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Summary

The quantitative level of apolipoprotein (apo) B associated with low-density lipoprotein (LDL) varies
among individuals within the population. This variation in level of the LDL receptor ligand appears to
have predictive value, and may have an etiologic role, in coronary artery disease. Complex segregation
analysis was used to compare eight different models of transmission. This study confirms the existence
of allelic variations at a single genetic locus with large effects on the interindividual variation in the
level of the serum apo B associated with LDL. This is the first study to consider the possible effects of
inherited polymorphic variation in the apo E molecule when analyzing the components of variation in
apo B associated with LDL. Our analyses suggest that the common alleles coding for the apo E polymor-
phism act independently of the unmeasured single-gene locus characterized by this study.

Introduction

Apolipoprotein B (apo B) associated with the low-
density lipoprotein molecule (LDL-B) is the ligand for
the binding of low-density lipoprotein (LDL) to its recep-
tor. This property gives LDL-B a critical role in the deliv-
ery of cholesterol to the peripheral tissues. A number
of studies have reported an association between elevated
levels of apo B or LDL-B and coronary artery disease
(CAD). Avogaro et al. found that total plasma apo B
levels were increased in male patients with CAD as com-
pared with controls (Avogaro et al. 1978) and that apo
B was a better discriminator of CAD than were lipid
levels in older men (Avogaro et al. 1979). Riesen et al.
(1980) and Schmidt et al. (1985) both found significantly
increased apo B levels in males with CAD. In a sample
of both males and females, Sniderman et al. (1980)
found LDL-B to be a better discriminator between pa-
tients with positive and negative coronary angiograms
than were plasma cholesterol, triglyceride, and LDL-
cholesterol (LDL-C) in subjects with LDL-C <200
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mg/dl. Whayne et al. (1981) found LDL-B to be a better
discriminator between individuals with positive and
negative angiograms in males with total cholesterol
<265 mg/dl than were age, cholesterol, triglyceride,
very-low-density lipoprotein cholesterol (VLDL-C),
LDL-C, or high-density lipoprotein cholesterol (HDL-
C). Of patients with high VLDL-C (type IV hyper-
lipoproteinemia), those who had levels of LDL-B >129
mg/dl had higher rates of atherosclerotic disease than
those who had LDL-B levels <84 mg/dl (Sniderman et
al. 1982).
Complex segregation analyses to determine the

genetic model for interindividual variability in the quan-
titative level of apo B have been reported by three groups:
Beaty et al. (1986), Hasstedt et al. (1987), and Amos
et al. (1987). In a single Amish pedigree of 240 individ-
uals, ascertained through a proband with sitosterole-
mia, Beaty et al. (1986) found statistically significant
evidence for polygenic effects on LDL-B but did not
find statistically significant evidence for the segregation
of a single locus with a large effect. In contrast, in a
study of 331 individuals from 36 pedigrees ascertained
through individuals having a variety of traits associated
with the manifestation of cardiovascular disease, Hass-
tedt et al. (1986) found evidence for the segregation
of a single locus with a large effect on total apo B levels.
This locus explained 43% of the interindividual vari-
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ance in apo B levels adjusted for variation in age and
sex. The relative frequency of the common allele, which
was associated with lower apo B levels, was estimated
as .847. The polygenic contribution, estimated to be
15% of the variation in apo B among individuals with
the same genotype at the single locus having a large
effect, was not significantly different from zero at the
.05 Jevel of probability. Amos et al. (1987) applied
methods of major gene analysis to data collected in a
single pedigree of 196 individuals ascertained through
an adolescent girl with a heart murmur. Fifteen mem-
bers had a history of heart disease, and six had experi-
enced at least one myocardial infarction. Their results
suggest that in this pedigree >40% of the variability
of total serum apo B levels can be explained by the pres-
ence of two common alleles that have relatively small
effects. Although these three studies clearly establish
a role of genetic factors, they do not establish the gener-
ality of the contribution of a single gene with a major
effect on apo B levels. Hence, further investigation of
the causes of interindividual variation in apo B in addi-
tional samples will extend our understanding of the
role of a single genetic factor. Further, none of these
studies have assessed the role of the common genetic
polymorphism at the locus coding for the E apolipo-
protein, which is known to be associated with differ-
ences in the mean level of LDL-B (Sing and Davignon
1985; Utermann 1985). A genetic analysis of LDL-B
after adjustment for this known source of genetic vari-
ation in LDL-B levels, as is done here, has not been
previously reported.
We have used complex segregation analysis to evalu-

