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THE GENETIC ANALYSIS OF CONTINUOUS VARIATION:
A COMPARISON OF EXPERIMENTAL DESIGNS APPLICABLE rro

HUMAN DATA

By L. J. EAVES

Genetics Department, University of Birmingham

The relative efficiencies of various experimental designs are compared for
the genetical analysis of human behaviour. Particular attention is paid to the
ability of the different designs to separate additive genetic variation from domin
ance variation. The utility of twins is investigated and it is shown that the
relative number of twins need not be large for the statistical efficiency of the
experiment to be optimal. The possibility of using foster-siblings in. the place
of rnonozygotic twins reared apart is considered. It is demonstrated that a basic
and efficient genetical analysis may be undertaken without recourse to monozygotic
twins reared apart. The consequences for efficiency of limited availability of
certain groups are investigated, and the method of the study illustrated with the
aid of a worked example.

1. INTRODUCTION

rrhis investigation was occasioned by the need to find a suitable alternative
to twins for psychogenetical studies. A severe limitation of twin studies is the
problem of ascertainment, i.e. the effort and expense involved in locating,
diagnosing and possibly even transporting monozygotic twins. It would
therefore be advantageous if an alternative could be found which in no way
prejudices the efficiency of the statistical estimation procedure involved in the
analysis of the characters measured.

An experiment to study the causes of continuous variation should not only
enable the variation in a population to be partitioned into environmental and
genetic causes but it should also provide information on the type of gene action
involved and permit a statistical test of the adequacy of the assumptions under
lying the genetical model used.

The usual twin study employs monozygotic twins reared together and
dizygotic twins reared together. Intraclass correlations are calculated for both
groups of twins from which an index of heritability can be obtained (Holzinger,
1929). The ratio of the within-pair variance of dizygotic twins to that for
monozygotic twins is used as an F-test of the importance of genetic factors in
determining variation. This is the method employed in the Michigan Twin
Study by Vandenburg (1962). References have been made to the inadequacy
of this design as a source of genetic information, for example, by Gottesman
(1966). A more precise study of its limitations is provided by Jinks & Fulker
(1969), who recognize two primary deficiencies of the classical twin study: its
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failure to take account of variation due to genetic and environmental influences
acting between families; and the fact that it can provide no conclusive information
about the type of gene action involved.

The MAVA approach of Cattell (1960) recognizes the possible importance
of between-family cOlnponents of variation but does not distinguish additive and
dominance cOlnponents of genetic variation. rrhe MAVA equations also incor
porate too many parameters ever to allow a test of goodness of fit of the model.

The approach of biometrical genetics developed by Mather (1949) provides
the basis for a genetically Ineaningful evaluation of the principal components
of variation which is readily extended to the analysis of continuous variation in
a human population. The application of biometrical genetics to human
psychogenetics is the subject of a detailed study by Jinks & Fulker (1969)

2. rfHE BIOMETRICAL MODEL AND ITS LEAST SQUARES SOLUTION

For a sample of n pairs of individuals a simple analysis of variance of within
and between-pairs differences may be obtained:

Item

Between pairs
Within pairs

Degrees of freedom

n-l
n

Expectation of mean squares

aw2 + 2aB2

awl!

When the familial relationship between members of a pair is the same for
all the pairs in the sample, aw2 and aB 2 may be shown to have expectations in
terms of four main components of variation, providing that there is no significant
variation due either to genotype-environment interaction or to correlation
between genotype and environment. The four main components may be defined
as follows: (1) additive heritable variation (DR); (2) non-additive, dominance,
heritable variation (HR); (3) variation due to environmental differences within
pairs (E1); (4) variation due to environmental influences between pairs (E 2)'
lVIather describes the method for the derivation of the expectations for the a2' S

in terms of the parameters of the model, and gives the definitions of DR and H R

in terms of additive and dominance effects of the genes and gene frequencies in
the population.

Combining the a2' S ~with their coefficients in the analysis of variance gives
the expectations of mean squares for the items of the analysis in terms of the four
main components of variation. Table 1 gives the expectations of mean squares
for the ten second-degree statistics obtainable for the five familial relationships
relevant to this investigation. In addition to the two assumptions already
n1.entioned, these expectations also assume that the population is mating at
random and that the environmental cOluponents are the same for all pairs
regardless of the relationship between the individual members of a pair.

Jinks & Fulker give a more extended discussion of the assumptions under
lying the model and suggest tests for genotype-environment interaction and
genotype-environment correlation. The randomness of mating and the equality
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TABLE 1. THE EXPECTATIONS OF MEAN SQUARES FOR WITHIN- AND BETWEEN

PAIR VARIANCES FOR FIVE FAMILIAL RELATIONSHIPS IN rrERMS OF THE FOUR

PARAMETERS OF THE BASIC GENETICAL MODEL

Coefficients of parameters
l\.

