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Bivariate path analyses of lipoprotein concentrations
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SUMMARY

Methods for the analysis of the joint transmission of two phenotypes
are described and used to determine the extent to which lipoprotein
concentrations share a common genetic and/or environmental back-
ground. Analysis of data on 160 Caucasian nuclear families revealed that
the observed phenotypic association between high-density cholesterol
(HDL) and low-density cholesterol (LDL) could be accounted for in terms
of common family environmental effects alone (estimated genetic
correlation, p; = —0-1324+0-136; estimated residual environmental cor-
relation, pp = 0-06510-230). The association between HDL and very-
low-density cholesterol (VLDL) could not be accounted for in terms of
family environmental effects alone. For HDL and VLDL the residual
environmental correlation was significant while the genetic correlation
was not (pg=-—01114+0214, pgp=—04211+0172). The correlation
between LDL and VLDL also could not be accounted for in terms of
common family environmental effects alone, although here a genetic
relationship appears to be the important factor (pg = 0-33040-192,
pr = 0010+ 0-217).

1. INTRODUCTION

In a recent analysis of within-family associations of five lipids and lipoproteins
(total cholesterol; total trfglyceride; high-density cholesterol, HDL; low-density
cholesterol, LDL; and very-low-density cholesterol, VLDL) in 160 Caucasian
families, part of the Cincinnati Princeton School District Family Study, it was
concluded that: ‘Whatever the relative contributions of genetics and environment
are to the association of lipid-lipoprotein values between parents and offspring and
between siblings, the magnitude of the association (except for high-density
lipoprotein cholesterol) appears to outlast the period of shared household environ-
ment’ (Morrison et al. 1982). In a subsequent analysis of the observed family
resemblance for the lipid and lipoprotein variables with particular regard to the
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resolution of cultural and biological inheritance it was further concluded that:

‘On the whole, every trait gives highly significant evidence for both genetic and
cultural inheritance with the single exception that triglyceride fails to support
genetic effects. The non-transmitted sibship environment (B) has significant effects
on all traits. Combined effect of assortative mating and cohabitation (u) is
marginally significant for all traits except total cholesterol. Neither intergenera-
tional differences in heritabilities nor maternal effects are significant for any trait,
even though the latter exist (estimates of f,,; are consistently larger than those of
J[r). Indices turn out to be good estimates of the indexed environment (estimates
of i and w are often close to 1-0)...we took y=2=1, u =0 and fp = f3; (no
intergenerational differences, no assortative mating and no maternal effects) as the
most parsimonious hypothesis for each trait’ (Rao ef al. 1982a).

Given that the three lipoprotein variables, all of which are known risk factors
for atherosclerotic disease, are considerably associated, it becomes important to
resolve not only their individual but also their joint cultural and biological
inheritance. Although multivariate formulations are possible, there are at least two
reasons to prefer simpler bivariate methods. First, given an observed phenotypic
association, the most relevant questions are (a) Is that association a result of a
single common genotype? and (b) Is that association only a result of common
environmental factors? (i.e. uncorrelated genetic factors). As will be demonstrated,
bivariate path models allow for the testing of these hypotheses. Secondly,
multivariate models are necessarily complex, often involving parameters and
specifications not central to the investigation at hand. Consequently, meaningful
data analysis becomes much more difficult in a multivariate system.

In the present paper a bivariate path model, an extension of the model
considered by Darlu et al. (1982), and an elaboration of the model used for the
analysis of twin data by Colletto, Krieger & Magalhaes (1981) is presented and used
as the basis for the analysis of lipoprotein family data from the Cincinnati Family
Study. Other researchers have developed alternative models of multivariate
phenotypic transmission (e.g. Hanis, 1981 ; Hanis & Sing, 1981 ; Lange, Boehnke
& Spence, 1983; Plomin & Defries, 1979; Reeve, 1952; Eaves & Gale, 1974):
methods which will be briefly described and distinguished from the present
formulation in a later section.

2. THE POPULATION STUDIED

The Cincinnati Lipid Research Clinic (LRC) Princeton School District Family
Study (1976-8) (Morrison et al. 1982a) was a part of the National Heart, Lung and
Blood Institute’s multicenter collaborative program designed to assess the familial
aggregation of lipids and lipoprotein levels (Heiss et al. 1980). Briefly, the Princeton
School District Population Study was an epidemiological survey of lipids, lipo-
proteins and other coronary heart-disease risk factors in a biracial population of
school children in grades 1-12 and their parents. Following the first two visits of
the prevalence study (Morrison et al. 1978), a subgroup of probands was drawn
from Visit 1 of this larger prevalence population for the Family Study. All
first-degree relatives and spouses of selected probands were contacted; socio-

https://doi.org/10.1017/50016672300021595 Published online by Cambridge University Press


https://doi.org/10.1017/S0016672300021595

Cincinnati Lipid Research Clinic family study 119

demographic data, fasting plasma lipids and lipoproteins, and clinical chemistry
measurements were obtained. Probands for the Family Study included both
randomly selected subjects and hyperlipidemic (top decile cholesterol or trigly-
ceride) subjects (Kelley et al. 1983; Morrison et al. 1982a, b; Tyroler et al. 1979).

