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ABSTRACT

Behavioral genetic techniques have been developed to study the genetic and environmental
contributions to individual differences in behavior, including covariances between different types of
behaviors and stability of behaviors. Several studies have shown that certain psychophysiological
characteristics appear to have heritable components. Therefore, it would seem appropriate that
behavioral genetic techniques should be generalized for application to psychophysiological data.
After reviewing general behavioral genetic methodology, this paper summarizes classical and new
biometrical genetic techniques for both univariate and multivariate analyses, suggesting how these
techniques are appropriate for the study of psychophysiological data and the relationship between
psychophysiological variables and behavioral measures.
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estimation.

Individual differences in resting levels and re-
sponses to stimuli have been observed for all kinds
of psychophysiological measures. The etiology of
these differences may have important implications
for future psychophysiological research. Behavioral
genetic approaches to the study of individual dif-
ferences, which involve estimation of the genetic
and environmental contributions to observed dif-
ferences in behavior, would seem to serve a useful
role in the study of psychophysiological processes.
The objective of the present paper is to describe the
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classical and more recent biometrical advances in
behavioral genetic methodology as these can be ap-
plied to psychophysiological data. We begin by re-
viewing some of the studies which have demon-
strated with traditional classical methods that psy-
chophysiological data are influenced by genetic fac-
tors and are thus appropriate for the kind of anal-
yses we describe. We then attempt to describe how
biometrical methods can enhance understanding of
the relative roles of genetic and environmental con-
tributions to psychophysiological measures. Our
discussion 1s not limited to univariate approaches;
we also discuss how multivariate approaches (both
classical and biometrical) can contribute to the un-
derstanding of psychophysiological processes.

The classical approach to behavioral genetics is
a simple correlational method which involves mea-
suring the similarity (correlation) of a behavior be-
tween individuals who are at a given level of genetic
relationship (e.g., identical twins or unrelated pairs
of individuals). This correlation is then compared
to the correlation between individuals who are at
different levels of genetic relatedness. Differences in
similarity that correspond to differences in genetic
relatedness are then interpreted as reflecting the ge-
netic contribution to the behavior that has been
examined. Biometrical techniques involve the the-
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oretical decomposition of interrelationships (i.e.,
into genetic and environmental components) and
usually involve simultaneous estimation of maxi-
mum likelihood parameters. These techniques are
also based upon comparisons of groups that are at
different levels of genetic relatedness.

Both the simple correlational and the biomet-
rical approaches can be used to investigate single
psychophysiological variables or to study interre-
lationships of variables in a multivariate fashion.
In the multivariate analyses, it is possible to ex-
amine the roles of genetic and environmental in-
fluences upon the interrelationships (covariances)
among physiological variables. The same approach
can provide estimates of genetic and environmental
influences on covariance between psychophysiolog-
ical variables and behavioral measures. Addition-
ally, the multivariate approach can be used to study
genetic and environmental contributions to psy-
chophysiological variables taken repeatedly over
time, thus providing estimates of the genetic and
environmental factors that can contribute to the
observed stability of the physiological measures.

Empirical Evidence for the Role of Genetic
Factors

Because psychophysiological characteristics re-
flect biological processes, it is expected that some
of these characteristics should be influenced by ge-
netic factors. The empirical evidence supports this
expectation, with much of the evidence from stud-
ies that obtained electroencephalogram (EEG) data.
but with some from peripheral electrodermal re-
search (skin conductance) and some from the study
of cardiovascular activity (heart rate and blood
pressure). In this section we shall review some of
the evidence from research that has used the family
design or the twin design. The review is not ex-
haustive, nor are these the only psvchophysiological
data that warrant genetical analyses. Our presen-
tation is made for the purpose of demonstrating the
level at which such analyses have been applied in
the past and suggesting the appropriateness of more
sophisticated analyses in the future.

EEG

A substantial number of studies have now con-
cluded that genetic factors influence observed rest-
ing EEG patterns (see Davis & Davis, 1936; Juel-
Nielsen & Harvald, 1958; Loomis, Harvey, & Hob-
art, 1936; Vogel, 1958; Young, Lader, & Fenton,
1972). Vogel has used the results of family studies
to support his argument that the more closely re-
lated individuals tend to display “EEG variants”
which appear to be distributed according to simple

Boomsma and Gabrielli

Vol. 22, No. 3

Mendelian modes of inheritance (Vogel, 1970, 1981).
In a twin study Hume (1973) found higher identical
twin than fraternal twin resemblances for average
alpha frequency. Lykken, Tellegen, and Thorkelson
(1974) and Lykken, Tellegen, and Iacono (1982) in
their studies of twins have also found that some
EEG characteristics appear to have a heritable basis
but that the factors appear to be polygenic and that
an epistatic effect (an interaction of several gene
influences) is observed.

Genetic influence on evoked responses to visual
stimuli has also been observed. Resemblances for
identical twins compared to those for fraternal twins
are consistent with an epistatic interaction, in that
the fraternal twin correlations have tended to be
near zero, whereas the identical twin correlations
have been high (generally greater than .50). Results
for auditory evoked potentials also suggest a genetic
component in the response. Rust (1975) used bio-
metrical methods described by Jinks and Fulker
(1970) to find significant heritabilities using groups
of twins. Surwillo (1980) confirmed this finding with
a study of twins and unrelated pairs of individuals.