~

Mean square Genetic Environmental
,-__...A

,-~

DR HB E1 Ez
Monozygotic twins reared together

Between pairs 1-0 0-5 1-0 2-0
\Vithin pairs 0-0 0-0 1-0 0-0

Monozygotic twins reared apart
Between pairs 1-0 0-5 1-0 1-0
VVithin pairs 0-0 0-0 1·0 1·0

Full-siblings reared together
Between pairs 0-75 0-3125 1-0 2'0
Within pairs 0·25 0-1875 1·0 0-0

Full-siblings reared apart
Between pairs 0,75 0'3125 1·0 1'0
Within pairs 0·25 0·1875 1·0 1'0

Half-siblings reared together
Betvveen pairs 0'625 0·25 1·0 2,0
Within pairs 0-375 0-25 1·0 0-0

of environmental components for twins, siblings and half-siblings are assessed
after the analysis by the test of goodness of fit of the model.

Two estimates of heritability may be obtained after the four parameters have
been estiluated. These are: the narrow heritability, hn

2, which is the proportion
of the total variation due to additive heritable variation, and the broad heritability,
hb

2, which is the proportion of the total variation due to additive and non
additive heritable variation.

The total variation, a p 2, is defined as aW 2 + aB 2 and can be calculated from
u p

2 = tDR + lHR+E1 +E2• The two estimates of heritability are given by:

hn2 = lDR /a2
p and hb

2 = (tDR + lHB)/up
2.

The relative importance of dominance may be assessed either by statistical
comparison of the two heritability estimates, or by the ratio V(HR/DR) given
by Mather (1949). This ratio, however, only provides an estimate of the degree
of dominance when the gene frequencies are equal at all the loci involved in the
expression of the measured trait. The variance for either of these tests of
dominance is a function of the variance of the difference between the estimates
of DB and HR' This will be referred to later in the discussion of criteria for
the efficiency of possible sets of data for the estimation of the four IIlain com
ponents of variation.
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Inspection of T1able 1 ·will confirm that a number of sets of sirnultaneous
equations can be obtained which could be solved to provide estirnates of the
paralueters of the genetical 1110del. rrhe present discussion is confIned to three
different cOlnbinations of six statistics which\'constitute minimal sets of data

iiIil

enabling the four parameters to be estimated.
Set 1. l'v1onozygatic twins raised together (MZT), luonozygotic twins raised

apart (lvIZA), and full-siblings raised together (ST)'
Set 2. IVlonozygotic twins raised together , full siblings raised apart (8A)' and

full-siblings raised together.
Set 3. IVlonozygotic twins raised together, full-siblings raised apart, and half

siblings raised together (HST).

For each minimal set of data there are thus three distinct groups far which
the variances within and between pairs can be estimated, providing the six
second-degree statistics from which the paralueters may be estirnated. Since
there are only four parameters to be estimated from six statistics, the method of
least squares is to be recommended as that which makes the maximum use of
the infornlation available. lVIather outlines the application of this method to
second-degree statistics. It has been shown that the estimation procedure is
more efficient if the observed statistics are weighted by the reciprocal of their
error variances. rrhe method of weighted least squares is outlined by NeIder
(1960), Cooke et al. (1962) and Hayman (1960).

Where ais the vector of weighted least squares estin1ates of the parameters,
A the 111atrix of their corresponding coefficients in the expectations of the
statistics, x the vector of second-degree statistics estimated from the data, and
w the diagonal matrix of weights:

so that

M=(A'wA) and r=(A'wx)

6=M-l r.

M is the information matrix and r the vector of sums of weighted products of
the coefficients of the parameters and the observed statistics. The inverse
matrix, M"-l,is the matrix of variances and covariances of the estimates of the
parameters.

Since, for each minin1.al set of data, there are six statistics, there are six
degrees of freedom available of which four are removed by estimating the
parameters. The two remaining degrees of freedom pernlit a statistical test of
the assumption of random mating, and the equality of the environmental
components for twins, siblings and half-siblings.