Here data on 160 Caucasian families ascertained through the randomly selected
probands is analysed. There were a few three-generation families which were split
into the component nuclear families, avoiding duplications whenever possible.
Relatives of the probands studied include spouses, children, and sibs. Very few
adopted relatives and half-sibs were studied, and due to very small sample sizes,
they are not analysed here. More details of the population studied can be found
in Laskarzewski et al. (1983) and Morrison et al. (1982a, b).

3. TRANSFORMATION OF DATA

Age and sex have substantial effects on plasma lipoprotein concentrations, while
behavioural, social and physiological factors such as obesity, hematocrit, special
diet, smoking and alcohol consumption generally have somewhat smaller effects
(Laskarzewski et al. 1983; Gulbrandsen et al. 1977). The Cincinnati LRC family
data was first adjusted for age and sex effects by stepwise multiple regression
(Laskarzewski et al. 1983). Specifically, each lipoprotein variable was separately
regressed on sex, age, age?, age®, sex x age, sex X age?, sex x age3, contraceptive
usage, obesity as measured by Quetelet index (weight/height?), hematocrit and
special diet usage in a stepwise fashion retaining only the significant terms

(Laskarzewski et al. 1983): X =f(4,8,0)+g(Z)+e

where X = lipoprotein variable, f(4,8, C) = polynomial involving age, sex and
contraceptive terms, g(Z) = linear function of obesity, hematocrit and special diet
usage and e = residual error.

A cubic function of the type considered here sufficed to eliminate age and sex
effects almost completely. After fitting the above equation, the age-sex-
contraceptive adjusted lipoprotein variable (P) and anindex of familial environment

(I) were defined as P=X—}4,8,0)

and 1=4(2),

where f and § denote the estimated contributions. The part of the environment
so estimated by the index () is called family environment or indexed environment,
and the remainder is the residual environment. In this way two variables, P and
1, were generated for each of the three lipoprotein concentrations.

4. THE MODEL

The general bivariate path model is presented in Fig. 1. The six variables of the
model, both observable and unobservable, are defined in Table 1, and the 18 basic
parameters are defined in Table 2. As in the univariate models, it is assumed that
the genotype, residual environment and family environment act additively to
produce a phenotype. All interactions are assumed to be negligible.
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Fig. 1. Bivariate path model showing cultural and biological inheritance for two
correlated phenotypes PI and P2, with corresponding genotypes G1 and G2, a common
familial environment C, and residuals RI and R2, B denotes non-transmitted common
sibship environment, and the index I is an estimate of C. Subscripts F, M, C1 and C2
denote father, mother, and two children respectively.

Table 1. Definition of variables in Fig. 1

Variable* Definition
Observable
P1, P2 Two correlated phenotypes
I Index of family environment common to both phenotypes

Non-observable
G1, G2 Correlated genotypes of P1, P2
C Family environment common to both phenotypes
B Non-transmitted common sibship environment
R1, R2 Non-transmitted residual environmental components of PI and P2

* F, M, C1, C2 denote father, mother, and two children respectively.
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Table 2. Definition of the 18 basic and 4 derived parameters of the bivariate path
model (Fig. 1)

Definition
Parameter
hy Effect of ith genotype on the ith phenotype of a child
(square root of genetic heritability of the ith trait);
1=1,2
hy 2, Effect of ith genotype on the ith phenotype of an adult;
i=1,2
¢ Effect of environment on the ith phenotype of a child
(square root of cultural heritability of the ith trait);
i=1,2
¢ Yy Effect of environment on the ith phenotype of an adult;
1=1,2
% Correlation between parental environments
b Effect of non-transmitted common sibship environment on
child’s environment
fr Effect of father’s environment on that of a child he rears
S Effect of mother’s environment on that of a child she rears
) Effect of environment on child’s index
e Effect of environment on father’s index
Wy Effect of environment on mother’s index
’ pg Correlation between the two genotypes
Pr Correlation between the two non-transmissible residuals
of a child
apr Correlation between the two non-transmissible residuals
of an adult
Derived parameters
Tia Effect of ith residual upon ith phenotype of an adult;
Tia = (1=h}2}—ciyhi (i = 1,2)
Tic Effect of ith residual upon ith phenotype of a child;

7o =(1—hi—cht (i = 1,2)