To our knowledge, no studies of heritability of
EEG characteristics have used an adoption design.
The results reported above are based on familial
relatedness in intact families. Nevertheless, they
support the hypothesis that genetic factors may have
an important effect upon psychophysiological var-
iables.

Electrodermal Activity

A similar pattern has been observed in the stud-
1es of skin conductance. A genetic component ap-
pears to be important in the development of re-
sponse characteristics of the autonomic nervous
system. Early work on the topic was completed by
Jost and Sontag (1944), who studied autonomic re-
sponse characteristics in identical twins, non-twin
siblings, and pairs of unrelated individuals. Their
finding that the identical twins were more similar
than the other subject pairs suggests a genetic effect
upon response characteristics. Rachman (1960)
found that latency of the skin conductance response
was significantly correlated within identical twin
pairs. Lader and Wing (1966) provide evidence for
genetic contributions to habituation of the skin con-
ductance response. Hume (1973) observed more
similarity within identical twin pairs than within
fraternal twin pairs both for skin potential response
to a stimulus and for habituation. Bell. Mednick.
Gottesman, and Sergeant (1977) found identical
twins in their sample to be significantly more sim-
ilar than fraternal twins on measures of half-recov-
ery time from responses and a measure of rise time
to peak amphtude.



May, 1985

As with EEG analyses, none of the studies in
this area has used an adoption design. The evidence
suggests that some components of electrodermal ac-
tivity in response to stimuli are genetically influ-
enced. The methodology used in the electrodermal
investigations, however, was not standardized across
studies and was less than optimal for the purpose
of generalization.

Cardiovascular Measures

Several twin studies have found evidence for ge-
netic influence on heart rate level under resting con-
ditions (Hume, 1973; Jost & Sontag. 1944; Lader
& Wing, 1966; Mathers, Osborne, & DeGeorge,
1961; Shapiro, Nicotero, Sapira, & Scheib, 1968;
Somsen, Boomsma, Orlebeke, & van der Molen,
1985). With respect to heart rate response (HRR)
the findings have indicated that HRR under stress-
ful conditions may be influenced by genetic factors
(Vandenberg. Clark, & Samuels, 1965; Shapiro et
al., 1968).

Two family studies (Hastrup, Light, & Obrist,
1982: Manuck & Proietti, 1982) have also suggested
that HRR to stressful stimuli may be genetically
mediated. The study by Hastrup et al. found that
differences in HRR between sons of normotensive
and sons of hypertensive parents were greatest un-
der the most stressful conditions. A similar differ-
ence was seen for systolic but not for diastolic blood
pressure. The Framingham family study (Havlik &
Feinleib, 1982) observed that parent-offspring cor-
relations for diastolic and for systolic blood pres-
sure were of the same magnitude. Feinleib et al.
(1977) report equally large heritability estimates for
systolic and diastolic blood pressure based on twin
data. Other twin studies (Mathers et al., 1961; Sha-
piro et al., 1968) also found evidence for genetic
influence on blood pressure.

The Univariate Classical Approach

Intraclass Correlations and Estimates of
Heritability

We have pointed out that many genetical anal-
yses of psychophysiological measures have in-
volved twin data. The classical approach to such
investigation includes the calculation of intraclass
correlations within genetically similar groups (e.g..
identical or fraternal twins). Intraclass correlations
(Haggard. 1958) reflect the percentage of the total
variance on a measure that is observed between
pairs of individuals (in analysis of variance terms,
it is the ratio of the variance between twin pairs to
the sum of the variance between and within pairs).
Analysis of variance {ANOVA), in fact, is the way
the estimates of variance are usually derived. Using
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this method for twin pairs, the intraclass correlation
(1) 1s estimated as:

= — —
MSg + MSyw

where MSg and MSy, are the ANOVA derived es-
timates of between and within mean squares, re-
spectively (Kirk, 1982). Significance of the corre-
lation is given by the F-ratio of the ANOVA. The
intraclass correlations, having been derived on each
of the genetically similar groups, are then compared
to one another to obtain an estimate of the relative
role of the genetic influences.

If we assume that all of the variance that con-
tributes to the similarity within pairs is due to ge-
netic similarity and to shared environmental influ-
ences, and if we assume that the common environ-
mental influences are the same for identical twins
as they are for fraternal twins, then we can infer the
extent to which the similarity of the measured char-
acteristic 1s due to genetic influence. Stated for-
mally. the intraclass correlation for identical twins
(tmz) 1s the ratio of the covariance of the pairs of
twins to the total variance observed in the sample
of identical twins. The covariance of the pairs can
be described as the sum of the covariance which is
due to genetic influences (V) and that which is due
to common (shared) environmental influences (V).
It follows that 1y; = (Vg + Vg)/V,. where V, is
the total variance. The intraclass correlation for fra-
ternal twins (fpz) should differ from 1,4, only in the
covariance that is genetically influenced (we have
assumed that V, and Vg_are equivalent for identical
twins and for fraternal twins). In fact, because fra-
ternal twins share, on average. only half of their
genes, genetic factors can contribute at most only
half as much to the covariance of fraternal twin
pairs. If we assume that the genetic covariance con-
tributed to the similarity of fraternal twins is half
that for identical twins, we can derive an estimate
of the maximum heritability associated with the
measured characteristic. Under this model. tp; =
(0.5 Vg + Vg)/V.. Thus. doubling the difference
between the intraclass correlations for the identical
and fraternal twins vields an estimate of the upper
bound of broad sense heritability (Falconer. 1981):

