (k) G (1m) , or 3(])

df +2
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Cikry Cigmy T dagy €(im)
df +2 ’ 3(k)

In all cases, ¢; is used to designate elements of the C vector which are recalcu-
lated during each step of the iteration process (see below) while d(;, and dj)
refer to sample variances and covariances which are not elements of the C vector
and are therefore held constant during the iteration procedure. The formulae
given for the off-diagonal elements are derived from those given by Erston
(1975). An explicit definition of V is presented in Table 5.

The subsequent analysis is outlined below:

VIMG=V"'C (4)
M V-MG=MV:C

(M V- M) MW VMG = (W VM)~ M’ V- C

G = (M VM)W V-2C

After each side of the equation has been weighted by the inverse of V, each side is
premultiplied by the transpose of M; the resulting product is inverted and both
sides of the equation are premultiplied by this inverse to obtain the least squares

Vi =—

estimates G. The elements of V should be calculated not from the observed values
of C but from their expected values which are based on the weighted estimates of

G (HavyMmEN 1960). Consequently, the final values of G must be calculated in an
iterative manner: an initial estimate of V is made based on the observed values

of C. From this, an initial solution for G is obtained, from which the expected
value of C is calculated. A new V matrix, based upon this value, is obtained, and

TABLE 5

Elements of the V matriz: General model

c, [11 (21 [31 [4] (51 [6} ({7} [81 [9] [10] [11] ([12] [13] [14]
[1] Amongd (a) O 0 0 0 () 0 (d) () 0 (e) () O (e
[2] Betweend 0 (a) O 0 0 0 () (d 0 (e) © 0 0 0
[3] Within 0 0 (a) O 0 0 0 0 0 0 0 0 0 0
[4] Between@ 0 0 0 (a) O 0 () (d © 0 () O 0 0
[5] Among?Q 0 0 0 0 @ () 0 (@ () (¢ 0 (e) () O
[6] AmongT (c) 0 0 0 () (@ 0 () () B B (@ & ®
[7] WithinT 0 (¢) 0 (¢) O 0 (a) (e¢) O 0 0 0 0 0
{81 covHW  (d) (d) 0 (d) (d) (e) (e) (b) (h) (h) (h) (h) G) @)
[9] covSS (¢) O 0 0 (¢ ( 0 () (B GH G @ (@& (&)
[10] covMO 0 () 0 0 () (H 0 () H (B GH G G G
[11] covFO () 0 0 (¢ 0 (B 0 (W G @& G ¢ty G 4
[12] covSO &) 0 0 0 (& (d 0 (h) (@ & () (b)) & &)
[13] covAO 0 o0 60 0 (& B 0 G @ ¢ G & ® o
[14] covUO ¢ 0 0 0 0 (B 0 G = G G & o0 O

Letters refer to formulae given in Equations 3(a)- (k) in text.
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the process is repeated until convergence is achieved. At the conclusion of the

iteration, the variance-covariance matrix of G may be calculated from the
relationship:

Var G = (M! VM)~ . (5)

The diagonal elements of this matrix are the variances of G and may be used to
establish approximate confidence intervals for the estimated parameters, based
on large sample theory and the assumption that the original variables are nor-
mally distributed. In practice, the elements of C often differ by considerably
more than an order of magnitude. As a consequence, it may be difficult to invert
and iterate V, and the use of a large computer, double precision and a robust
inversion routine are recommended.

Model for Sex-Linked Genes

The effects of X-linked genes may be detected by subdividing the kinships into
half-fraternities and half-sororities. The genetic interpretation of the resulting
variance components follows that given by Maruer and JiNgs (1971) and is
shown in Table 6. The effects of autosomal genes, maternal influence and en-
vironmental factors are distributed just as in the previous model and in an identi-
cal manner in sons and daughters. In hemizygous males, there can be no domi-
nance effects of X-linked genes (Vpy), and the total variance resulting from the
additive effects of X-linked genes (V,x) is twice as great in males as in females,
since the breeding value for X-linked traits in females is determined by the mean
effect of a sample of two X chromosomes. Fathers make no contribution to the
variation in X-linked additive effects in their sons, and consequently, the co-
efficient for the additive variance in the genetic expectation of the among-half-
sibship component in the sons of male twins and the between-sibship within-half-

TABLE 6

Genetic interprelaiion of variance componenis from offspring analyses of variance:
Model for X-linked genes