The genetic factors for the two phenotypes are delineated in terms of two
separate genotypes whichare correlated (o). Environmental factorsare represented
in terms of non-transmissible residual environmental components, one for each
trait (R1 and R2), which are correlated (pg in children and app in adults), and a
single transmissible family environment (C) common to both phenotypes. A
delineation of family environmental factors similiar to that used for genetic and
residual environmental factors, although possible, may not be of much value as
the same index variables are often used to estimate the family environment of the
two phenotypes. Consequently, the model is formulated in terms of a single family
environment (C) common to both phenotypes. As the family environment is not
directly observed, an estimate of the environment, called an index, is created in
a manner analogous to the univariate case (Laskarzewski et al. 1983; Rao et al.
1982a). Such an index should be carefully constructed so that it will be a measure
of the family environment common to both phenotypes. Effects of assortative
mating and cohabitation are incorporated in terms of correlated environments of
spouses. Such a simple formulation appears to be adequate for most, if not all,
physiological traits (Rao et al. 1979a; Gulbrandsen et al. 1979; Krieger et al. 1980;
Morton et al. 1980; Rao et al. 1982a; Rao et al. 198256). For non-physiological traits
exhibiting more complex mechanisms of assortative mating, thissimple formulation
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might be inadequate. Intergenerational differences are retained: whereas b} and
¢} are the genetic and cultural heritabilities for children, they are A? z} and ¢} y? for
adults (where the subscript ¢ = 1,2 denotes the relevant phenotype). Maternal
effects are also retained by distinguishing the effects of maternal (f,;) and paternal
(fr) environments on that of their children. The separate familial environments
of sibs are determined partly by parental environments and partly by a non-
transmitted common sibship environment (B).

Unlike recent univariate models (Morton, Rao & Lalouel, 1983), indices of father
and mother are distinguished. The path coefficients from family environment to
index are ¢ for children, twyp for fathers, and iv,, for mothers. Present univariate
models correspond to the constraint that vy = vy, = v, an hypothesis which is
testable by the likelihood ratio criterion in the present formulation.

The present model assumes that the environmental index provides a measure
of transmissible environmental factors alone. That is, the model neglects possible
genetic correlations between the lipoprotein variables and the index. If one or both
of the lipoprotein genotypes is correlated with the index, then a reduction in the
associated heritability (k%) and an increase in the associated cultural heritability
(c?) is expected (Rao ef al. 1982a). The effect of a genetic relationship between the
index and the lipoproteins upon the estimation of p; would depend upon the nature
of that relationship. If the index is associated with genetic factors common to both
lipoproteins, then p; would be underestimated, and if associated with genetic
factors unique to either lipoprotein, then p; would be overestimated. In either case,
if the genotypes of the lipoproteins and the genotype of the index are not related,
then none of the heritabilities and the genetic correlation would be affected (even
if the index variables, such as obesity, are partly genetically determined).

Alternative methods of bivariate analysis have been developed by Reeve (1952),
Colletto et al. (1981), by Hanis (1981) and Hanis & Sing (1981), by Eaves & Gale
(1974), and by Lange, Boehnke & Spence (1983). These models and the present
model can be distinguished in terms of (@) their treatment of environmental effects
and cultural transmission, (b) incorporation of effects due to marital resemblance,
and (c) the data set necessary to fully identify the parameters of the model.

Reeve (1952) is perhaps the first researcher to systematically study bivariate
transmission using path analytic techniques. In the model he developed, each
phenotype is assumed to be an additive function of genetic effects and residual
environmental effects. As Reeve’s primary interest was in studying transmission
in fruit-flies, neither cultural transmission nor assortative mating was incorporated
in the model. A phenotypic correlation is the result of either a correlation between
the two genotypes or a correlation between residual environmental components
or both. This later notion of residual environmental association, which was lost
in many multivariate formulations which followed Reeve, can have a substantial
effect upon the results of a bivariate analysis as will be seen in a later section.

Hanis (1981) and Hanis & Sing (1981) have described an eight-parameter
longitudinal model for the relationship between two phenotypes. Identification of
the model requires the observation of the two phenotypes at each of two times
for relatives of at least two different degrees of genetic relationship. The association
between the two phenotypes is modelled in terms of a correlation between the two
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genotypes, an effect of common environmental factors, and a direct (regression)
effect of one phenotype upon the other. Although the model does not allow for
marital resemblance or cultural transmission, this, perhaps, reflects the fact that
it has only been applied to the analysis of phenotypic associations for collateral
relatives (sibs and cousins).

Lange et al. (1983) have recently extended their univariate methods of variance
components analysis of pedigree data (Lange et al. 1976), to allow for the treatment
of multiple phenotypes. As in the univariate case, the model distinguishes between
dominance and additive genetic effects. The environment is modeled in terms of
‘spheres of environmental influence’, which, although allowing for a great degree
of generality in the representation of environmental effects, do not represent a
model for cultural transmission. Finally, the model makes no allowance for marital
resemblance nor its effects upon phenotypic associations.