P = VG/Vl (2)
This is the proportion of the variance in the char-
acteristic which is due to genetic variation. This
upper bound estimate of heritability is accurate when
only one genetic influence is present or. if more than
one influence is involved. when the influences act
in an additive manner. If dominance is involved
or if polvgenic influences are present and interact
with one another. then the estimate will be biased
upward. If the kind of genetic influence is known,

(1)
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it is possible to correct for the bias in order to obtain
a more accurate estimate of heritability.

An Example

To illustrate the classical approach, we present
analyses of heart rate (HR) data obtained from Pro-
fessor Robert Plomin of the Institute for Behavioral
Genetics at the University of Colorado in Boulder.
The sample consists of 58 twin pairs of children
varying between 5 and 12 yrs. One measure re-
corded by Professor Plomin was HR level under
resting conditions. Using these data we attempted
to estimate the heritability of the measure. Stand-
ardized residual HR level (controlling for sex and
age) was first calculated. We then completed AN-
OVA on the residuals, separately for the identical
and fraternal twin groups. The results are presented
in Table 1. Also reported in Table 1 are the intra-
class correlations derived from the estimated mean
squares by using Equation 1. In this way, we can
estimate the HR level heritability to be 2(.533—.347)
= .372. About 37% of the variation in HR level is
due to simple genetic influence.

Repeated Measurements

Most psychophysiological research involves the
analysis of repeated measures. R.S. Wilson has pub-
lished a series of papers on the analysis of repeated
measures taken in twin studies (Wilson, 1968, 1975,
1978). The basic model of the analysis he employed
is described by Winer (1962, p. 302 ff.), where it is
classified as a two-factor mixed design with re-
peated measures on one factor (the psychophysio-
logical variable) and each twin pair is considered
as a group for the other factor. The method yields
estimates of the correlation within twin pairs for
the aggregate of the repeated measures and corre-
lations within twin pairs for the morphology of the
response curve. According to Wilson (1975) a re-
peated measures ANOVA used with Box’s epsilon
correction factor for twin data is more powerful
than the alternative method of analyzing these data,
a multivariate analysis of variance (MANOVA).
Somsen et al. (1985) have used Wilson’s methods
to study phasic cardiac response morphology. They
observed that genetic factors appear to have an in-
fluence under stressful conditions.
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The Multivariate Classical Approach

Basis

We have discussed how it is possible to describe
the variance of a psychophysiological characteristic
in terms of the environmental and genetic com-
ponents. There may be times when the psycho-
physiologist wishes to examine more than one char-
acteristic. He or she might want to explore the ge-
netic and environmental contributions to a corre-
lation between variables. For instance, knowing the
genetic contribution to the correlation between bas-
al skin conductance level and average EEG fre-
quency might make an important contribution to
understanding the relationship between the two
psychophysiological measures. Or, one might want
to investigate the genetic or environmental contri-
butions to the etiology of a relationship between a
physiological measure (such as HR response) and
a behavioral measure (such as shyness). In these
instances, it is necessary to estimate the genetic and
environmental contribution to the observed cor-
relations between the variables.

One approach to this kind of analysis is the cross-
correlational approach (Plomin & DeFries, 1979,
1981). Cross-correlations between a given charac-
teristic (such as HR response) in one member of a
twin pair and another characteristic (such as shy-
ness) in the other member of the twin pair are used
to decompose the observed (phenotypic) relation-
ship into genetic and environmental contributions.

As Plomin and DeFries (1979, 1981) have stated,
the observed correlation between the factors X and
Y (where X could be HR response and Y could be
shyness) is formally described as:

Ty = Myt + eere 3)
where rp,p, is the observed correlation between the
characteristics X and Y, A, and 4, are the root her-
itabilities of the individual characteristics (Equa-
tion 2), rg is the genetic correlation (i.e., a measure
of the extent to which two characteristics are influ-
enced by the same genes); e, and e, are the root
environmentalities of the variables (the proportion
of the observed vanance of each characteristic which
is due to environmental causes: & = 1 — A2), and
rg 1s the environmental correlation (i.e., a measure
of the extent to which two characteristics are af-
fected by the same environmental influences.