ate the role of genetic factors in the determination of
variability in LDL-B levels among 396 individuals from
83 pedigrees ascertained through probands identified
by a lipid clinic. Separate analyses of LDL-B levels ad-
justed for variation due to age and sex (B;as), LDL-B
levels adjusted for variation due to age, sex, and apo
E genotype (B;ase), and LDL-B levels adjusted for vari-
ation due to age, sex, apo E genotype, and LDL-C
(B;asec) are presented and compared. The objectives
were to assess the separate effects of the apo E genetic
polymorphism on LDL-B levels, to estimate the frac-
tion of genetic variation in LDL-B level which is inde-
pendent of genetic variation in apo E genotype, and
to investigate the independence of the genetic control
of LDL-C and LDL-B in families ascertained through
probands attending a lipid clinic. We also examined
whether there was evidence for heterogeneity of the
effects of apo E genotypes, or allelic variation at the
single locus detected by complex segregation analysis,

on LDL-B levels among groups of families identified
by patients with different lipid disorders.

Methods

Definition of Sample Studied

The pedigrees considered here were ascertained
through a proband identified by the Lipid Clinic of the
Clinical Research Institute of Montreal. Patients with
hyperlipidemia, xanthomas and other manifestations
of dyslipoproteinemias, premature coronary or periph-
eral atherosclerosis, as well as individuals with a fam-
ily history of CAD, are referred to this clinic. Patients
are encouraged to have their family members also ex-
amined at the clinic. All pedigrees consisting of two
or more individuals identified through a proband and
who were seen by the clinic were considered in this study.
Individuals in these pedigrees with familial hypercho-
lesterolemia (FH) and who were diabetic, hypothyroid,
pregnant, using birth control pills or a lipid-lowering
medication, or following a prescribed lipid-lowering diet
were removed from the sample. The diagnosis of FH
required an elevation ofLDL above 250 mg/dl, the pres-
ence of tendon xanthomas in the individual or a first-
degree relative, and a family history of CAD before 55
years of age. After removal of these individuals there
remained 394 individuals distributed in 83 pedigrees.
Of these individuals, 224 were classified as normolipi-
demic, 120 as type IV hyperlipoproteinemia (HLP;
defined below), 13 as type Iha HLP, 11 as type Ilb HLP,
18 as type III HLP, and three as type V HLP; five were
unclassified mild hypertriglyceridemics. The classifica-
tion of HLP was made at the Lipid Clinic, based on
lipid profile, age, sex, and clinical criteria. Asymptom-
atic individuals who had levels of total cholesterol <240,
triglycerides <150, VLDL-C <35, and LDL-C <190 were
considered normolipidemic. Hyperlipidemic individu-
als were considered to be type Iha, IIb, III, IV, and V
HLP based on which fraction of their lipoprotein was
greater than the 95th percentile for age and sex (Beau-
mont et al. 1970; Heiss et al. 1980; American Heart
Association 1984). The fractions increased are LDL in
type Ila, LDL and VLDL in type Ilb, detectable beta-
VLDL in type III, VLDL in type IV, and both
chylomicrons and VLDL in type V. Five of the hyper-
lipidemic individuals had normal lipoprotein profiles
but mild hypertriglyceridemia. To avoid misclassifica-
tion, they were not included in analyses involving com-
parisons among diagnostic categories. There were 201
males and 193 females. Fifty-four individuals were ages
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2-17 years, 118 were 18-29, 71 were 30-39, 71 were

40-49, 45 were 50-59, 20 were 60-69, and 15 were

70-84. Twelve of the pedigrees contained individuals
from 3 generations, 53 pedigrees contained 2 genera-

tions, and 18 pedigrees contained 1 generation. Twenty-
nine of the pedigrees contained 1-3 individuals, 42 con-

tained 4-6 individuals, 11 contained 7-12 individuals,
and one contained 43 individuals.