Genetic interpretation

Variance Cavariance
component estimated V, Viar Vo Vox Vu Vau Vs Vaw

Half fraternities

[1] 02,8 covHS & 1/4 0 0 0 0 1 0 0
[2] o258 covS & —covHS & 1/4 1 1/4 0 1 0 1 0
[3] o2y V p—covS 1/2 1 3/4 0 0 U] o) 1
[4] o259 covS @ —covHS @ 1/4 0 1/4 0 0 0 1 0
[5] 02,9  covHSQ 1/4 1 0 0 1 1 0 0
Half sororities
[6] 2,8 covHS § 1/4  1/2 0 0 0 1 0 0
[7] 0258 covS & —covHS & /4 1/4 1/4 1/2 1 0 1 0
[8] o2y, V p—covS 172 1/4 3/4 1/2 0 ] 0 1
[9] 02,9 covS @ —covHS @ /4 1/2 1/4 1/2 0 0 1 0
[10] 02,9 covHS @ 1/4 1/4 0 0 1 1 0 0
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sibship component for the sons of female twins is zero. For daughters, the greatest
proportion of the additive variance is expected in the among component for male
twins and the between-within component for female twins. Finally, a greater
proportion of the dominance effect is seen in the between-within component for
daughters of both classes of twins than is found with autosomal genes.

The equations describing the relationships among the parents are closely simi-
lar to those given previously except that in the present model the among-twin-
pair components for male and female twins have different expectations and,
therefore, must be separated (Table 7). A total of nine distinct parent-offspring
relationships can be extracted from the data. The genetic interpretation of these
covariances is shown in Table 8. In all, 24 equations can be derived; however,
the expectations for the spouse-spouse covariance (equation 15) and the off-
spring-spouse covariance (equation 20) are the same and should not be used si-
multaneously if full rank is to be maintained and matrix singularity avoided. In
the V matrix for the offspring equations that is shown in Table 9, the off-
diagonal elements relating mean squares should all be zero if each twin half-
sibship is counted only as a half-fraternity or a half-sorority. However, if a given
kinship contains boys and girls in both families, it may be used twice and the
degrees of freedom in the off-diagonal element would refer to the number of such
families. The remainder of the analysis proceeds as described previously.

DISCUSSION

Inferences about the genetic determination of quantitative traits in man are
often drawn by comparing the correlation between relatives of various degree or,
in the case of threshold traits, the incidence of the disease or trait among the rela-
tives of an affected proband. In experimental organisms, where mating can be
controlled and where environmental effects can either be manipulated by the
investigator or effectively randomized, it is a relatively simple matter to measure
the contributions of genetic and environmental effects. However, research on
quantitative genetics in man is necessarily observational in nature, and in many
of the conventional approaches, genetic and environmental effects are either in-
extricably confounded or inappropriately ignored by the method of analysis. For

TABLE 7

Genetic interpretation of parental data: Model for X-linked genes

Genetic interpretation

Relationship Parameter V, V,r V, V,y Vy Vg Vee Vew Vag
[11] Among & twin pairs o2pd 1 1 1 1 1 1 0 0 0
[12] Among @ twin pairs 0,9 1 2 1 0 1 1 0 0 0
[13] Within twin pairs o?yn 0 0 0 0 0 0 1 1 0
[14] Husband-Wife covariance covHW 0 0 0 0 0 1 1 0 1
[15] Spouse-Spouse covariance covSS 0 0 0 0 0 1 0 0 Vg
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TABLE 8

Genetic interpretation of parent-offspring covariances: Model for X-linked genes

Genetic interpretation

Relationship Parameter v, Vax Vu Ve Vs
[16] Father-Son covFS 1/2 0 0 1 1
[17] Twin uncle-Son covUS 1/2 0 1] 1 0
[18] Mother-Son covMS 1/2 1 1 1 1
[19] Twin aunt-Son covAS 1/2 1 1 1 0
[20] Offspring-Spouse covOS 0 0 0 1 0
[21] Twin aunt-Daughter covAD 1/2  1/2 1 1 0
[22] Mother-Daughter covMD 1/2  1/2 1 1 1
{23] Twin uncle-Daughter covUD 1/2 1 0 1 0
[24] Father-Daughter covFD 1/2 1 0 1 1
TABLE 9
Elements of the V matriz offspring equations from model for X-linked genes
C; (1] [2] [3] [4] [5] [6] 7] (8] f91  [10]
Sons
[1] Amonggd (a) 0 0 0 0 (¢) 0 0 0 0
[2] Betweend 0 (a) 0 0 0 0 (¢) 0 0 0
[3] Within 0 0 (a) 0 0 0 0 0 0 0
[4] Between @ 0] 0 0 (a) 0 0 0 0 (c) 0
[5] Among?Q 0 0 0 0 (a) 0 0 0 0 (c)
Daughters
[6] Among g (c) 0 0 0 0 (a) 0 0 (U] 0
[7] Between & 0 (c) 0 0 0 0 (a) 0 0 0
[8] Within 0o 0 o0 o o0 0 0 () ©0 0
[9] Between @ 0 0 0 (c) 0 0 0 0 (a) 0
[10] Among?Q 0 0 0 0 (c) 0 0 0 0 (a)