Table 1
Mean squares and intraclass correlations for HR level
Twin Groups MS Between MS Within MS Total FRatio N P t
Identical 180.453 54.941 116.635 3.28 30 .0009 .533
Fraternal 145.214 70.473 107.154 2.06 28 032 .347
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Plomin and DeFries (1979, 1981) also point out
that the cross-correlation between co-twins for the
same characteristic (X = Y) is the same as the
intraclass correlation for a single characteristic.
When the characteristics are different the cross-cor-
relation is precisely the definition of a correlation:

Cov PP,
Fpypy = —TT 4
Opx Opy
where Cov P,P, is the observed covariance of the
characteristics X and Y, and op, and op, are the
standard deviations of the observed characteristics.
The cross-correlation for identical twins is stated
as:
(Cov G,G, + Cov E(E))
I'ppy = - (5
Opx Opy
where Cov G,G, is the component of the observed
covariance between X and Y that is due to genetic
influences and Cov EE, is the component of the
observed covariance between X and Y that is due
to common environmental influences. This follows
because:

Cov P,P, = Cov G,G, + Cov E,E, (6)
for identical twins (as long as gene-environment
interactions can be ignored). When all of the genetic
influence is additive, the genetic covariance for fra-
ternal twins is, on the average, half that for identical
twins; when dominance or polygenic interaction ef-
fects are present, the contribution of the genetic
covariance to the observed covariance for fraternal
twins will be less than half that for identical twins.
Therefore, for fraternal twins:

(0.5 Cov G,G, + Cov EE,)
Fpepy = (7
Opx Opy
As described by Plomin and DeFries (1979, 1981),
doubling the difference between the identical and
fraternal twin cross-correlations (Equations 5 and
7) provides an estimate of the genetic contribution
to the phenotypic covariance between traits X and
Y when all of the genetic influence is additive:
Cov G v
Cv GG _Cova0y to fo b @)
Op, Op, 0Gy OGy Op,  Opy

When some of the influence is due to dominance
or epistatic effects, rghh, will be overestimated.

Because we can derive #, and 4, using univariate
analyses (Equation 2), we can estimate rg. By sub-
tracting rgh,h, from the phenotypic correlation, we
obtain e,e,rg; then, by using the environmentalities
derived from univariate analyses, we can also de-
nve rg.

An Example

Looking again at Professor Plomin’s data, we
found a significant correlation between HR re-
sponses recorded under two stimulus conditions:
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re,p, = .795; p<<.001. The cross-correlation for MZ
twins in the sample was .60; for the DZ twins it
was .36. Doubling the difference provides an upper
bound estimate of the genetic contribution to the
phenotypic covariance between the two response
measures (HRR1 and HRR2): rghh, = .48. The
heritability (#%) for HRR1 was .60, for HRR2 it was
.46. In this case, the genetic correlation (rg) 1s .92,
which means that both HR responses are to a large
extent influenced by common genetic factors.
(However, note that these genetic factors only ac-
count for about half of the variance in both task
conditions.) The environmental correlation (r¢) can
be estimated to be .68 and reflects the extent to
which both responses are influenced by the same
environmental factors.

Additional Points

Two additional points are relevant to the clas-
sical multivariate approach. One of these is that the
two characteristics under study (X and Y) do not
have to be different characteristics. They can be the
same characteristic measured at two time points.
In this instance, the question addressed involves
the genetic and environmental contributions to the
stability of the measure. For instance, the relation-
ship between relative Beta EEG power at age 12
might be examined in relation to the same measure
at age 22. The stability of the relative activity in
the Beta band could be due to environmental sta-
bility over time or to genetic influences. The pro-
posed analyses would estimate the extent to which
each of these influences is involved.

The other relevant point is that the design does
not require individuals under study to be twins. As
long as the genetic relationships of the subjects are
known, it is possible to compare two differently
related groups. For instance, biological mother and
offspring could comprise one group, and adoptive
mother and adoptee might form another. No genes
would be shared by the adoptee and adoptive moth-
er, whereas the biological mother and child would
have half of their genes in common. These rela-
tionships can be substituted as appropriate and the
univariate or bivariate analyses described above can
be performed.

Univariate Biometrical Analyses

Introduction

The classical approaches to the analysis of data
for genetic and environmental contributions in-
volve the comparison of two groups of subjects who
are at different levels of genetic relatedness. One
advantage of biometrical methods is that several
groups of subjects at different levels of relatedness
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can be studied simultaneously. For example, pairs
of unrelated individuals adopted into the same home
and reared together can be studied along with iden-
tical and fraternal twins and pairs of non-twin sib-
lings. Using these four groups would permit si-
multaneous estimation of the extent to which the
genetic influence is additive. the contribution of
dominance or epistatic influences, the importance
of common sibling environmental influences, and
the contribution of unique environmental influ-
ences.

Simple Path Model

The path model presented in Figure 1 depicts
the basic theoretical decomposition of the genetic
(G). common environmental (E.), and separate en-
vironmental (E;) influences upon observed (or
phenotypic) behavior (P) as described by Plomin,
DeFries, and McClearn (1980). Similarity due to
genetic influence upon the behavior of the pairs of
subjects varies as a function of the extent to which
the pairs are related rg,q,). For fraternal twins, the
genetic correlation is between 0.5 and 0.0. depend-
ing upon the extent to which dominance and ep-
istatic influences are involved (Falconer, 1981). The
magnitude of the genetic correlation for biologically
unrelated individuals reared together obviously is
0.0. as they have no genes in common. For identical
twins the correlation is 1.0.