P.1.S far as possible, an experiment intended to partition the variation in a
population by the method of least squares should provide estimates of the
components which are precise and uncorrelated, i.e. the variances of the estim.ates,
and the covariances bet\veen them, should be small. The magnitudes of these
variances and covariances will vary with the set of data collected, the total size of
the experiment and the relative numbers in each group of pairs comprising the
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data set. For experiments of comparable size the precision and the correlations
of the estimates depend greatly upon the model assulned and on the structure
of the experinlent. Conclusions of a qualitative nature about the efficiency of
a given data set for the estimation of the cOluponents of a model may be inferred
from an examination of the expectations for a given set of statistics in terms of
the parameters of the model assumed. This may be illustrated by reference to
the first six statistics for which expectations are given in Table 1. These form
the first minimal set of data given previously. It may be seen that the within-pair
variance for monozygotic twins reared together is an estimate of E1 alone, and
consequently the estimation of this parameter will be the most efficient. This
has been demonstrated consistently during the reanalysis of published data even
when the experimental design is inadequate. It is noticeable that the coefficients
of E1 and Ez are virtually uncorrelated, with the result that little or no correlation
would be expected between the estilnates of these two parameters. r-rhis is not
the case with DR and H IO however. The coefficients of the parameters in the
expectations of the statistics are highly correlated. This suggests a high negative
correlation will be detected between estimates of DR and HR'

In any actual analysis the correlations between the estimates can be calcula
ted directly from the elements of the inverse matrix thus:

rnm=Anm/v/(Amm. Ann),
where Ynrn is the correlation of the estimates of m and n, A nm is the corresponding
off-diagonal (covariance) element of the inverse matrix, and A mm and Ann are
the variances of the estimates of m and n respectively, derived from the leading
diagonal of the inverse matrix. Typical values for the correlations, for minimal
data set 2, are calculated for the worked example given in Section 4. Reference
to this example at this stage will confirm some of the conclusions given above.
1'he variances and covariances of the genetic parameters are much larger than
those of the environmental paranleters. It is evident, therefore, that the estima
tion of the genetic components of variation is much less efficient than the estima
tion of the environmental components. With this in mind the ensuing discussion
concentrates on the efficiency of the estimation of the genetic parameters, since
this is the factor which limits the value of all designs. The estimates of DR
and H R both have large variances, and the large negative covariance between
them results in the statistical comparison of DR with H R being extremely
inefficient, since the variance of the difference between them,

V(DR-HR ) = V(D R )-2 cov (DRHR)+ V(HR ),

is greatly inflated by the negative covariance of DR and HR'
The Inagnitude of the variance of the difference between DR and H[( is

thus an indication of the precision with which a given set of data can distinguish
additive from dominance variation. Since the estimation of environmental
components is demonstrably Hlore efficient than the estilnation of genetic
components, the value of T7(D n HR,) is a suitable guide to the overall efficiency
of an experimental design.
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3. THE METHOD OF THIS STUDY

COluputer-simulated weighted least squares analyses were conducted to inves
tigate the effect of various factors on the efficiency with which additive and
dominance variation can be separated. F or each of the three minimal sets of
familial relationships data v,rere generated for three levels of broad heritability,
nalnely,

(!DR+!HR)/(tDR+!I-IR+El +E2)=0·1, 0·5 and 0,9,

and for each of three values of V(HR/D R ) , namely 0,1,0'5 and 1·0.
By assuming unit total variance and uniform distribution of environmental

variation within and between families, i.e. E1 = E2, it is possible to calculate
the relative values of the four parameters, DR' H R' E1 and E 2 for each combination
of level of heritability and ratio of H R to DR (see Section 4).

The mean squares obtainable from the analysis of variance of the hypotheti
cal population can then be calculated by combining the relative values of the
four parameters according to their contributions to the expectations of mean
squares given in Table 1. It is then possible to carry out the first part of the
weighted least squares analysis on these 'data' to obtain the variance
covariance matrix. 'The variance of the difference between DR and H R was
calculated from the appropriate elements of the inverse matrix, and the reciprocal
of this value was taken as an index (1) of the efficiency of the design. Thus:

1= IjV(DR -HR ).

l'he proportions of pairs of like-related individuals contributing to each
pair of mean squares were varied between separate simulations. The proportions
in two of the groups were allowed to take all reasonable values between 0·1 and
O· 7, by gradations of 0,1, with the proportion in the third group fixed by the
restriction that the three proportions should SUln to unity. It was assumed
that the sample size was sufficiently large for the degrees of freedom within and
between pairs to be considered equal.

Each statistic "vas weighted by its corresponding amount of information,
which was taken to be lieu, where eij is the theoretical error variance of the
statistic, calculated from:

eij = 2V 2
ijlni.

Vii is the jth statistic estimated from the £th group of like-related pairs of which
ni pairs are measured.

An approximate idea of the optimum relative proportions was obtained by
inspection of the values of I generated during the first part of the simulation
program. More precise values vvere obtained by repeating the simulations
intensively over a smaller range of relative proportions of the three groups of
pairs comprising the minimal set investigated.