Laboratory Methods and Diagnostic Criteria

Plasma total cholesterol, triglycerides, LDL-B, LDL-
C, VLDL-C, and apo E phenotype were determined.
Plasma total cholesterol (Allain et al. 1974) and
triglycerides (Sampson et al. 1975) were measured en-

zymatically, using an automated analyzer (ABA-100;
Abbott, Pasadena). Apo B was measured using elec-
troimmunoassay on the ultracentrifugal fraction with
LDL density (d > 1.006 g/ml). The method of Reardon
et al. (1981) was used but was varied by the addition
of lipoprotein-deficient serum to the LDL standard (Ros-
seneu et al. 1981). LDL-C and VLDL-C content was

measured enzymatically after separation of the lipo-
protein fractions by the Lipid Research Clinic Protocol
(U.S. Department of Health, Education, and Welfare
1974). The genotype at the locus coding for apo E was

assigned based on the apo E phenotype determined by
isoelectric focusing on a standard amount of delipidized
VLDL (Bouthillier et al. 1983). Seven persons did not

have apo E phenotypes measured, resulting in a sam-

ple size of 387 for all analyses involving the apo E
genotype.

Statistical Analyses

Multiple linear regression was used to adjust LDL-B
levels for variation associated with age and sex (B;as),
age, sex, and apo E genotype (B;ase), or age, sex, apo

E genotype, and LDL-C level (B;asec). The six apo E
genotypes were coded as five 0, 1 categorical variables.
Analysis of covariance was used to test for heterogene-
ity of the linear effects of age, sex, apo E genotypes,
and LDL-C on LDL-B level among diagnostic catego-
ries (Sokal and Rohlf 1981). If such differences were

found, separate adjustments of LDL-B levels for varia-
tion in age, sex, apo E genotype, and LDL-C level in
each diagnostic category were carried out.

Investigation of the role of genetic and environmen-
tal influences in determining interindividual variability
in LDL-B levels was carried out by fitting a general model
and contrasting it with reduced models using complex
segregation analysis (Elston 1986). The general model
describes the distribution of LDL-B levels in terms of

the independent contributions of variability of a single
factor with a major effect, polygenes, and nongenetic
effects specific to the individual. This distribution is
formed by the commingling of three conditional distri-
butions, or modes, associated with the occurrence of
a major effect with two factors, Be which lowers and
Bi which raises the LDL-B level of the individual.
Each individual has two doses of this factor, forming
the combinations BeBe, BeBh, or B,1B,, which are
called ousiotypes (Cannings et al. 1978). Large differ-
ences in the mean LDL-B level among ousiotypes may
result in the existence of three modes in the LDL-B dis-
tribution. These three conditional distributions for
ousiotypes BeBe, BeBf, or BiB, have means i, i2,
and p3, respectively. The ousiotype effects may be at-
tributable to either a genetic or an environmental fac-
tor. Deviations from the ousiotype means are assumed
to be attributable to the summation of effects of many
unlinked polygenes, each with small additive effects,
and individual-specific, nongenetic environmental ef-
fects. These deviations are assumed to be normally dis-
tributed. Environmental deviations are assumed to be
independently distributed among relatives and to in-
clude errors of measurement. The major factor effects,
the polygenic effects, and the individual-specific en-
vironmental effects are assumed to be uncorrelated and
additive. The probabilities that a parent with ousio-
type BeBe, Be B1, or B1BYi will transmit a Be factor are
T1, T2, or T3, respectively (Elston and Stewart 1971).
The parameter p is defined as the relative frequency
of factor Be, which is associated with the lowering of
the LDL-B level phenotype, in the population being sam-
pled. The relative frequency of the BR factor is taken
to be q = 1 - p. The relative frequencies of ousiotypes
for individuals whose parents are not sampled are as-
sumed to be those given by the Hardy-Weinberg distri-
bution. They are p2, 2pq, and q2 for the BeBe, BePR,
or BhBe, ousiotypes, respectively. The expected ousio-
type frequencies for individuals whose parents are in-
cluded in the sample are a function of the parents' ousio-
types and the transmission probabilities. The fraction
of the variance among individuals with the same ousio-
type (S2) which is attributable to polygenic loci is rep-
resented by the parameter h2.
Submodels of the general model are defined by re-

stricting the parameters found in the general model to
specific values. The major environmental model restricts
1 = T2 = T3= p. Under this model there are three
modes, but the a priori probability of an offspring hav-
ing a certain ousiotype is independent of the parental
ousiotypes. The mixed codominant model restricts the
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transmission probabilities to the expected Mendelian
segregation probabilities of a single locus with two al-
leles. Under this model the values of Ti, T2, and T3 are
1.0, .5, and .0, respectively. The majorgene model also
restricts T1, T2, and 'r3 to 1.0, .5, and .0, and, in addi-
tion, it restricts h2 to .0.
When the mixed codominant model fits as well as