Decomposing the Model

The formal model presented in Figure 1 depicts
the underlying factors that may account for behav-

E51K
h
G, + P,
[
\ \
G » P
2 2

Figure 1. Path diagram depicting the theoretical con-
tributions of heredity (G, and G,) and of common en-
vironmental (E,) and separate environmental (E,, and (E,;)
influences on phenotypic measures on a pair of individ-
uals (P, and P,). rg,q, reflects the extent to which the two
individuals in a pair are genetically related.
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ioral similarity or dissimilarity between members
of a pair. The three theoretical factors that may
contribute to similarities and differences in behav-
ior are genetic. common environmental, and sep-
arate environmental influences. Formally, the cor-
relation between the phenotypic behaviors of the
two members of the pair (rp,p,) is stated as follows:
Teipr = Wrgicy + € 9

where /2 is the “‘broad sense” heritability (Equation
2), fac2 1 the correlation between the genetic in-
fluences, and ¢e? reflects the proportion of the var-
iance in the behavior which is attributable to com-
mon environmental influences. The difference be-
tween the two members of a pair is expressed by:

1= rppy = Wl — 1) + € (10)
Here, ¢ is the coefficient reflecting that part of the
variance which is due to non-shared environmental
influences. From a practical measurement perspec-
tive, this term is inflated because it also includes
the effect of any measurement error, which would
reduce the estimate of the similarity in observed
phenotype. When the relationships of Equations 9
and 10 are expressed in terms of variance and co-
variance rather than in the correlation metric, the
formulae change somewhat. Since #* = Vg/Vp, €2
= Vg/Vp, and rpp, = Cov P,P,/V,, Equation 9
becomes:

Cov PP, = Cov GG, + Vg, (11)
Where Cov P,P, is the phenotypic covariance be-
tween individuals in the pair, Cov GG, is the co-
variance between genetic influences for one mem-
ber of the pair and those for the other member of
the pair, and Vg, is the variance of the common
environmental influences. Similarly, in covariance
metric, Equation 10 becomes:
Ve — Cov P,P, = Vg — Cov G,G, + Vg, (12)
where Vp — Cov P,P, reflects the residual, or dis-
similarity between phenotypes.

Between and Within Components of Variance

In the study of sets of matched pairs, as in the
present case, it is possible to decompose variance
(such as phenotypic variance, Vp) into between and
within components (Winer, 1971). Theoretically,
the between-sets component of the variance is equal
to the covariance of the phenotypic values of the
pairs. Therefore, from Equation 10, we have:

o = Cov G,G, + Vg, (13)
Similarly, the within-sets variance is equal to the
difference between the total phenotypic variance and
the covariance of the phenotypic values of the pairs.
Equation 11, with this substitution, becomes:

ot = Vg — Cov G,G; + Vg, (14)

Mean Squares Estimates

With a sample of twins, non-twin siblings, and
unrelated individuals reared together, it is possible
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to estimate the variance in phenotypic values be-
tween pairs of individuals and within pairs by using
the traditional random effects ANOVA model (Kirk,
1982). The derived MS,, (mean squares within) from
the analysis of variance is the best estimate of the
within-pairs variance in behavior (ow). The MSg
(mean squares between) is estimated as twice the
between-pairs variance plus the within-pairs vari-
ance (203 + o¥) (Glass & Stanley, 1970).

Expected Mean Squares

1t is possible to postulate expected relative mag-
nitudes of variance for the genetic and environ-
mental influences that affect the phenotypic vari-
ance. Using the relationships between mean squares
and variances discussed above, these are translated
to expected mean squares between and within pairs
(Fulker, Eysenck, & Zuckerman, 1980; Jinks &
Fulker, 1970).

The expected mean squares coefficients for a
study with the four groups of differently related sub-
jects we have discussed are presented in Table 2 for
each of the five influences. Columns marked G,.
E.. and E, reflect additive genetic effect, common
environmental influence, and specific environmen-
tal influence, respectively. The columns Gy, and E;
reflect the effects of dominance and of a special twin
environmental influence. These are discussed more
fully below.

The coefficients in Table 2 reflect the relative
components of variance contributing to the ob-
served between- and within-pairs variances (Math-
er & Jinks, 1977). The “2.0” under the additive
genetic effect (G,) for the MS; expected for iden-
tical twins, along with the corresponding “0.0” for
the expected MSy,, indicates that all of the variance
due to additive genetic effects should be found in
the variance between subject pairs. No variance
within pairs can be due to genetic variation. The
numbers “2.0”" and *0.0” are derived in the follow-

Table 2
Expected mean squares coefficients for each group of

subjects

Effect Coefficients
Type of

Groups Mean Square G, Gp, E. E; E,
Idcptical Between 20 20 20 20 10
Twins (MZ)  Within 0.0 00 00 00 10
Frale;nal Between 1.5 125 20 20 10O
Twins (DZ) Within 05 075 00 00 10
No\rvl-twin Between 1.5 1.25 20 1.0 1.0
Siblings Within 0.5 075 0.0 1.0 1.0
Unrelated Between 1.0 1.0 20 1.0 10
Within 1.0 1.0 0.0 1.0 1.0

Adoptees
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ing manner: The expected variance between pairs
which is due to additive genetic effects should equal
all of the variance caused by additive genetic effects.
Similarly, the expected variance within pairs which
1s due to additive genetic effects should be zero;
additive genetic variance does not contribute to dif-
ferences between identical twins. The expected mean
squares coefficient for the additive genetic com-
ponent, then, is equal to 2.0, since the between com-
ponent of variance is counted twice and the within
component is zero.