The computations were conducted in full for each of the three minimal sets
of data, for all the possible cOlnbinations of heritability and ratios of H R to DR'
'fhe necessary COlnputations were carried out on the E..D F9 computer at
Birmingham University.
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4. WORKED EXAMPLE

The basic computational procedure involved in the simulations will be
illustrated in outline for one example. The MZT, SA' ST set of data is considered
with the relative proportions, ni of the three groups fixed at 0-2, 0·5 and O· 3
respectively.

Assuming unit total variance, hb2 =0-5, v(HRIDR) = 1,0, and E1 =E2 :

(iDR +!HR)laT
2 = 0·5

but

so
lDR +!HR =0·5.

y(HRIDR)= 1·0,
whence

and
DR-HR=O.

Solving the two simultaneous eqns. (1) and (2) for H R gives
1·5HR = 1,0,

whence
H R =DR =0·667.

Also, since E1 = E 2 and E1 + E 2 = 1-hb2,

E1 =E2 = (1- hb2)/2 = 0·25.

(1)

(2)

The expectations of the six statistics of this set of data in terms of the four
parameters for the A matrix are given in Table 2.

TABLE 2. EXPECTATIONS IN TERMS OF THE FOUR PARAMETERS FOR THE A MATRIX

Parameter
Statistic A.

DR HR E1 E 2

MZT between pairs 1-00 0·5000 1-0 2-0
within pairs 0·00 0·0000 1·0 0·0

SA between pairs 0-75 0·3125 1·0 1-0
within pairs 0·25 0·1875 1·0 1·0

ST between pairs 0·75 0·3125 1·0 2·0
within pairs 0·25 0·1875 1·0 0-0

The vector of parameters, 6, is DR' 0·667; H B) 0-667; E1, 0·250; and E 2 ,

0·250_ A6 gives the vector of statistics (x) which form the ' data', and the
elements of w, the matrix of weights, are calculated from l/eij as described in
Section 3. See Table 3_

The information matrix, calculated from M = (A'wA), is given in Table 4.
The inverse of M is the variance-covariance matrix, given in Table 5. The

off-diagonal elements in the upper half of the inverse are the covariances of the
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TABLE 3. VARIANCE (x) AND WEIGHT (w) FOR THE VARIOUS ITEMS

Item Variance (x) vVeights (\v)

MZT between pairs 1·750000 0·032653
within pairs 0·250000 1·600000

SA between pairs 1·208333 0·171225
within pairs 0'791667 0'398892

ST between pairs 1·458333 0·070531
within pairs 0·541667 0·511243

TABLE 4. INFORMATION MATRIX CALCULATED FROM M = (A'wA)

DR 0·225524 0-115651 0·441504 0'399244
H R 0·063769 0·262526 0·205035
E1 0·784544 0·776485
E 2 0·982853

TABLE 5. INVERSE OF M

DR 77·1064 -125,1624 1·3181 -6,2524
HR -0,8766 264·3666 -4,9737 -0-3785
E1 0'1915 -0,3902 0·6144 0·0168
E 2 -0,3740 -0,0003 0·0112 3·6229

estimates, and the corresponding elements in the lower half are replaced by the
correlations between the estimates calculated as in Section 3. The correlations
between the estimates are printed in italics.

I is now calculated as IjV(DR)-2 cov (DR' I-IB) + V(HR ):

1= 1/(77·11 + 250·32 + 264,37)

= 1/591·80
= 0·0016879.

For ease of comparison the values of I obtained \vere multiplied by 1000. Thus
for this set of data under the given assumptions about heritability and dominance
the index of efficiency obtained, I, is 1·690.

5. RESULTS AND CONCLUSIONS

The variation of I vvith differing proportions of three types of pair constitut
ing a given set of data showed a consistent pattern for all three minimal sets of
data investigated. Table 6 represents two sets of results for intermediate values
of heritability and dominance. The results are given for the first stage of the
simulation only, for the first and second minimal set of data. It is clear that the
index of efficiency, I, has a single optimum value for a given set of data, and that
extreme departure from the relative proportions of the three groups of pairs at
which this optimum is generated will lead to considerable loss of statistical
efficiency. More precise optimal proportions and values for I for all three sets
of data and for all nine possible combinations of heritability and dominance are
given in Table 7. The results given here lead to four principal conclusions.
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rrABLE 6. VALUES OF I FOR DATA SETS 1 AND 2 ASSUMING THE BROAD I-IERITABILITY

TO BE 0,5, AND THE DOMINANCE RATIO TO BE 0·5
Cfhe upper value of each pair refers to the MZrr, MZA, ST set, and the lower value (in italics)

refers to the MZT , SA, ST set. Values of I are multiplied. by 10 3 .)