Letters refer to formulae given in Equations 3 (a) and 3(c) in text.

example, in classical twin studies, the within-pair differences of monozygotic
and dizygotic twins are compared under the assumption that the environmental
similarities and differences of the two classes of twins are identical. Since the
monozygotic and dizygotic twin pairs almost never live in the same homes, this
assumption is demonstrably false in detail and implausible in the aggregate. It is
perhaps not surprising that, when examined, the total variances of monozygotic
and dizygotic twins are often found to be dissimilar, thus calling into question
the applicability of the classical twin model. However, it is equally erroneous to
assume that a difference in total variance necessarily implies the existence of
significant environmental differences between the two classes of twins (CHRIs-
T1AN, KanG and Norton 1973), since genetic differences both among and within
population groups are known to influence the occurrence of dizygotic twinning
(BurmMer 1970) and could equally well account for an inequality of the total
variances. These differences are thought to arise, at least in part, from genetically
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determined endocrinologic differences in some mothers of dizygotic twins (Mir-
HAM 1964: BENIrscHKE and Kim 1973). Whether these differences make a sig-
nificant contribution to the total variation of dizygotic twins, either as a prenatal
maternal effect or as a direct effect in later life, would obviously depend upon the
trait in question. All too often, however, difficulties of this type are concealed by
the use of correlation coefficients. As noted by Worr (1950), the use of corre-
lation coefficients can mask massive environmental effects, particularly in the
analysis of parent-offspring data. In addition, the classical twin model does not
permit a resolution of additive and dominance effects or the detection of epistasis
and is sensitive to bias when genetic-environmental interactions and/or covari-
ances are present. Because of these limitations, some authors have advocated the
collection and analysis of data from rare or abnormal human relationships such
as identical twins reared apart (JENsEN 1974), adopted children (Horw, Loen-
LiN and WirLErmaN 1974; MunsiNger 1975) or conventional and illegitimate
half-sibs (Rao, MorTon and Yk 1974). Data from these heterogeneous sources
are sometimes pooled with observations on normal twins and families in the mis-
taken belief that only in this way can a resolution of genetic and environmental
effects be achieved (Jinks and FuLker 1970). The question of the comparability
of environmental effects in these groups is seldom raised and the relevance of in-
ferences drawn from abnormal relationships to the general population is often
not considered (T1zarp and Rexs 1974).

In contrast, the MZ twin half-sib model is based upon the analysis of data on
the normal children of identical twins, who are raised in their own homes by their
biologic parents in a manner which would appear to differ in no important way
from the families of singletons in the general population. Although there are
doubtless biases in any sample of cooperative families, other than being selected
for fertility, there would seem to be few intrinsic biases in families ascertained
through identical twin parents, since monozygotc twinning occurs with approxi-
mately equal frequency in all racial groups and is not known to be associated in
a straightforward manner with maternal age, fertility drugs, or other environ-
mental or genetic factors. In the present model, all of the genetic relationships
that are needed to separate genetic and environmental effects and to partition the
genetic variance into its additive, dominance, epistatic and maternal components
are contained within each kinship. No assumptions need be made about the com-
parability of environmental effects in different classes of relatives, since the en-
vironmental effects acting on the parents may be partitioned into exactly the
same components as in the offspring analysis. This is because the twin parents
and their spouses generally live with their own children in different homes, and
many potentially important sources of environmental variation such as diet,
socioeconomic status, geographic location, climate, religion, or exposure to cul-
ture, books, pollution, or trace elements will tend to be distributed among and
within kinships, with respect to the parents, in the same way that they are
distributed for the children.

The ability to partition the environmental variance may prove to be an im-
portant feature of the model. The observed distribution of the environmental vari-
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ance for a given trait could lead to the formulation and testing of specific hypothe-
ses about the sources of environmental variation. The detection and estimation of
genetic-environmental interactions is an important unsolved problem in human
genetics. Although these interactions are not directly estimated in the present
analysis, the model may provide an approach to their detection. For example, if
the variable in question were dental caries, and the observed data were adjusted
for fluoride concentration in the drinking water, a reduction in Vg or Vs would
identify that factor as an important source of environmental variation. However,
if one or more of the genetic variance components is also changed, the result may
adumbrate a genetic-environmental interaction.

