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Summary

Heterogeneity in the size of low-density lipoprotein (LDL) particles was used to identify two distinct pat-

terns based on gradient gel electrophoresis analysis. These two phenotypes, LDL subclass pattern A and
pattern B, were characterized by a predominance of large, buoyant LDL particles and small, dense LDL
particles, respectively. The inheritance of these LDL subclass patterns was investigated in a sample of 61
healthy families including 301 individuals. LDL subclass pattern B was present in 31% of the subjects,
with the prevalence varying by gender, age, and (in women) menopausal status. Complex segregation anal-
ysis suggested a major locus controlling LDL subclass patterns. The model providing the best fit to the
data included a dominant mode of inheritance with a frequency of .25 for the allele determining LDL sub-
class pattern B and reduced penetrance for men under age 20 and for premenopausal women. Thus, the
allele for the LDL subclass pattern characterized by a predominance of small, dense LDL particles appears

to be very common in the population, although not usually expressed until adulthood in men and until af-
ter menopause in women. The presence of a major gene controlling LDL subclasses could explain much of
the familial aggregation of lipid and apolipoprotein levels and may be involved in increased risk of coro-

nary heart disease.

Introduction

Elevated levels of low-density lipoprotein (LDL) cho-
lesterol in plasma influence the development of athero-
sclerosis and coronary heart disease (Kannel et al. 1971;
Lipid Research Clinics Program 1984; National Heart,
Lung and Blood Institute Consensus Development Panel
1985; Brown and Goldstein 1986; Ross 1986). In con-
trast, increased levels of high-density lipoproteins (HDL)
cholesterol are associated with reduced heart disease
risk (Miller and Miller 1975; Castelli et al. 1977b, Pear-
son et al. 1979). Elevation of other lipoprotein and
apolipoprotein measures, including plasma triglycer-
ide, intermediate-density lipoproteins (IDL), and apo-
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lipoprotein (apo) B, have also been associated with in-
creased coronary heart disease risk (Brunzell et al. 1984;
Criqui et al. 1987; Krauss et al. 1987). In a recent re-
port, we presented evidence that heterogeneity within
the LDL range of particle size influences risk of myo-
cardial infarction (Austin et al. 1988); that is, a lipo-
protein profile characterized by a predominance of
small, dense LDL subspecies (LDL subclass pattern B)
was associated with a significantly increased risk of myo-
cardial infarction.

It is well established that lipid levels aggregate in fam-
ilies (Sing and Orr 1978; Sosenko et al. 1980; Nam-
boodiri et al. 1984). With the exception of relatively
uncommon diseases such as familial hypercholesterole-
mia (Goldstein et al. 1973), however, the degree to which
familial aggregation of lipids contributes to the cluster-
ing of coronary heart disease in families is unknown
(Robertson 1981; Neufeld and Goldbourt 1983; Per-
kins 1986). In addition, it is not fully understood
whether the familial clustering of either lipids or coro-
nary heart disease is due to underlying genetic traits,
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to common environmental or behavioral traits among
relatives, or to a combination of both (Segal et al. 1982;
King et al. 1984). Results from twin studies support
the hypothesis that a substantial proportion of the
familial aggregation of lipids is genetic (Feinleib et al.
1977; Austin et al. 1987). Polymorphisms in the apo
Al and apo B genes have been associated with coronary
heart disease (Hegele et al. 1986; Ordovas et al. 1986).
We have presented preliminary data indicating that LDL
subclass patterns are also genetically controlled (Aus-
tin and Krauss, 1986). The present report uses com-
plex segregation analysis to investigate the inheritance
of LDL subclass patterns.