the general model but the major environmental model
gives significantly worse fit, reduced genetic models are
examined for evidence of dominance or recessiveness
at the locus determining the major effect. By setting
the phenotypic mean of the heterozygotes equal to that
of the B6Bx homozygotes (i2 = t3), a mixed domi-
nant model, where the heterozygote has the same geno-
typic value as a person homozygous for the B16Bb al-
lele, is constructed. In the mixed recessive model the
phenotypic mean of the heterozygotes is set equal to
the mean of the BeBe homozygotes (j2 = i1). The
single-mode polygenic and sporadic models were fit for
all hierarchies. The polygenic model is a single-mode
model with deviations due to polygenic and individual-
specific environmental effects. The sporadic model res-
tricts i1 = 42 = L3 and h2 = 0. Under this model
the total phenotypic variability is attributable entirely
to environmental factors and measurement error specific
to the individual.

Quasi-Newtonian, variable-metric approximation
methods to determine the maximum likelihood esti-
mates and standard errors of the parameter estimates
were incorporated using GEMINI (Lalouel 1979). The
model likelihoods on the pedigree data were approxi-
mated by the pedigree analysis program (PAP) developed
by Hasstedt (Hasstedt and Cartwright 1979; Hasstedt
1982). Hypothesis testing relied on use of the likeli-
hood ratio test (LRT) to contrast pairs of models. Un-
der the null hypothesis, and given a large sample size,
the distribution of -2(loge K) is approximated by a
X2 distribution, where K equals the likelihood of the
parameters in the reduced model given the data divided
by the likelihood of the parameters in the full model
given the data. The x2 distribution has df equal to the
difference in the number of parameters between the re-
duced and full models. The order of comparison of
models was hierarchical, beginning with the most com-
plex model, the general model. The preferred model
was taken to be the one with the smallest number of
parameters that does not fit the data significantly worse
than the next best-fitting model.

For a trait that is skewed, contrasting the mixed model
with reduced models may lead to the false inference
that a major locus exists (Maclean et al. 1975). How-

ever, normalizing transformations of a biologically
skewed dependent variable can lead to a large reduc-
tion in the power to detect a major gene when one ex-
ists (Maclean et al. 1976). The consideration of the ma-
jor environmental model as an alternative explanation
for the commingling of multiple distributions reduces
the possibility that skewness alone will lead to a false
inference regarding the presence of a single locus with
a large effect (Demenais et al. 1986). Should skewness
be responsible for improved fit of the major gene model,
the major environmental model should fit as well, or
better, as it does not require the genetic transmission
of the extreme values. Because of these considerations,
no normalizing transformation was performed. Hasstedt
et al. (1987) also chose not to perform a normalizing
transformation in their segregation analysis of apo B
levels. Hence, a more direct comparison of their results
with those presented here is possible. No correction
for ascertainment was made for two reasons. First, the
population of inference is the sample ascertained
through probands who were patients in the lipid clinic.
Examination of the genetic control of LDL-B levels in
a sample of families identified through lipid clinic pa-
tients is a primary motivation of this study. Second,
implementation of an ascertainment correction strategy
that would allow inferences about the population at
large is technically limited by the variety of pedigree
structures and by the fact that the pedigrees used in
this study were ascertained through patients with a va-
riety of disorders that may or may not be related to
LDL-B level.
A two-factor analysis of variance (ANOVA) was used

to test for heterogeneity, between diagnostic categories,
of the effects of apo E genotypes and for allelic varia-
tion at the single locus with a large effect on LDL-B
levels defined by the segregation analysis on LDL-B lev-
els. Evaluation of the unmeasured single-locus effect
required the assignment of a most probable LDL-B geno-
type. The assignment of an unmeasured genotype to
each individual is accomplished by comparing the three
genotypic probabilities. To calculate these three proba-
bilities for each individual, complex segregation anal-
ysis is used to compute the likelihood that the individual
has the genotype BeBe, the likelihood that the in-
dividual has the genotype BeBx, and the likelihood
that the individual has the genotype BR6Bi. These three
likelihoods are conditional on the genetic model and
on the parameter estimates for the entire sample, the
phenotype of the individual, and the distribution of
phenotypes in the individual's family. The probability
that the individual has a given genotype equals the likeli-
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hood of that genotype divided by the sum of the three
likelihoods. For these analyses all individuals had greater
than a .50 probability of having one of the three geno-
types and were assigned that genotype. Work by Oden-
heimer (1985) indicates that when data on at least five-
member pedigrees (two parents, three offspring) are
available, and when the effect of the major locus ex-
ceeds one within mode SD, both sensitivity and spe-
cificity of genotype assignment exceed .90 when one
uses a predicted probability of .50 to define the pres-
ence of the genotype.