Eaves (Eaves & Gale, 1974 ; Martin & Eaves, 1977) as well as Plomin & DeFries
(1979) have developed and applied multivariate methods to analyse twin data. The
major emphasis in these analyses is to compare the mean square between and
within matrices for MZ and DZ twins to identify significant sources of environmental
and genetic association amongst a set of phenotypes. Genetic and environmental
correlations are estimated for each pair of phenotypes and further analysed to
determine their rank (i.e. the factor structure of both the environmental and
genetic correlation matrices). As these methods are only applicable to twins, there
is no modelling of cultural transmission or marital resemblance.

Colletto et al. (1981) have described a model for bivariate association which is
a special case of the present model for the analysis of twin data. As in the present
model, the Colletto et al. model allows for a genetic correlation, common
environmental effects and requires an index of the common environment. Unlike
the present model, there is no allowance for residual environmental correlation.
As will be seen from the results of our own analyses, no allowance for residual
environmental correlation can result in substantial overestimation of the genetic
correlation between the two traits. As Colletto et al. only considered twin data,
there is no explicit allowance for marital resemblance or cultural transmission;
effects which are modeled in the present formulation.

Our model generates 40 correlations in nuclear families. Table 3 gives the
expected correlations in terms of the parameters of Fig. 1.

The main concern in bivariate path analysis is to describe and test hypotheses
about the relationship between two correlated phenotypes. In the bivariate path
model formulated here, a correlation between two phenotypes could be the result
of the common family environment, a correlation between the two underlying
genotypes, a correlation between the residuals, or some combination of these. The
next section describes statistical procedures used to describe and test hypotheses
about this relationship.

5. STATISTICAL ANALYSIS

The statistical method of analysis effectively compares observed and expected
correlations. As the latter are functions of the unknown parameters, the parameters
are estimated so as to minimize discrepancies between observed and expected
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Table 3. Expected correlations in nuclear families

Equation  Pair of Expected
number  variables* correlationt

1 P1,,P1,, Eylu

2 P2,, P2, Gyiu

3 Plg, P2y hyzi o2y po+€,Y,CYe +BPRT 10 T2

4 Plg, P2, CLY1CalYa

5 Pl.,, Plg, hi/2 4ty

6 P2.,, P2, hZ/2+4c2y

7 Plg,, P2c, hyhopete it prTicTe

8 Pley P2c, hbapg/2+cicyr

9 Plg, Plg, hiz, 2+ iy (frt+ufy)
10 P2g,Plg, bylyzo pe/2+cicays (fr+ufar)
11 Plg, P2, hohyz2,p6/2+coc yy (fr+ufyy)
12 P2p, P2, h32a/2+ ciy, (fr+ufy)
13 Ply, Plc, Rz 2+ iy, (fu +ufp)
14 P2y, Pl Pyhozy po/2+¢1Cys (fpr +4fp)
15 Ply,, P2, hyby2pg/2+cacy, (far +%fr)
1‘75 f21‘;’ P2, 7‘1322‘/2+c§y2(fM +ufr)

Iy Wpivpu
18 Ip, Iy Zzzvp(fp'*'“fM)
;g §Mv§01 ’_:”M(fm +ufr)
cricz ?
21 Plp, Ip Wt Y,
22 P2, 1, WpCyYsy
23 Plyy, Iy WarC Yy
24 P2y, Iy Wy Ca Yy
25 Plgp, 1y, WprC, Y, %
26 P2y, Iy TWay CaYpth
27 Ply, Ig WpC Y, U
28 P2y g WpCy Yyt
29 Plp, I, z:%?h(fp‘*‘MfM)
30 P2p, 1, '{Cz.’yz(fﬁ"*'ufM)
31 Plyy, 1, i (fu +ufp)
32 P2y, 1, iCo Yy (far +ufp)
33 Pley, Ip wee, (fr+ufy)
34 P2cy Ip ?”Fcz(fp'*'ufm)
35 Plog, Iy z.chl(fM+ufF)
g? ;?cnfM Wy o (far +ufp)
crica 206y

38 P2., 1o, icy
39 Pleyle, Y
40 P2y I icy Y

* Correlations for (P1,,, P2,,) and (Plg, P2g) are equal. Correlations for (P1p, P2,,) and
(P2, P1,;) are equal.
T ¥ =Fe+fi+2pfautb®

correlations. However, because of better distributional properties, Fisher’s z
transformations (Fisher, 1921) are used rather than correlations.
An observed correlation r;, based upon a sample of size n;, is first converted into

its z transformation
1 + Ti

1—-7‘,;

zi=‘%ln

>
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which asymptotically follows a normal distribution with mean

- 1+p;

=1llp—"Pi

g=z3zin 1—p,
and approximate variance 1/n;, where p; is the corresponding expected correlation
givenin Table 3 (¢ = 1,2,..., 40). Therefore, assuming all 40 observed correlations

to be independent, the overall log likelihood is (approximately) given by
In L = —¥2/2+ constant,