Proportion of MZT

0'1 0·2 0'3 0·4 0·5 0'6 0·7

0·1 0·3607 0'3159 0·3187 0'3177 0·3125 0·3002
1'2610 1·2302 1·1645 1·0679 0·9344 0·7432

0·2 0·4438 0·5200 0·5446 0·5486 0·5369 0'5031 0·4143
1·6184 1'6753 1·5809 1·4163 1·1920 0·8994 0·5160

0'3 0'5490 0'6670 0·7007 0·6929 0'6425 0·5062
1·7269 1·7427 1·5696 1'3058 0·9640 0·5372

Proportion of 0,4 0,6157 0·7594 0·7849 0·7333 0·5647
ST 1·6798 1·6189 1'3584 0·9971 0·5478

0'5 0·6526 0'7972 0·7781 0·5992
1·5270 1·3652 1·0112 0·5532

0'6 0'6599 0·7629 0,6114
1·2862 1·0070 0·5551

0,7 0'6260 0·5928
0·9592 0·5525

0·8 0·5025
0·5370

1. Of the three minimal sets of data investigated, that which incorporates
half-siblings is m.arginally better than the MZT , SA' ST set. This, however,
HUlst be weighed against the possibility that equality of the environmental
components between half-siblings and pairs of the other degrees of relationship
is less lik.ely because half-siblings have been subject to a greater range of environ
mental variation within families since half-sibling pairs have only one common
parent. What is more evident from the simulations is that both the MZT , SA' ST
set, and the lVIZT , SA' HST set are considerably more efficient than the MZ,1'
MZA , ST set.

2. The conclusions above are valid for all the values of broad heritability
and V(HR/DR) considered, though it must be conceded that the difference in
efficiency between the three sets of data is less when the heritability is high.

3. The efficiency of the separation of DR and Hl{ is greatly increased when
the heritability is high, but, for a given level of hb 2, it can be seen that the effect
of altering the value of y(Hn/DR) is slight.

4. For higher values of heritability the number of twins required to give
optimum efficiency is smaller, but the number of full-siblings is correspondingly
increased.

It is arguable that the presentation of precise optin1um proportions is of
little use, since it is unlikely that an experilnent would be necessary if the level
of heritability and the mode of gene action were kno,vn sufficiently precisely to



TABLE 7. THE OPTIMUlVI PROPORTIONS OF EACH TYPE OF PAIR COMPRISING EACH OF THE THREE MINIMAL

SETS OF DATA, TOGETHER VfITH THE OPTIMUM VALUE OF 1 FOR ALL VALUES OF HERITABILITY AND DOMINANCE

RATIO CONSIDERED

.......
~o

Optimal proportions of each type of pair in:

hb
2

0-1
V(HR/D R )

0·1
0·5
1-0

Set 1
,--_ .. ~_ A ,

MZT MZA ST

0·325 0·3 0·375
0-325 0·3 0-375
0'325 0·3 0-375

Set 2
( _--..A '"

l\iZT SA ST
0·225 0-525 0-25
0·225 0-525 0-25
0·225 0·525 0·25

Set 3
r A '"

MZT SA HST

0-2 0-575 0-225
0·2 0·575 0·225
0·2 0·575 0-225

Corresponding best value
oflxl0 3

r A \

Set 1 Set 2 Set 3

0-5022 1-3934 1·8086
0-5007 1-3900 1·8034
0-4975 1·3829 1-7926

~
~

trj

~
('b
(f)

0-5

0·9

0-1 0·25 0·275 0·475 0·15 0-55 0-3 0-125 0-625 0-25 0·8191 1-7986 2-1260
0-5 0·25 0·275 0-475 0-15 0·55 0·3 0·125 0·6 0·275 0·8066 1-7739 2-0948
1-0 0-225 0·275 0-5 0·15 0·55 0·3 0-125 0·6 0-275 0-7811 1-7220 2-0299

0-1 0-075 0·1 0·825 0·05 0·575 0-375 0-05 0-625 0·325 1'9872 2-4980 2-7139
0-5 0·75 0-1 0·825 0'05 0·575 0-375 0-05 0-625 0·325 1-9438 2-4425 2-6544
1-0 0·075 0-1 0·825 0-05 0-575 0·375 0'05 0-6 0-35 1-8503 2-3206 2-5240
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enable designs as exact as those described above. It is probable, too, that an
experiment would be designed to investigate the genetic and environmental
influences on a wide range of characters for which the heritabilities are likely to
vary greatly. In this case the best procedure will be to accept a compromise
solution and to design the experiment on the assumption that the broad herit
ability is in the intermediate range. Examination of the estimates of heritability
already obtained from twin studies may provide some indication of the importance
of genetic factors in determining variation for a wide range of measurements.
Inspection of the heritabilities obtained for the Michigan TVvin Study (Vanden
burg, 1962) and the I-Iavard Twin Study (Gottesman, 1966), for example,
suggests that most heritabilities lie between 0·0 and 0·5, though the inadequacy
of such estimates must be borne in mind_