Results

Preliminary Analyses

Multiple regression analyses were performed to ex-
amine the effect of variation in age, sex, height, weight,
apo E genotype, and LDL-C level on LDL-B level. Quad-
ratic (squared) independent variables were considered
for those quantitative independent variables whose lin-
ear term was significant. Age and sex differences ex-
plained a significant fraction (19.2%) of the variation
in LDL-B level (P < .0001). Given age and sex, the ad-
dition of height, weight, and age squared did not ex-
plain a significant increase in the variation explained
by the regression equation (P > .05). However, inclu-
sion of apo E phenotypes into the regression model with
linear age and sex did improve prediction of LDL-B level
significantly (P< .001). Together, variation in age, sex,
and apo E phenotype explained 37.3% of the varia-
tion in LDL-B level. The £2 allele-containing genotypes
are associated with a decrease in LDL-B level, and the
84 allele-containing genotypes are associated with an
increase in LDL-B level. These results are consistent with
those reported by Sing and Davignon (1985) and Uter-
mann (1985). The addition of LDL-C to the regression
model also contributed significantly to the prediction
of LDL-B level (P < .001). For the sample considered
here, together age, sex, apo E genotype, and LDL-C
explain 83.8% of the variation in LDL-B level.
The analysis of covariance was used to determine

whether the regressions were homogeneous among di-
agnostic categories. Four diagnostic categories were con-
sidered: (1) normal, including subjects with high LDL-
B levels in the presence of normal LDL-C and VLDL-C
levels, (2) type IV HLP, (3) type III HLP, and (4) type
Ila or Ilb HLP. The type V HLP and unclassified mild
hypertriglyceridemia classes were not included as diag-
nostic strata because they contained too few individu-
als. Homogeneity among strata of the regression of
LDL-B level on age and sex, the regression of LDL-B

level on age, sex, and apo E, or the regression of LDL-B
level on age, sex, apo E, and LDL-C levels was not re-
jected (P > .05). These analyses confirm that separate
adjustments of LDL-B, within each diagnostic category,
for variation in age, sex, apo E genotype, and LDL-C
level were not necessary in this sample. LDL-B level is
not normally distributed in this sample. When the
D'Agostino and Pearson (1973) criteria is used, the kur-
tosis of 2.906 is not significant at the .05 probability
level. The skewness of .585 is significant (P < .05).
The results of the complex segregation analyses are

presented in tables 1-4. Table 1 presents the analysis
of LDL-B levels adjusted for variation in age and sex
(B;as); table 2 gives the analysis of LDL-B levels ad-
justed for variation in age, sex, and apo E genotype
(B;ase); and tables 3 and 4 give the analysis of LDL-B
levels adjusted for variation in age, sex, apo E geno-
type, and LDL-C level (B;asec). The mixed codominant
model does not give a significantly poorer fit than the
general model, while the major environmental model
is rejected for both the B;as (table 1) and B;ase (table
2) variables. Thus, the hypothesis that the transmis-
sion probabilities are Mendelian could not be rejected,
while the hypothesis that the distribution of LDL-B is
explained by an environmental factor causing a major
effect is rejected.
We next consider submodels of the mixed codomi-

nant model. For B;as each of the submodels fits sig-
nificantly worse than the mixed codominant model
(table 1). Therefore, of the models considered, that con-
taining a single locus with a large effect on LDL-B with
polygenic and individual-specific environmental varia-
tion within genotype mean best fits these data. In the
case of B;ase (table 2), all one- and two-mode submodels
have significantly poorer fit than the mixed codominant
model. However, the major-gene, three-mode model
without a polygenic component did not fit significantly
worse than the mixed codominant model at the .05
probability level. Thus, the hypothesis that the poly-
genic variance equals zero is not rejected after LDL-B
levels have been adjusted for age, sex, and apo E
genotype.
The effects of a major factor could not be detected

using LDL-B adjusted for age, sex, apo E genotype,
and LDL-C level (B;asec). The best-fitting three-mode
models with polygenes gave estimates of the ousiotype
means that were not ordered. That is, 92 did not fall
between w and 3. This was interpreted as evidence
that the three-mode model fitted these data poorly.
Thus, only one- and two-mode models were consid-
ered for the B;asec variable. Separate comparisons of
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Table 3

Complex Segregation Analysis: B;asec in 83 Families, I = 2. n = 387

MODEL

Major Mixed Major
PARAMETER General Environmental Recessive Gene Polygene Sporadic

l1i = 12 ............... 95.8 96.9 97.0 94.7 102.2 102.3
13 ....................... 117.0 118.9 117.1 114.1 ..
p .................... .487 .519 .489 .381 . ...

h2 ...................653 .676 .363 .400
o .................... 12.17 12.36 12.77 12.09 15.38 15.37
T1 ..................... .896 (p) (1.0) (1.0) ..
T2 ................... * .124 (p) (.5) (.5) ... ...