Following the analysis originally described by Fismer (1918), Crow and
Kivura (1970) and Cavarri-Srorza and Boomer (1971) have given formulae
which describe the effects of assortative mating on additive genetic variance.
However, in practice it may often be difficult, if not impossible, to determine
whether assortative mating or common environment is the true cause for an
observed correlation between spouses. The present model permits this important
distinction to be made. If assortative mating is defined as the tendency for like
phenotypes to marry, and is measured by the correlation coefficient,

where covHW 45 is the husband-wife covariance attributable to assortative mating
and V' the total variance, the expected correlation between the spouses of identi-
cal twins because of assortative mating would be r2. These relationships permit
estimation of the expected contribution of assortative mating to the husband-wife
covariance and to the covariance between spouses, as shown in Table 3. To meas-
ure the effect of assortative mating, one would first estimate the environmental
effects over all equations simultaneously. Then, if the observed values of the
parental covariances exceed both expected values, a pooled estimate of the vari-
ance attributable to assortative mating may be obtained from the formula:

NiAs+ N/ Vi Ag
N,+ N; ?

where N, and Ny are the number of hushand-wife and spouse pairs respectively;
A, and Ay the difference between the observed and expected values for the covari-
ance between husband and wife and between spouses respectively; and V is the
total variance. If a major effect of assortative mating is detected, the estimates of
additive genetic variance could be adjusted appropriately.

As described previously, maternal effects can be detected by contrasting the
analysis of variance for the offspring of male and female twins. The effects
detected by this analysis would include both prenatal maternal influences and
genetically conditioned postnatal differences between mothers in all aspects of
mothering and child rearing. Application of the model to the analysis of behav-
ioral trails could have a constructive influence on the current controversy over
the sources of variation in mental test scores. The demonstration that maternal

Vas=
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effects make a significant contribution to the total variance might serve to redirect
efforts to improve the educational performance of children.

The X chromosome constitutes approximately 5.2% of the haploid female
genome (HamEerTON 1971), and consequently, one might expect X-linked genes
to make a modest contribution to most quantitative traits. If a substantially
greater effect is observed, it could indicate the presence of a polymorphic gene
with major effect or a clustering of genes influencing the trait on the X chromo-
some. It is interesting to speculate as to what effect X inactivation would have on
the genetic expression of X-linked genes which influence quantitative traits. Pre-
sumably, the dominance component, V, represents the cumulative bi-directional
effects of dominance summed over many loci. However, in each cell of a normal
female, the X-inactivation mechanism acts to create complete dominance of one
X-linked allele or the other, and the overall phenotype reflects the summation of
these events over all cells of the body. Thus, one might predict that quantitative
traits which are influenced to some extent by X-linked genes may show greater
evidence of additive effects in males than in females, and more evidence of domi-
nance effects in females than in males, where hemizygosity precludes the
possibility of dominance.

Many of the analytic models that have been developed in human genetics are
elegant in concept but impractical. Kane et al. (1974) considered the efficiency
of the monozygotic twin half-sib model and concluded that the variance of esti-
mates of the additive genetic variance begin to stabilize with sample sizes in the
range of 100-200 half-sibships for heritabilities of 0.2 or more. These estimates
are conservative since they consider only the information provided by the off-
spring. In any event, the numbers are not inordinately large and since mono-
zygotic twins occur in about 4 per 1,000 births in all racial groups, a large number
of suitable families should be available for study in any large population center.
It must be acknowledged, however, that the epistatic effects given in Tables 2—4
are highly confounded and the possibility of clearly distinguishing them in any
realistic sample size is remote. Because many of the genetic variance components
are highly correlated in their effects, the simultaneous inclusion of all variables
in the model often leads to large negative estimates of genetic or environmental
variance components. This can be interpreted as an indication that the postulated
genetic model does not fit the data and a new model which includes fewer vari-
ables may then be tried. When several combinations are found which yield only
positive estimates of variance components, a chi-square test for goodness of fit
may be used to choose between alternative solutions. Other elaborations of the
present model are doubtless possible, including a more detailed resolution of
maternal effects, direct estimation of the influence of assortative mating, itera-
tion of all variances and covariances in the V matrix or possibly the inclusion of
genetic-environmental interactions in the model. Further experience with actual
data should indicate whether these modifications are necessary or desirable.

A frequent criticism of twin research is that the close relationship of identical
twins (Zazzo 1974) may render conclusions drawn from these studies inapplica-
ble to the general population. In the present model, the two equations of estima-
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tion derived from the analysis of variance of the data from the twin parents could,
if necessary, be omitted particularly in the X-linkage model, where ten equations
are available from the offspring data alone. In this way, it would be possible to
exploit the unique relationship of identical twins through observations on their
offspring, without incurring any of the liabilities that might be associated with
the inclusion of data from the twins themselves.
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