40
where X2 = X ny(z— )2
i=1

As the p;’s are functions of the parameters (see Table 3) the ¥? is a function of the
parameters and, thus the parameters can be estimated by minimizing y2. The
residual y? after estimating £ parameters follows a chi-square distribution with 40-k&
D.¥. and can be used to test hypotheses on the parameters. The general model, in
18 parameters, is tested by the residual y® with 40 — 18 = 22 p.r. If ¥, is the value
of y? after estimating all 18 parameters and y2,,,, is another value after estimating
18—w of the 18 parameters, the other parameters being fixed under a null
hypothesis, then 2, = x2,,,,— X%, provides the likelihood ratio test statistic for the
null hypothesis on the w fixed parameters.

All these methods have been implemeted in BPATHMIX, a computer program
written in FORTRAN for Harris computers which fits path models to correlational
data. The 40 familial correlations are estimated by repeated use of PATHMIX,
another FORTRAN program developed on Harris computers for univariate path
models (Morton et al. 1982; Rao et al. 1982a).

A fundamental assumption of this method of analysis is that the different sample
correlation coefficients are independent. Clearly, estimates of correlations obtained
from the same data are not independent of one another. Previous methods did
incorporate correlations between correlations to account for this non-independence
(Elston, 1975; Rao et al. 1979a), but the several analyses performed under both
theindependence and non-independence assumptions yielded essentially equivalent
results (Rao et al. 1979a, b; Morton et al. 1980; Gulbrandsen et al. 1979; Krieger
et al. 1980). Furthermore, a third method of statistical analysis, fitting path models
directly to the family data, appears to give similar results to either of the methods
mentioned above (i.e. assuming independent correlation estimates or incorporating
correlations between the correlation estimates) (Rao et al. 1983). The simpler
approach adopted here would thus seem justified.

6. RESULTS

Given two phenotypes and an index for each member of a nuclear family, with
at least some families having two or more children, 40 correlations with distinct
expectations can be generated. Pairs of the 9 variables P1g, P25, Ip, P11y, P2y,
Iy, Pley, P2, and I, generate 36 correlations. (See Table 1 for definition of the
variables.) However, since the expected correlations are identical for (P1g, P2p)
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and (P1,,, P2,), and also for (P1p, P2,,) and (P2p, P1,,), they are pooled, reducing
the number to 34. Multiple sibs generate an additional six correlations: (P1,,
PICZ‘), (P201’ PZCZ)) (PICD P2Cz): (]CI’ 102): (PICI! ICZ): and (PZCI’ IC.?) making
the total number of correlations 40. These 40 correlations are estimated by the
method of maximum likelihood using the computer program PATHMIX which
accepts only two variables at a time on each member of a family. For each of the
3 pairs of P1, P2, and I, PATHMIX is executed once to obtain the relevant correlation
estimates and sample sizes. For the method of calculating sample sizes, as
implemented in PATHMIX, see Morton et al. (1983) and Rao et al. (1982a). The three
bivariate analyses of lipoprotein concentrations will now be discussed separately.
Observed correlations and sample sizes used in each of the 3 analyses are presented
in Table 4.

(i) Analysis of HDL cholesterol and LDL cholesterol

Bivariate analysis of HDL and LDL is of clinical significance because of their
independent contributions to CHD risk, and because an inverse relation between
the two phenotypes, especially in the upper quartile of LDL, has been observed
(Khoury et al. 1980; Morrison et al. 1980). A very large negative value of pg is
expected if this inverse relation is due to a common genetic factor.

For the purpose of data analysis, because HDIL and LDL are negatively
correlated, P1 was set equal to the negation of the age—sex—contraceptive adjusted
HDL value, P2 was set equal to the age—sex—contraceptive adjusted LDL value,
and [ was set equal to Iy, — Igypr, where I np, and Igp, are the environmental
indices created separately for LDL and HDL. The latter corresponds to taking the
first principal component of the two univariate indices. The effect of the sign change
is to change the sign of the estimates of pg and py which are readjusted in the
analysis presented here in order to preserve the natural relationships between the
variables. The 40 observed correlations (r) and sample sizes (n) are given in Table
4. Analysis of these correlations is presented in Table 5.

The analysis involves the fitting of the general model and a series of reduced
models which allow tests of the hypotheses of no genetic relationship (pg = 0), a
single common genotype (pg = —1), no intergenerational differences in residual
correlation (@ = 1), no adult residual correlation (¢ = 0), no adult or child residual
correlation (pgp = 0), no genetic or residual correlation (pg; = pp = 0), no inter-
generational differences in heritabilities (y;= y,= 2,=2z,= 1), no assortative
mating (v = 0) and no maternal effects (fp = far, v = vpy). The results of these
analyses for HDL and LDL are given in Table 5.