T3 ..................... .602 (p) (.0) (.0) ... ...

- Likelihood (loge) ....... 1591.4 1593.5 1595.1 1598.0 1596.3 1607.0
x2 From general model .... 4.25 7.54 13.26* 9.75 31.23*
df From general model .... 3 3 4 6 7

NOTE. -Parentheses indicate that the value is fixed in the model.
* Significant at P = .05.

submodels for il = 12 (table 3) and 4l2 = il3 (table gene model (X2 = 13.26 and 8.37, respectively), and
4) were made. Neither the major environmental model sporadic model (X2 = 31.23 and 30.80, respectively)
nor the mixed genetic model fitted significantly worse gave a significantly worse fit than the general model.
than the two-mode general model, for both the p = Because it has fewer parameters than the major environ-
J.2 hierarchy (X2 = 4.25 and 7.54, respectively) and mental and mixed genetic models yet does not fit
the kt2 = ji3 hierarchy (X2 = 2.65 and 4.92, respec- significantly worse, the polygene model is considered
tively). The polygene model did not fit significantly to be the best model for B;asec.
worse than the general model for the case p, = i2 or The best estimates of the effects of the genotypes at
the case Ai2 = [13 (42 = 9.75 and 9.32, respectively). the single locus on LDL-B levels are given by the analy-
In both cases, the model without polygenes, the major- sis of B;ase. The further reduction in variation around

Table 4

Complex Segregation Analysis: B;asec in 83 Families, ji2 = 43, n = 387

MODEL

Major Mixed Major
PARAMETER General Environmental Dominant Gene Polygene Sporadic

pi ..................... 96.4 97.0 94.4 93.8 102.2 102.3
2 = 3 ................ 117.7 119.1 113.8 113.2 ..

P .................... .850 .881 .768 .751 ...
h2 ..................... .663 .674 .238 ... .400 ...
o .................... 12.39 12.41 12.21 12.01 15.38 15.37
T1 ...... . . ........... .844 (p) (1.0) (1.0) . . . ...
T2 ..................... - - - -.999 (p) (.5) (.5) ... ...

T3 .................... .009 (p) (.0) (.0) ... ...

-Likelihood (loge) ....... 1591.6 1593.0 1594.1 1595.8 1596.3 1607.0
X2 From general model .... 2.65 4.92 8.37* 9.32 30.80*
df From general model .... 3 3 4 6 7

NOTE. -Parentheses indicate that the value is fixed in the model.
* Significant at P = .05.
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Table 5

Sources of the Variation in LDL-B Levelsa

% Unadjusted
Effect % Variation of B;ase LDL-B Variation

Age and sex ............... 19.17
Apo E genotype,

given age and sex ......... ... 18.11
Single locus (Vmg) .......... 55.8 34.gsb
Polygenic (Vpg) 12.5 7.82b
Individual-specific
environment (Ve) 31.7.......... 19.91b

a The total phenotypic variance of B;ase is defined as Vp = V1m + Vpg + Ve, where Vm is the vari-
ance attributable to differences among ousiotypes, Vpg is the variance associated with polygenes, and
Ve is the variance associated with individual-specific environmental and measurement error differences.
In this model Vm = Ejfj (ty - p..)2, where tt.. is the mean LDL-B level of the sample and fi and py
are the relative frequency and mean, respectively, of thejth ousiotype. Vpg = h2a2. Ve =O2 Vpg. The
proportion of the total phenotypic variability due to the variance among ousiotype means = Vm/ Vp.
The proportions due to polygenic and environmental effects are Vpg/ Vp and Vel Vp, respectively. These
variances are calculated by the same equations for the mixed codominant and major environmental models,
where the single-locus effect and the major environmental effect replace the general model major effect.
Vmg is the variance due to the single locus with a major effect, Vme is the variance due to the environ-
mental major effect, and both are calculated identically to Vm.

b Given age, sex, and apo E genotype.