The results of such a compromise are given in Table 8, for the minimal data
sets 1 and 2. It was assumed that the heritability was about 0- 5, and conse
quently the relative proportions of the relatives were fixed at values which gave
reasonable efficiency at this level ofheritability. The frequencies for set 1 were
fixed at 0,2, 0·3 and 0·5 for MZ1" MZA and 81' respectively, and at 0,2, 0-5 and
o· 3 for MZ1', 8A and 81' for set 2_ Values of I were then obtained for these
frequencies for each of the combinations of heritability and dominance invest
igated_

TABLE 8. THE EFFICIENCY OF A COMPROMISE DESIGN COMPARED WITH THE

MAXIMUM EFFICIENCY OBTAINABLE UNDER THE SAME CONDITIONS

(The proportions of MZT and 81' were fixed at 0·2 and 0·5 respectively for the MZT , MZA,
S1' set, and at 0·2 and 0·3 for the MZT , SA, S1' set. Values of I are multiplied by 103 .)

0·5

Set 1 Set 2
-A... , r "- \

v(HRIDR) Compromise Optimum Compromise Optimum

0'1 0·4482 0·5022 1-3774 1-3934
0'5 0·4472 0·5007 1·3736 1-3900
1-0 0·4454 0·4975 1·3679 1-3829

0'1 0·8090 0·8191 1·7699 1-7986
0'5 0·7974 0·8066 1-7452 1-7739
1·0 0·7739 0·7811 1'6920 1-7220

0·1 1·4880 1'9872 2·1978 2-4980
0·5 1·4326 1'9438 2·1367 2-4425
1'0 1'3210 1'8503 2·0120 2-3206

It will be noted that the compromise does reduce the efficiency of the estima
tion of H R and DR when the heritability is appreciably different from the value
assumed, hb

2 = O' 5, although the values obtained for I are tolerably close to the
optirnum values. The conclusions arrived at earlier are still tenable since it
may be seen that even a compromise design for minimal set 2 is more efficient
than the best design attainable for set 1 under any circumstances.
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Certain practical observations about the design of experiments ror human
psychogenetics are appropriate in the light of the foregoing discussion. .A.ll
three minimal sets of data enable estimates of the four main components of
continuous variation to be obtained, and permit a test of the adequacy of the
genetical model if the method of weighted least squares is adopted. It has been
shown, however, that the set which requires monozygotic twins reared apart
(set 1) is considerably less efficient than the two alternative sets over the whole
range of heritability and dominance studied. For an experiment of given size,
the minimal sets which incorporate foster-siblings are between t\iVO and three
tilnes as efficient as the set which includes monozygotic twins reared apart.
This may be clarified by a numerical illustration: a design using 100 pairs of
subjects, of which 20 pairs were monozygotic t\vins reared together, 50 were
foster-siblings and 30 were full-siblings reared together, is expected to produce
estimates of the dominance ratio as efficient as a design using 250 pairs of subjects
of which 50 were monozygotic twins reared together, 75 were monozygotic
twins reared apart and 125 were full siblings reared together. It is evident
from this that to obtain equal efficiency for the estimation of the genetic corn
ponents of variation, far more monozygotic twins are required ror the lVIZ,I"
MZA , ST set than for the MZ1" SA' ST set.

From the point of view of cost-effectiveness, therefore, statistical and
practical considerations coincide in favour of designing experiments in human
psychogenetics which incorporate foster-siblings rather than monozygotic twins
reared apart. The silllulations confirm that much of the money and effort at
present directed towards the collection of twin data might profitably be diverted
to the collection of data on foster-siblings. The latter are certainly easier to
ascertain and, except in cases of doubtful paternity, they do not require the
expensive and time consuming procedure of zygosity diagnosis which is essential
for twin studies. In any case it has been remarked that the use of foster-siblings
substantially reduces the number of twins required to give results of comparable
efficiency.

A situation might be envisaged in which financial resources permit a large
experiment to be planned although the availability of twins and foster-siblings
is limited, with the result that they could not be ascertained in sufficient numbers
to give the proportions necessary for optimal efficiency. Under these circum
stances it would be possible either to maintain the total size of the experiment
by the inclusion of extra full-siblings reared together) or to reduce the total size
of the experiment so that the proportions of the different groups were comparable
to those required for optimum efficiency. It is necessary, therefore, to investi
gate the opposing influences of experimental size and disproportionate numbers
of the groups which constitute the set of data on the efficiency of the estimation
procedure.