For HDL and LDL the general model provides an excellent fit to the observed
correlations (y2, = 17-:09, P = 0-76). The estimated genetic correlation under the
general model is quite small, po =—0155, and suggests little if any genetic
association between the two lipoproteins. There would also appear to be little
evidence for a strong association between the residual environmental components
for either children (pp estimated to be 0-277) or adults (apy estimated to be 0).
Consistent with these observations are the results of the hypothesis tests. The
hypothesis of common genetic background is firmly rejected (x3 = 4740, P = 0),
whereas we are unable to reject the hypotheses of no genetic association (x} = 219,
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Table 4. Observed correlations (r) and associated sample sizes (n) for the three
bivariate analyses i

Equation Pair of P1=HDL, P? =LDL* PI=HDL, P2=VLDL* PI=LDL, P2=VLDI}

number variables r n r n r n
1 Plg, Pl1,, 00197 86 0-0072 82 00141 94
2 P2, P2, 0-0037 96 0-0588 95 0-0589 95
3 Pl P2 0-1767 228 0-4064 227 02423 225
4 Plg, P2, 0-0297 182 0-0461 177 —00166 188
5 Pl.,Pl., 0-2998 163 0-2962 161 0-3655 184
6 P2., P2, 03935 181 0-3152 179 0-3546 155
7 P1., P2, 0-0902 273 0-3457 283 02726 269
8 Pl P2, 0-0999 288 0-1266 271 0-2104 272
9 Plg Pl 0-1902 146 0-2263 142 03903 136

10  P2g, Pl 0-0066 153 0-1182 135 0-1047 99
11 Plg, P2, 0-0040 100 0-0641 61 00140 66
‘12 P2, P2, 03998 139 0-2710 81 0-2812 76
13 Pl,, Pl 0-2888 205 0-2890 204 0-2561 151
14 P2, Pl 0-0901 190 0-0215 201 0-0845 143
15 P1,,, P2, 0-1097 127 —0:0252 117 0-0067 111
16 P2,,, P2, 02612 146 0-:0205 134 00173 123
17 Ip, Iy, 0-2085 83 0-2079 82 0-1920 87
18 Ip, 1, 0-2306 90 0-2211 91 0-1672 96
19 I, 1o, 02915 146 0-2955 150 0-2689 150
20 Iople, 0-5071 151 0-5005 156 05147 160
21 Plg, Ip 0-2593 98 0-2306 94 0-1826 94
22 P2, 1p 01515 98 0-3544 94 03944 94
23 Ply, Iy 0-4045 130 0-4081 131 0-2611 130
24 P2,,1y 0-2362 130 0-4554 131 0-4602 130
25  Plg, Iy 0-0133 98 0-0388 94 01135 94
26 P21y 01123 98 —0-0065 94 —00401 94
27 Ply, Ip 0-2241 98 0-2075 94 0-0993 94
28 P2, 1p 0-0510 98 00754 94 0-1006 94
20 Plgl,, —00152 85 —00215 84 01434 100
30 P21, 01566 97 0-1030 86 01013 91
31 Pl I, 0-0375 130 0-0447 135 —0-0804 138
32 P21, —0-0841 132 —0-0068 145 —00196 146
33 Pl 1p 01203 140 0-1314 138 0-0510 102
4 P2, 1p 00563 94 01177 64 00928 64
35 Plg, 1y 01913 203 01926 202 01639 146
36 P2, 1y 0-1901 144 0-0250 126 00237 116
37 Pl I, 0-2596 258 0-2612 260 0-2517 253
38 P2, 1., 02735 243 0-3390 258 0-3524 254
39 Pl ie, 0-1182 245 0-1220 248 0-1574 255
40 P2, 1, 01723 239 0-1736 250 02109 242

* Correlations are given in terms of the negation of the adjusted HDL value. The index is
created by subtracting the index for HDL from the other index.
t The index is created by adding the two separate indices for LDL and VLDL.

P = 0-14), no residual association (x2 = 1-27, P = 0-53) and no genetic or residual
correlation (y3 = 2-27, P = 0-52). Consequently the phenotypic association between
HDL and LDL can be explained in terms common family environmental effects
alone.

With respect to the other parameters of the model we find no evidence for
intergenerational differences in heritabilities (y2 = 3-92, P = 0-42) or maternal
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effects (¥2 = 155, P = 046). Although there is some evidence for assortative
mating (y? = 7-29, P = 0-:007), a parsimonious model which fixes u at zero does give
a good fit of the model to the data (y3, = 2965, P = 0-48).

(i1) Analysis of HDL cholesterol and VLDL cholesterol

These two variables are so inexplicably related that their bivariate analysis may
provide valuable insights into their co-segregation. In a vast majority of cases low
HDL is associated with elevated levels of VLDL.