the mean of each genotype that is obtained by correc-

tion for age, sex, and apo E genotype versus correction
for age and sex alone allows a more accurate estimate
of the genotypic means. Therefore, the parameter esti-
mates for the mixed codominant model for B;ase were
used to calculate the percent of variation in LDL-B due
to the unmeasured single locus, unmeasured polygenes,
and individual-specific environments. These estimates
are shown in table 5. One-third of the interindividual
variability in apo B levels is explained by the segrega-

tion of a single locus with a major effect.
The magnitudes of the effects of apo E genotypes

on LDL-B level adjusted for variation in age and sex

for each diagnostic category are shown in table 6. The
magnitude of the effects of LDL-B genotype on LDL-B
level adjusted for age, sex, and apo E genotype can be
found by comparing the estimates of the genotype means
of the mixed codominant model in table 2. That these
effects are homogeneous across diagnostic category is
confirmed by the lack of statistical significance of the
genotype by diagnostic-category interaction term in sep-

arate two-factor ANOVAs for apo E genotype in nor-

mals versus type IV HLP (P = .85) and in normals
versus type II HLP when using only apo E genotypes
that had more than one case in each diagnostic cate-

gory (P = .83). Homogeneity is also found for the effects

Table 6

LDL-B Means by Apo E Genotype and Diagnostic category

APo E

DIAGNOSTIC CATEGORY £2/2/3/2 e4/2 £3/3 £4/3 £4/4

Normal ............5.. 4.98 (7) 78.94 (53) 91.05 (10) 99.91 (105) 111.49 (38) 96.09 (4)
Type IV HLP .......... 83.50 (3) 96.56 (36) 113.79 (12) 113.18 (43) 121.63 (20) 104.67 (6)
Type II HLP .......... ... (0) ... (0) ... (0) 166.62 (15) 180.17 (7) 184.23 (2)
Type III HLP .......... 62.46a (18)

NOTE. -Values in parentheses are cell sizes.
a Not included in the ANOVA but presented here for comparison.
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of LDL-B genotypes across diagnostic categories (data
not shown).

Discussion

Analysis of both LDL-B level adjusted for variation
due to age and sex (B;as) and LDL-B level adjusted for
variation due to age, sex, and apo E genotype (B;ase)
detected evidence for a codominant single locus with
a large effect on LDL-B level. The acceptance of this
three-mode genetic model, while the three-mode en-
vironmental model is rejected, is strong evidence for
the presence of segregation at a single locus with a large
effect on LDL-B level. The effects of allelic variations
at this locus appear to be homogeneous among diag-
nostic categories. The mean LDL-B;ase level for indi-
viduals with one BR allele is approximately 35 mg/dl
higher than for those without the Bi allele, and those
with two copies of the Bb allele have a mean LDL-B
level approximately 55 mg/dl higher than the heterozy-
gotes. This major genetic factor explains 34.99% of
the total phenotypic variation in unadjusted LDL-B lev-
els in this sample. Polygenic effects explain 7.82%. The
effects of variation in age, sex, and apo E genotype ac-
count for 37.28% , while the remaining 19.91% is at-
tributable to individual-specific environmental effects
and measurement errors.

Several lines of evidence argue that the locus detected
by complex segregation analysis is not the gene coding
for apo E. When the parameter estimates of the mixed
codominant models for B;as and B;ase are contrasted,
it is evident that the additional adjustment for apo E
phenotype causes a large decrease in the estimate of
the polygenic component of variation yet does not affect
the detection of a large single-gene effect. The propor-
tion of variation about the mean of each of the major-
locus genotypes that is due to polygenes drops from
.463 to .282 when the data are adjusted for differences
among apo E genotype means. This difference of .181
is a drop of 39.1 percent. On the other hand, the esti-
mates for the relative frequency of Be allele, p, and the
single-locus genotype means ,i.L2, and 3 change less
dramatically. The estimate of the variance associated
with the single gene was 53.6% using B;as and 55.8%
using the B;ase variable. Therefore, we conclude that
the single-gene effect detected by these analyses is not
associated with allelic variation at the apo E locus.