This was the subject of the second part of the simulation program. For
both minimal sets 1 and 2 a simulation was started assuming an experiment of
unit size and the relative proportions of the pairs of individuals of the different
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relationships which gave the best values of I in the previous simulation experi
ment. It \vas then assumed that the total size of the experiment was increased
by a factor, n, solely by adding to the number of full-siblings reared together.
In this way the total size of the experiment was increased, but the proportions
of the different classes of pairs were rapidly displaced from the optilnum. The
index of efficiency, I, \vas computed for both sets of data, for all the nine com
binations of heritability and dominance ratio stated before, for successive
increases in size of the experiment. .l\.fter the experiment had increased in size
by a factor of 20 the change in I was sufficiently small for the value of I at this
stage to be taken as a stable value.

10 20
RELATIVE SIZE OF EXPERIMENT

FIGURE 1. The effect on efficiency, I, of increasing the relative size of the experiment solely
by adding to the number of full-sibling pairs reared together. Graphs of I against
relative size of experiment for the two minimal sets of data, MZT, MZA , ST and
MZT, SA, ST, when the broad heritability is 0'9, and the ratio v(HR/DR ) is 1,0.

Fig. 1 is the graph of the change in I with increasing experimental size for a
given value of heritability and dominance ratio, for the two sets of data investiga
ted. The efficiency is seen to increase sharply at first, but when n = 5 most of
the possible improvement in efficiency has already been realized.

The value of I after a twenty-fold increase in the size of the experiment was
adopted as a stable value. The difference between this value and the efficiency
for an experiment of unit size when the proportions are optimal, (120 -11)' was
the range of improvement of efficiency which can be realized solely by adding to
the number of full-siblings reared together. The increase in efficiency which
was realized after increasing the total size of the experiment by a factor n,
(In - 11)' was expressed as a percentage, Pn, to the total possible gain in efficiency:

pn = 100(In- 11)/(120 - II)'
In order that the different sets of data may be compared with respect to their
sensitivity to changes in experimental size and disparity of proportions, the overall
gain in efficiency was expressed as a percentage, g, of the final efficiency, 120 :

g = 100(120 - 11)//20•

The values obtained for g, and selected values for pn are tabulated in Table 9.
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rTABLE 9_ T'HE EFFECT ON EFFICIENCY OF A DISPROPORTIONATE INCREASE IN THE NUMBER OF FULL-SIBLINGS,

FOR TWO IVIrNIMAL SETS OF DATA, FOR NINE COMBINATIONS OF HERITABILITY AND DOMINANCE

(The optimunl value of 1 x 103 for an experiment of unit size is compared with the value of I after a twenty-fold increase in size,
and the gain in efficiency is expressed as a percentage (g) of 1 20 - The proportion of this gain realized after selected increments

(Pn) is expressed as a percentage_)

Data set hb 2 ,\/(HR/DR ) II 1 20 g P2 P3 P~ Ps PIO P15

1 0-1 0-1 0-5022 0-7659 34-2 74-0 85-7 90-6 93-2 97-9 99-2
0-5 0-5007 0-7635 34-4 74-1 85-7 90-5 93-1 97-8 99-2
1-0 0-4975 0-7634 34-8 74-0 85-7 90-5 93-1 97-8 99-2

0-5 0-1 0-8191 1-6139 49-2 67-7 81-5 87-5 90-8 97-0 99-0
O-S 0-8066 1-6131 50-0 67-9 81·6 87-5 90-8 97-0 99-0 r
1-0 0-7811 1-5339 49-1 67-2 81-2 87-2 90-6 96-9 98-8 ~

tI1
0-9 0-1 1-9872 10·4384 81·1 56-3 73-2 81-3 86-0 95-3 98·5 ~

<:
0-5 1·9438 9-9108 80·3 57·1 74-3 82-5 87·1 96-6 99-7 (T)

00

1-0 1·8503 10-2986 82·0 56·8 73-5 81-7 86-4 95-4 98·6

2 0-1 0·1 1-3934 1-8556 24·9 80-4 89·9 93-2 94-9 98-3 99-4
0·5 1-3900 1-8542 25-0 81-1 90·0 93-3 95-5 98-8 99-4
1-0 1-3829 1-8525 25-4 80-9 89-6 93·4 95-1 98-3 99-4

0-5 0-1 1·7986 2-6274 31-5 73-7 85·1 90-2 92·5 97-7 99-4
0-5 1·7739 2-5886 31-5 74-5 85-8 90-3 93·2 97-7 99-4
1-0 1-7220 2-5150 31-5 75-9 86-8 91·2 93-4 97-8 99-4

0-9 0-1 2-j206 5-0581 50-7 65-0 79-3 85-7 89-1 96-5 99-0
0-5 2-4425 4-7596 48-6 66-3 80-4 86-4 89-9 96-9 98-9
1·0 2-4880 4-2354 45-1 69·0 82-4 88-1 91-2 97-4 99-4
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Examination of these results leads to the following conclusions.