As in the HDL-LDL analysis, PI was defined as the negation of the adjusted
HDL level, P2 was defined as the adjusted VLDL level, and I was set equal to
Iyipr—Iypy- The observed familial correlations along with their associated
sample sizes are presented in Table 4; the results of the bivariate path analysis
are given in Table 6. As before, the sign of the estimates of p; and pg has been
adjusted to reflect the natural relationship between the two lipoproteins.

Once again there is an excellent fit of the general model to the data (y2, = 1807,
P =070), with the genetic correlation estimated to be small (estimated
pc = —0-130) and the residual environmental correlation estimated to be moderate
(estimated pp = —0-430). The hypothesis of a common genetic background can be
rejected (x3 = 8:50, P = 0-004) while the hypothesis of no genetic association cannot
be rejected (yi= 0-33, P = 0-57). There is no evidence for intergenerational
differences in the magnitude of the residual environmental correlation (y% = 001,
P = 092), although strong evidence that this correlation is different from zero for
adults (y%=6-87, P=0009) and for both adults and children (y3 = 7-60,
P = 0-022). Consequently, unlike the previous analysis, the phenotypic association
between HDL and VLDL cannot be explained in terms of common family
environmental effects only (yi = 21-81, P = 0).

Again we find no evidence for intergenerational differences in heritabilities
(x2 = 2:98, P = 0-56) and maternal effects (y3 = 1-05, P = 0-59). There is evidence
for some marital association (¥ = 582, P = 0-016), but a parsimonious model
which fixes marital resemblance at zero does provide for a good fit to the data
(x3o = 28:63, P = 0-54).

(ili) Analysis of LDL cholesterol and VLDL cholesterol

Concurrently elevated levels of both LDL and VLDL represent important risk
factors for atherosclerotic disease. Consequently, an analysis of their bivariate
association is of clinical significance.

In this case PI was defined as the adjusted LDL value, P2 was defined as the
adjusted VLDL value, and I was taken as I'yp, + Iy pr- The familial correlations
used in the analysis are given in Table 4 while the results of the bivariate analysis
are presented in Table 7.

Again there is an excellent fit of the general model to the data (y%, = 1803,
P =070) with the genetic correlation estimated to be moderate (estimated
pc = 0:279) and the residual correlation estimated to be near zero (estimated
pr = 0:010). As in the other analyses we are able to reject the hypothesis of a single
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common genetic background for LDL and VLDL (x% = 671, P = 0010), but
unable to reject the hypothesis of no genetic association (x} = 2-39, P = 012).
There is little evidence that the residual correlation varies from generation to
generation (y?=0-31, P = 058), and is non-zero for either adults (x} = 0-59,
P = 0-44) or for both adults and children (y3 = 0-80, P = 0-67). Although the model
can be fit with either no genetic correlation or no residual correlation, setting both
correlations simultaneously to zero does significantly increase the residual y?
statistic (y2 = 8'48, P = 0-037). Consequently, although the results of the hypothesis
tests indicate that the phenotypic association between LDL and VLDL cannot be
accounted for by common family environmental effects alone, the tests are unable
to resolve whether the additional source of association is due to a genetic
relationship or a residual environmental relationship. Despite the equivocal nature
of the hypothesis tests, when we simultaneously estimate both correlations, the
maximum likelihood estimate of the genetic correlation is moderate while the
maximum likelihood estimate of the residual correlation is near zero suggesting
that the genetic association is the important additional source of relationship
between the two lipoproteins.

Finally, we do not find evidence for intergeneration differences in heritabilities
(x2 = 295, P = 0-57) nor maternal effects (y2 = 062, P = 0-73). We do find some
evidence for marital resemblance (y3 = 4-14, P = 0-042), but are able to fit a
parsimonious model with no generational differences, maternal effects or marital
resemblance (y%, = 2663, P = 0-64).

7. DISCUSSION

In bivariate path analysis the emphasis is upon drawing inferences about the
nature and source of observed phenotypic associations. In the present set of
analyses, we were primarily concerned with determining whether the correlation
between two lipoprotein levels could, in part, be a result of a single common
genotype, two separate but correlated genotypes, correlated residual environments,
or the result of common family environmental effects alone. For the three
lipoproteinsstudied, theobserved phenotypiccorrelationsalong with the maximum-
likelihood estimates of the genotypic and residual environmental correlations
under the parsimonious model are given in Table 8.

Although in all three analyses we were able to reject the hypothesis of a single
common genotype, the results certainly were not uniform across the three pairs
of lipoproteins. Furthermore, the results from the various analyses are consistent
with what is known about the precursor—product relationships between the
lipoproteins (Lippel et al. 1981 ; Morrison et al. 19824, b). In fact, one of our primary
motivations for using lipoprotein data in this first application of the bivariate
model is that known metabolic relationships provide us with an independent
assessment of the validity of the present bivariate formulation.