There are two possible explanations for the fact that,
after correction for variation attributable to apo E geno-
types, the proportion of within-genotype variability due
to the polygenic effects was .282, not significantly differ-

ent from zero at the .05 level of probability. First, in
this sample there may be no other genetic factors which
influence LDL-B level besides variation in sex, apo E
genotype, and LDL-B genotype. The second alterna-
tive is that this sample may not provide enough power
to reject the null hypothesis that h2 = 0. Significant
polygenic variation was detected in LDL-B adjusted for
age, sex, apo E genotype, and LDL-C levels. There-
fore, the existence of other genetic factors that are as-
sociated with variation in LDL-B levels cannot be ex-
cluded.
The results of the complex segregation analysis on

LDL-B levels found here are in reasonable agreement
with those of Hasstedt et al. (1987) for total apo B lev-
els adjusted for variation in age and sex. The correla-
tion of LDL-B level and total apo B level in the sample
reported here is .78, allowing comparison of the apo
B and LDL-B results. Hasstedt et al. detected a
codominant locus for B;as with f(Be) = .847 under
the mixed codominant model, versus f(Be) = .787 (for
B;as) reported here. This is in reasonable agreement,
since the pedigrees analyzed here were ascertained
through a lipid clinic while only a portion of the Hass-
tedt et al. pedigrees were unrepresentative of the popu-
lation at large. Ascertainment through a lipid clinic is
expected to decrease p, since the proportion of affected
patients carrying the lowering allele is expected to be
lower than the proportion of normolipidemic individ-
uals carrying the allele. Hasstedt et al. found that the
separation between the low and middle means was 31.4
mg/dl and between the middle and high means was 66.2,
as compared with 43.3 and 59.9 found for B;as here.
These findings are also in reasonable agreement. The
estimate of the polygenic component ofwithin-genotype
variability (h2) of 15.3% found by Hasstedt et al. was
not significantly different than zero, whereas the sub-
stantially larger estimate of 46.3% found for B;as here
is significantly different from zero. However, adjustment
for apo E genotype resulted in the estimate of the poly-
genic component of within-genotype variation decreas-
ing to 28.2% in this study, which was not significantly
different from zero. Though Hasstedt et al. did not have
apo E genotypes available, it is likely that they had fewer
individuals with non--3/3 genotypes because they had
relatively fewer pedigress identified through a hyper-
lipidemic proband. This could account for the lower
estimate of polygenic variability in B;as found by Hass-
tedt et al. The magnitude of the decline in h2 and the
resulting elimination of the significance of the h2 term
when LDL-B levels are adjusted for variation in apo
E genotype, as well as for variation in age and sex, pro-
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vide evidence for the large effect of variation in the apo
E genotype on the polygenic component of LDL-B vari-
ability.

Beaty et al. (1986) did not detect statistically sig-
nificant evidence for a single locus with a large effect
on LDL-B levels adjusted for variation in age and sex.
It is likely that their sample of one large Amish pedi-
gree segregating for a lipid metabolic disorder (sitos-
terolemia) was not comparable with the samples ex-
amined here and by Hasstedt et al. Because of the Amish
population's isolation from mating with other groups,
the Bh allele may not exist in this population or sim-
ply not be segregating in the single large pedigree stud-
ied. Also, the existence of sitosterolemia may cause vari-
ation in LDL-B levels, resulting in decreased power to
detect other genetic effects.

Evidence for a single-locus effect on LDL-B levels was
removed by adjustment for LDL-C. This supports the
hypothesis that the genetic polymorphism detected for
LDL-B levels affects both LDL-B and LDL-C levels, as
indeed it must given that apo B and cholesterol are both
major constituents of LDL. Teng et al. (1983) and
Sniderman et al. (1985) have shown that while the
amount of cholesterol per LDL particle can vary, the
quantity of the apo B per particle is fixed and that there-
fore LDL B is a more accurate measurement of the LDL
particle number than is LDL cholesterol. Even so, be-
cause cholesterol remains a quantitatively important
constituent of all LDL particles, there must inevitably
be a close correlation between LDL-B and LDL choles-
terol levels. These results are consistent with those of
Hasstedt et al. (1987), who found a significant differ-
ence in LDL-C levels among individuals with differing
apo B genotypes.

Conclusions

The results of complex segregation analyses provide
evidence for the existence of a single locus with a large
effect on interindividual variation in the level of LDL-B
in this sample. Further, the continued, detection of the
effects of this locus after adjustment for genotypic vari-
ability at the locus coding for the apo E protein pro-
vides convincing evidence that the locus detected is not
the apo E locus. This is the first report of a single locus
with a large effect on LDL-B levels that is shown to be
separate from the effect of the apo E polymorphism
on LDL-B levels. The apo E polymorphism may be
responsible for a major fraction of the polygenic com-
ponent of interindividual variability in LDL-B levels.
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