Material and Methods

Families

Sixty-one nuclear families in 29 kindreds were
recruited for this study between 1984 and 1987. The
kindreds ranged in size from six to 44 individuals, and
a total of 301 individuals were screened. With one ex-
ception, all kindreds were Mormons and had at least
one relative living in the San Francisco Bay area. Mor-
mon families were selected for this study because care-
fully maintained genealogical records were available and
because Mormon subjects generally do not smoke
tobacco and do not drink alcohol or caffeine-containing
beverages. Since these factors can alter lipid and lipo-
protein levels (Castelli et al. 1977a; Goldbourt and
Medalie 1977; Criqui et al. 1980; Ernst et al. 1980;
Williams et al. 1985), there were fewer confounders
in the genetic analysis of the data. The one non-
Mormon kindred was large (n = 28) and informative.
Since the segregation of LDL subclass patterns in this
kindred was not different from that in the Mormon
kindreds, it was included in the analysis.

Families were not selected for history of cardiovas-
cular disease or lipid disorders, although extended
kindreds were sequentially sampled when matings in-
formative for LDL subclass patternsA and B were found
(Cannings and Thompson 1977). Family members who
were not pregnant, had no serious diseases, and were
at least six years of age were eligible for the study. Among
the eligible relatives, the response rate was 93%. All
participants gave signed, informed consent. Blood sam-
ples were obtained from each subject after an overnight
fast. For nonlocal relatives, samples were delivered to
Donner Laboratory by overnight mail. In addition, each
subject completed a medical interview.

Analysis of LDL Subclass Patterns

Heterogeneity within the major lipoprotein classes-
very-low-density lipoproteins (VLDL), LDL, and HDL-
is well recognized. In our laboratory, multiple, discrete
subclasses of LDL particles have been identified and
characterized using analytic ultracentrifugation, den-
sity gradient ultracentrifugation, and gradient gel elec-
trophoresis (Lindgren et al. 1972; Shen et al. 1981;
Krauss and Burke 1982). For this analysis, nondenatur-
ing polyacrylamide gradient gel electrophoresis ofwhole
plasma and the d < 1.063 plasma fraction was per-
formed on 2%-16% gels according to a method de-
scribed elsewhere (Krauss and Burke 1982; Nichols et
al. 1986). On the basis of this technique, two distinct
LDL subclass patterns have been identified, denoted
pattern A and pattern B. Pattern A is characterized by
a major peak of large, buoyant LDL particles and a
minor peak of smaller, denser LDL. In contrast, pat-
tern B has a major peak of small, dense LDL with a
skewing of the curve toward the larger particle di-
ameters. Thus, it is the distribution of LDL particles
by size within the LDL density range that distinguishes
these patterns. In general, the peak particle diameter
determined from gradient gel electrophoresis is greater
than 255 A for pattern A and 255 A or less for pat-
tern B. In the present study, 87% of subjects could be
classified into one of these two patterns. The remain-
ing 13% of subjects had an intermediate pattern, with
some of the characteristics of both patterns A and B.
The mean peak particle diameters for A, intermediate,
and B patterns were 266 A, 259 A, and 248 A, respec-
tively.
A family including members with each of these LDL

subclass patterns is shown in figure 1. The mother has
LDL subclass pattern A (peak particle diameter 266
A), as do three of the offspring (peak particle di-
ameters 268, 270, and 268 A). The father has LDL
subclass pattern B (peak particle diameter 248 A). Two
of the offspring have intermediate patterns (peak parti-
cle diameters 257 and 259 A. These two peak parti-
cle diameters are slightly greater than 255 A, but the
distribution ofLDL particle sizes resembles that of pat-
tern B. Segregation analysis was carried out by classify-
ing subjects with the intermediate pattern as either pat-
tern B or pattern A. These classifications will be termed
"broad" and "narrow" definitions of pattern B, respec-
tively.