The “1.5” for MSg in the additive genetic effects
column for the fraternal twins. coupled with the
0.5 associated with the MSy,, is derived in a sim-
ilar manner. Because DZ twins share, on average,
half of their genes, the proportion of variance be-
tween pairs due to additive genetic influences should
be half that observed for MZ twins. Similarly, the
additive genetic effect should manifest itself by
causing an equal variation within pairs, since half
of their genes are different. The MS;g coefficient in
this case is 2(0.5) + 0.5 = 1.5, while the MSw
coefficient is equal to 0.5. The remaining expected
mean squares are derived in a similar manner from
the expected variance due to the degree of genetic
similarity of the pair or the similarity in the type
of environment that is involved.

Nonadditive Genetic Effects

We are also able to establish mean squares for
nonadditive genetic effects. Genetic variation may
be decomposed into three components: additive ge-
netic effects (which we have described above), dom-
inance effects, and polygenic epistatic effects. Since
there are no differences in genes between identical
twins. dominance and epistatic effects contribute
completely to phenotypic similarity. On the other
hand. because fraternal twins and non-twin siblings
are not genetically identical. such nonadditive ef-
fects can make the pairs less similar phenotypically
than they would be expected to be on the basis of
their additive genotypic similarity. The extent of
the effect is difficult to determine. If complete dom-
inance is at work, the expected between-pairs var-
1ation for the DZ twins and non-twin siblings which
is due to genetic similarity is about one-fourth that
for the MZ twins. with three-fourths of the varia-
tion appearing within pairs. Similarly. it is difficult
to determine the magnitude of epistatic effects;
however. phenotypic similarity due to nonadditive
genetic effects will quickly drop to near zero when
more than a few genes are involved in the epistatic
interaction. In the present example, our expected
MS; and MSy, coefficients (Table 2) for nonadditive
effects are based on the assumption of a single-allele
dominance effect or a two-allele epistatic effect.
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Special Twin Environmental Effects

In comparison with non-twin siblings, twins
might be treated more similarly, spend more time
together, and be more often in similar situations
(e.g., the same school class). It is therefore reason-
able to expect that they share more common en-
vironmental influences than do non-twin siblings.
It is also reasonable to expect that this special en-
vironmental similarity can give rise to more similar
behavior than would be observed between non-
twins. The extent of the special twin environment
should be about the same for identical and fraternal
twins, but should be absent completely for non-twin
siblings and adoptees reared together. On the basis
of these expectations, relative MSy and MSy, can
be derived as indicated in Table 2.

Solving the Simultaneous Equations

The problem we have defined involves the es-
timation of parameters in simultaneous equations.
In our example we have four groups of differently
related individuals, which provide eight points of
information—observed MSy and MSy for each
group. We have theoretically decomposed the mean
squares into the various genetic and environmental
contributions to the observed mean squares as would
be expected for each group of subjects. The eight
equations for these groups are presented in Table
3. Note that there are only five “unknowns” in the
eight equations. Consequently, it is possible to de-
rive a maximum likelihood solution to the param-
eters. A number of minimization routines are avail-
able which can provide estimates. One of these is
a simplified LISREL (Joreskog & Sorbom, 1978)
model (Fulker, Baker, & Bock, 1983; McArdle,
Goldsmith, & Horn, 1982).

Once the equations are solved, the sum of var-
iances (additive, dominance, common, special twin,
and separate environmental) will reflect the total
variance. The ratio of the sum of the genetic terms
(additive genetic variance and dominance genetic
variance) to the total variance should reflect the
broad sense heritability (Falconer, 1981) of the
characteristic. The ratio of the environmental terms

Table 3
Simultaneous equations

MSg,, = 2.00 V. + 2.00 Vp, + 2.00 V. + 2.00 V1 + 1.00 V,
MSwy, = 1.00 V,
MSgp;, = 1.50 Va4 + 1.25 Vg + 2.00 V, + 2.00 Vo + 1.00 V,

Swpz = 0.50 V. + 0.75 Vp, + 1.00 v,
MSpen, = 1.50 V4 + 125V, + 2.00 V. + 1.00 V1 + L.OO V,
MSwsp, = 0.50 V4 + 0.75 V, + 1.00 V; + 1.00 V,
MSpae = 1.00 V4 + 1.00 V, + 2.00 V. + 1.00 Vo + 1.00 V,
MSwapr = 1.00 V4 + 1.00 Vp, 1.00 V; + 1.00 V,
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to the total variance should reflect the environ-
mentality (Fuller & Thompson, 1978). Note that
the inclusion of the dominance genetic effect and
the special twin environmental effect will permit
heritability and environmentality to reflect more
correctly the hereditary and environmental influ-
ences than the classical approaches would have per-
mitted.