1. The efficiency of the experiment is improved by increasing the overall
number of pairs of individuals even at the expense of introducing deviation from
the optimum proportions of the three types of related pairs included in the set
of data.

2. Most of the possible increase in efficiency is gained by a five-fold increase
in the size of the experiment.

3. The proportional gain in efficiency, g, is greater for the MZT , MZA' ST
set than for the MZT, SA' ST set, and when the heritability is high the value of
120 is greater for the first set of data than for the second set.

4. When the level of heritability is constant the proportional gain in efficiency
depends very little upon the magnitude of ,\/(HnIDn).

Whatever value of n is accepted as the limit for the worthwhile increase in
size of an experiment, it is possible at this limit to derive, from the proportions
of the various classes of familial relationship in each set of data, some conclu
sions about the minimum proportions of the rarer classes which can be tolerated
before at least some waste of time and effort is involved. If the proportions
available be smaller than those tolerable, then the overall size of the experiment
can be reduced confidently by the exclusion of full-siblings raised together, to
save money without any loss of efficiency.

The discussion of this issue is made less precise by the demonstration that
the optimum proportions of the different types of pair constituting a given
minimal design are considerably influenced by the heritability of the character
concerned. It has already been shown, however, that an approximation to the
optimum proportions can give acceptable efficiency over a wide range of values
for the broad heritability. It was suggested that for an experiment of given
size, proportions of 0·2 (MZT), 0·3 (MZA) and 0·5 (ST) give reasonable efficiency,
vvithin the limits imposed by this relatively inefficient set of data. Similarly,
proportions of 0·2 (MZ~J, 0·5 (SA) and 0·3 (ST) give acceptable efficiency for all
values of hb

2• The combined proportion of the rarer groups (MZT and MZA)
required for optimal efficiency with the first set is thus 0,5, and for the second
set the combined proportion of MZT and SA is 0·7.

It was shown earlier than when the numbers in the rarer groups are restricted,
most of the gain in efficiency obtainable by increasing the number of full-siblings
reared together is achieved within a five-fold increase in the total size of the
experiment. At this stage the relative proportions of the rarer groups have
fallen to O· 515 = 0,1, in the case of the first set of data, and to O·715 = 0·14, for the
second set. The implication of this is clear: if the combined proportion of the
rarer groups of related pairs is below 10-15 per cent it is likely that unnecessary
money and effort is being expended on a large experiment, the size of which
could be substantially reduced without prejudicing the efficiency of the statistical
analysis.
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6. SUMMARY AND RECOMMENDATIONS

The clarity and value of the biometrical-genetical approach to the study of
continuous variation in a human population has been briefly surveyed, and a
more detailed study of particular minimal sets of data has been conducted in
order to provide some criteria for the design of future experiments.

Jinks & Fulker (1969) suggest that the existing approaches to the psycho
genetical analysis of human behaviour be abandoned in favour of the biometrical
approach. rrhis investigation has studied the implications of the biometrical
method for experimental design. It is appreciated that the investigation is not
exhaustive and that different criteria might be adopted and different designs
tested, but it is hoped that the method of this study will promote greater concern
for the structure of experiments in human psychogenetics.

It has been shown that the weighted least squares estimates of additive and
dominance genetic variation, combined in the least efficient manner, i.e. by
difference, are more efficient when they are estimated from a set of data based
on pairs of monozygotic twin reared together, full-siblings reared apart and full
siblings reared together, than when estimates are obtained from a set of data of
comparable size based on measurements taken on monozygotic twins reared

. together, monozygotic twins reared apart and full-siblings reared together.
The statistical conclusions are reinforced by economic considerations,

since the design involving foster-siblings requires fewer twins for results of
comparable efficiency than the design which incorporates monozygotic twins
reared apart. The foster-t,vin design therefore obviates some of the expense
involved in twin ascertainment. An attempt has been made to assess the effect
of limited availability of pairs belonging to the rarer familial relationships. It
has been demonstrated that even when such pairs are relatively infrequent large
experiments are still desirable, providing that the combined number of the rarer
pairs is not less than 10-15 per cent of the total number of pairs included in the
experilnent.
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