Whereas there are metabolic precursor—product relationships between VLDL
and HDL (Lippel et al. 1981), and between VLDL and LDL (Lippel et al. 1981 ;
Morrison et al. 1982a, b), the relationships between LDL and HDL are much less
direct. Consequently, we would not expect a substantial genetic correlation
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Table 8. Phenotypic, genotypic and residual environmental correlations
between the lipoproteins*

Phenotypic Genotypic Residual environmental

HDL LDL VLDL HDL LDL VLDL HDL LDL VLDL
LDL —0101 — — —0-132 — — 0-065 — —
VLDL —0535 0338 — -0-111 0330 — —-0421 0010 —
* Phenotypic correlations are the (sample size) weighted averages of the phenotypic corre-

lations of adults and children, genotypic and residual environmental correlations were estimated
under the parsimonious bivariate path models.

between these two lipoproteins. In fact, the estimated genetic correlation between
HDL and LDL is both small (p; = —0-132 + 0-136) and not significantly different
from zero. Similarly, the residual environmental correlation is estimated to be near
zero (pp = 00651 0-230) and is not significantly different from zero. The modest
phenotypic association between LDL and HDL can be explained solely in terms
of common family environmental effects.

The strongest phenotypic association was observed between HDL and VLDL
(r = —0-535). Although the estimate of the phenotypic correlation is large, the
associated estimate of the genotypic correlation is small (pg = —0-111+0-214) and
non-significant. The important factor in the association of HDL and VLDL would
appear to be a residual environmental correlation. The estimate of pg in the
parsimonious model is —0-421+0-172, a value significantly different from zero.
These results are interesting in light of the finding that elevated levels of VLDL
and/or triglycerides do not independently and significantly predict risk to CHD
once HDL levels have been taken into account. (Lippel et al. 1981). As the
association between HDL and VLDL is predominantly environmental, it would
appear that it is the genotype for VLDL which is not an independent predictor
of CHD.

For VLDL and LDL we find both a moderate phenotypic (0-338) and genotypic
(pe = 0330+ 0-192) correlation, with little evidence for an association between the
residual environments (pp =0010+0-217). A finding of moderate genetic
association between LLDL and VLDL is consistent with the known metabolic
relationships between these two lipoproteins (Lippel et al. 1981; Morrison et al.
1982a, b).

The purpose of the present paper has not only been to analyse the relationship
between the three lipoproteins, but also to introduce a bivariate model for the joint
transmission of two phenotypes and provide some assessment of the validity of
that model. It should be emphasized that the present bivariate model represents
a parsimonious extension of the univariate models which, nonetheless, allows us
to draw important inferences about the association between two phenotypes. The
present model is much more than the simple union of two univariate models. With
respect to the issue of validity, three characteristics of the present results provide
support for the bivariate model used. First, in every case the x? statistic for the
general model was less than its associated degrees of freedom (i.e. its expectation
under the null hypothesis). Secondly, the results of the analysis are consistent with
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Table 9. Comparison of the maximum-likelihood estimates of the some of the
parameters under the most parsimonious bivariate and univariate models*

Parameters
Lipoprotein h? ct b fe=Fm
Bivariate analyses

HDL 0457 0099 0-692 0296
+0089 +0:029 +0092 +0-078
LDL 0632 0071 0750 0258
+0-086 +0-026 +0-107 +0076
VLDL 0-288 0-165 0748 0-249
+0-113 +0-043 +0-097 +0-068

Univariate analysis
HDL 0-469 0124 0610 0-360
+0-097 +0037 +0-138 +0-106
LDL 0-624 0072 0749 0-314
+0-093 +0029 +0-188 +0131
VLDL 0339 0-120 0679 0-218

+0-096 +0-036 +0-104 +0077

* Univariate solution is given in Rao et al. (1982a), bivariate estimates are obtained by taking
the weighted averages, the weights being given by the inverse of the variance, of the separate
parameter estimates obtained in the two bivariate solutions. Standard errors for the bivariate
estimates are computed using the formula for the variance of a linear combination assuming
the two separate estimates are perfectly correlated.

what is known about the metabolic relationships between the lipoproteins. Finally,
in every case the model which Rao et al. (1982a) found to be most parsimonious
for the separate univariate analyses is the same model found to be most
parsimonious in the bivariate analyses, and further, the parameter estimates
obtained under the bivariate analyses are consistent with those given by the
univariate analyses. Table 9 provides a comparison of the results of the bivariate
and univariate analyses.

This work was supported in part by N.I.H. and N.I.M.H. grants GM 28719 and MH 31302,
and by contract NO-1-HV-2-2914L from the National Heart, Lung and Blood Institute (Lipid
Research Clinic’s Program), General Clinical Research Center, and the CLINFO Center Grant
RR-00068-19.
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