An Example

Returning to our earlier examples with Professor
Plomin’s HR data, we will attempt to illustrate the
procedure we have just described. These data in-
cluded only MZ and DZ twins, but we will add
fictional groups of non-twin siblings and pairs of
adoptees who have been raised together. We do this
in order to illustrate the informational advantage
of using additional differently related groups. Of
course, the procedure could just as easily be com-
pleted with just the two groups of twins, but under
these conditions we could not estimate the impor-
tance of nonadditive genetic effects or special twin
environmental effects.

With the four groups of subjects—MZ twins, DZ
twins, non-twin siblings, and adoptees reared to-
gether—the expected mean squares coefficients are
as expressed in Table 2, and the simultaneous equa-
tions to be solved are those presented in Table 3.
The observed mean squares (MS), of course, are
estimated empirically. Usually, as indicated above,
these are estimated with the traditional random ef-
fects ANOVA model. We often use the SPSS (Nie,
Hull, Jenkins, Steinbrenner, & Bent, 1975) ONE-
WAY procedure for this, but many alternatives are
available. Having the mean squares we proceed to
obtain maximum likelihood estimates of the un-
known parameters in the simultaneous equations
of Table 3, the parameters reflecting the component
of variance associated with each of the genetic and
environmental influences. Several minimization
programs are available for this estimation. We use
the LISREL program noted above by using a Y-
only model, and fixing the error terms to zero. By
using a multiple group setup, we are able to si-
multaneously solve a series of expressions of the
following model:

MSy = AV A’ (15)
Where V¥ is a diagonal matrix of the expected mean
square coefficients (Table 2) and A is a row vector
of the estimable genetic and environmental effect
terms. MS,, of course, is the column vector of ob-
served mean squares (Table 3). Hypothetical model
estimates for the genetic and environmental com-
ponents are given in Table 4 for three hypothetical
variables, HR level, HR response, and shyness.
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Table 4

Hypothetical model estimates of the genetic and
environmental components of the variation of three
variables and the proportion of variance associated with
each variable

Biometrical Model Estimates

Variables G, Gp E, E, E,

i'{—l(vLevel 5(.58)* .2(.09) .2(09) .1(02) 3(21
HR Response .7 (.73) .3 (.13) 2(06) .1(01) .2(.06)
Shyness 2(09) 102y .4(34) 5(53) .1(02

sNumbers in parentheses reflect the proportion of variance
associated with each component.

These estimates are the values of A as derived in
the model. Their squares must, therefore, reflect the
variances associated with each of the components.
We can now estimate heritabilities for each of our
variables. These are presented in Table 4 also.

Additional Points

In our examples we have either assumed that
there is no sex difference, or we have corrected for
observed sex differences. However, there are times
when a psychophysiologist might wish to take sex
differences into account. These differences may be
caused by a difference in genetic influences for males
and females, or by a difference in environmental
influences. In the study of twins, MZ pairs will al-
ways be of the same sex, and so one will have two
groups of MZ twins, female and male MZ twin pairs.
With DZ twin groups an additional group must be
considered, the mixed sex group. The inclusion of
a sex difference is easy to accomplish with the bio-
metrical model. One would derive MS estimates
within each of the five subgroups rather than for
only two groups. Assuming a sex difference in ge-
netic influences we estimate separate V,'s for males
and females. Likewise, if we assume a difference in
common environmental influences we estimate
separate Vi ’s for males and females.

Returning again to Professor Plomin’s data we
can illustrate this point. Using only the actual ac-
quired data on HR level from the MZ and DZ twins,
but analyzing separately by sex, we obtained the
mean squares presented in Table 5. Evaluating the
data as described above, we found that a model with
separate common environmental influences for
males and females gave the best fit. Parameter es-
timates for this model are presented in Table 5,
along with the proportions of variance contributed
by each of the influences. As the results suggest,
there is more variability in HR level among males

Behavioral Genetic Approaches

257

Table 5

Mean squares, parameter estimates, and estimates of
proportion of variance explained by each component

Mean Squares for the Variable Heart Rate Level

MZ MZ DZ DZ DZ
Type Males Females Males Females Opposite Sex
Between 228.967 146.179 203.260 97.215 84.355
Within 36.232  66.995 70.300 72.616 42.706
Parameter Estimates
Ta 4 9 Ectmales) O Ectfemates)
6.30 7.22 5.79 .00

Proportion of Variance Explained by Each Component

Ga E, Ecmaics Etemaics)

.23 45 .27 .00

than among females. The separate environmental
and genetic influences appear to make impertant
contributions, while common environmental fac-
tors appear to be significant for males only.

An example of a multivariate extension of a
model involving sex differences can be found in
Martin, Eaves, and Fulker (1979).

The Multivariate Biometrical Approach

As we noted above, the psychophysiologist might
wish to know the genetic and environmental con-
tributions to the covariance between two or more
variables. The biometrical approach to analyses of
psychophysiological data can be extended to the
multivariate case as the classical approach was ex-
tended to the multivariate case. A good introduc-
tion to multivariate extensions of biometrical ap-
proaches is provided by Fuiker (1978).

In the case of twin data (although the procedure
generalizes to comparisons of any genetically relat-
ed groups). between- and within-pair mean squares
and cross-products can be derived when several
measures are involved by using MANOVA. MAN-
OVA will give four matrices: the MZ and DZ be-
tween and the MZ and DZ within variance/covar-
iance matrices. These four matrices can be equated
to their expected matrices as in the univariate case
discussed above. We then get:

2A + 2C + S for the between MZ matrix, (16)

S for the within MZ matrix, (17)
1.5A + 2C + S for the between DZ matrix, (18)
and
0.5A + S for the within DZ matrix. (19)
A. C.and S are the genetic, common environmen-
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tal, and specific environmental variance/covari-
ance matrices, respectively. As we have done in the
univariate case, we equate our observed matrices
to the expected matrices. By solving for the four
matrix equations simultaneously, we obtain esti-
mates for A, C, and S. These variance/covariance
matrices then can be rescaled as correlation mat-
rices.

Let us return once more to our example of HR
response measured under two different task con-
ditions (HRR1 and HRR2). In this example we in-
clude only MZ and DZ twin pairs, but the multi-
variate solution we employ would permit us to in-
clude other groups as we did in the univariate ex-
ample.

To begin our analyses we generate estimates of
the Mean Squares and Cross-Products (MSCP)
matrices between and within pairs of subjects for
each of the differently related groups of subjects.
Usually we obtain Sum of Squares and Cross-Prod-
ucts (SSCP) matrices by using the SPSS procedure
MANOVA (Hull & Nie, 1981) and then divide the
matrices by the degrees of freedom for each group
1o obtain the MSCP matrices. We then obtain max-
imum likelihood estimates of the parameter mat-
rices of equations 16 through 19. One way to es-
timate the matrices is the method of Fulker et al.
(1983) using LISREL. The resulting matrices A, C,
and S are covariance matrices of the additive ge-
netic, common environmental, and separate envi-
ronmental components of the variables, respec-
tively. The diagonals of the covariance matrices are
the components of variation associated with each
variable. The covariance matrices are usually re-
scaled to correlation matrices. Table 6 presents the
correlation matrices for our two variables, HRR1
and HRR2. As can be seen, the maximum likeli-
hood estimates are quite close to the estimates ob-
tained by the cross-correlational method.

Discussion

Evidence from psychophysiological studies has
demonstrated that genetic factors play some role in

Table 6

Maximum likelihood estimates of component
correlation matrices for HRR1 and HRR2

Maximum Likelihood Estimates

Additive Common Separate
Genetic Environmental Environmental
Variables Comp t Comp Component
HRRI 1.0 1.0 1.0
HRR2 96 1.0 95 1.0 .68 1.0
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resting levels and responses to stimuli. Because of
these findings, it is reasonable for psychophysiol-
ogists to consider the genetic and environmental
contributions to observed variations in physiolog-
ical measures.

We have outlined univariate and multivariate
classical and biometrical approaches as these might
be employed to estimate these contributions. All
that is required is that the psychophysiologist in-
clude groups at different levels of genetic related-
ness as part of the subject group. In doing this,
nothing will be lost over analysis of all unrelated
subjects, while the additional information about in-
dividual differences will be gained.

More complicated models and analyses than
those described in this paper are necessary when
gene-environment interactions (Plomin, DeFries, &
Loehlin, 1977) or very complicated genetic influ-
ences are involved, but the analyses we have pre-
sented will be adequate for most purposes.

The use of such techniques, which have dem-
onstrated genetic contributions to certain cardio-
vascular variables and EEG characteristics, has been
important in the study of psychophysiological risk
factors. For instance, the finding of a relationship
between genetically influenced cardiovascular var-
iables and risk for cardiovascular disease (Feinleib
et al., 1977; Havlik & Feinleib, 1982) has demon-
strated a potential genetic etiology for the disease,
as well as suggested the possible mechanism by
which the genetic influence is related to the out-
come. In studies of genetic risk for alcoholism, her-
itable EEG characteristics have been found to be
characteristic of individuals at high risk for the de-
velopment of alcoholism, before and in response to
alcohol (Gabrielli et al., 1982; Pollock et al., 1983;
Propping, Kruger, & Mark, 1981). These findings
are important because they indicate how individ-
uals at high risk for alcoholism may differ in brain
characteristics from individuals who are at low risk
and consequently may explain why they are at high-
er genetic risk for the disorder. Progress can be made
in studies such as these by knowing the extent to
which a characteristic is heritable and the extent to
which the heritable component is related to that of
another characteristic.

It is clear from our examples that an understand-
ing of the genetic and environmental factors that
contribute to the etiology of psychophysiological
characteristics can make an important contribution
to our knowledge about the involvement of these
factors in the development of psychopathologies or
other diseases. It is also obvious that this principle
generalizes to the understanding of how psycho-
physiological measures are related to behavior in
general.
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