Segregation Analysis
The segregation ofLDL subclass patterns in the fam-

ilies was investigated using the mixed model with
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(T), and frequency of the susceptibility allele for the
trait (Q). Transmission probabilities-T1, T2, and
T3 -are also incorporated into the model, and T2 is
used to test for departure from Mendelian inheritance
(Elston and Stewart 1971). Maximum likelihood esti-
mation is used, and likelihood ratio tests compare nested
models by using x2 statistics. This analysis was based
on likelihood values conditional on the phenotypes of
parents and pointers (Morton 1982). All calculations
were performed using the computer program POINTER
(Morton et al. 1983).
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Figure I Pedigree of family 01, showing LDL subclass pattern
B (solid symbols), LDL subclass pattern A (striped symbols), and
the intermediate LDL subclass pattern (half-filled symbol). For each
individual, the age is given and the LDL subclass pattern from gra-
dient gel electrophoresis is shown with the peak particle diameter
expressed in angstrom units.

pointers (Lalouel et al. 1983). The unit of analysis is
the nuclear family, and "pointers" are used to include
individuals outside the nuclear family that lead to its
ascertainment (Lalouel and Morton 1981). The mixed
model assumes an underlying continuous liability for
the trait under study. It incorporates a major locus with
two alleles, multifactorial (polygenic or cultural) in-
heritance, and environmental effects. These effects are
assumed to be additive on the liability scale, so that
individuals above a threshold value express the trait
(Morton and MacLean 1974). In addition, discrete lia-
bility classes can be defined with the probability of ex-
pressing the trait depending on age, gender, or other
determinants (Morton et al. 1983). The parameters of
the mixed model are multifactorial (polygenic or cul-
tural) inheritance (H), dominance of the major locus
(D), difference in means of the liability distributions
for the homozygous genotypes, expressed in SD units

Results

Liability classes were defined for the segregation anal-
ysis on the basis of the observed distribution of LDL
subclass patterns by gender, age, and (in women) hor-
monal status. The distribution of patterns A and B in
the sample of relatives, when the broad definition is
used, is shown in table 1. The overall prevalence ofLDL
subclass pattern B was 31%. The prevalence differed
by gender: it was 37% among males and 25% among
females. For males in the sample, the prevalence also
differed considerably by age: under age 20 years it was
17%, and over age 20 years it was 44%. Even larger
differences were seen among females when considered
in terms of menopausal status. The prevalence of LDL
subclass pattern B was 13% among premenopausal
women and 49% among postmenopausal women (in-
cluding women who reported having had a hysterec-
tomy). Among the postmenopausal women, the preva-
lence of pattern B did not differ by hormone use. For
the segregation analysis, the liability classes consisted
of two age groups in males -ages 6-19 year and ages
20 and over-and of two hormonal status groups in
women-premenopausal and postmenopausal. Two ad-
ditional classes were defined for deceased or nonsam-
pled family members on the basis of the overall rates
for males and females. The frequency of the intermedi-
ate LDL subclass pattern in these groups ranged from
8% in premenopausal women to 19% in males age 20
years and over, but no trends by age or gender were
observed. The prevalence of LDL subclass pattern B
in each liability class was entered into the POINTER pro-
gram along with family data.
An example of an informative kindred for the segre-

gation of LDL subclass patterns A and B is shown in
figure 2. In this family, LDL subclass pattern B appeared
in 3 generations. Of the four siblings sampled in gener-
ation II, two had pattern B, one had the intermediate
pattern, and one had pattern A. Despite the relatively
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Table I

Distributions of LDL Subclass Patternsa by Gender, Age, and Hormone Status

Group LDL Subclass Pattern A (%) LDL Subclass Pattern B (%) Total

Males:
Age 6-19 years ....... 29 (82.9) 6 (17.1) 35
Age >20 ............ 63 (56.3) 49 (43.7) 112

Total ............. 92 (62.6) 55 (37.4) 147
Females:
Premenopausal ....... 90 (87.4) 13 (12.6) 103
Postmenopausal or

hysterectomy ....... 26 (51.0) 25 (49.0) 51

Total ............. 116 (75.3) 38 (24.7) 154

All subjects ...... 208 (69.1) 93 (30.9) 301

a The broad definition of LDL subclass pattern B was used; that is, subjects with an intermediate LDL
subclass pattern are grouped with subjects having pattern B.

low prevalence of pattern B among young males (table
1), an 8-year-old in generation III had the trait.
The observed segregation ratios for patterns A and

B among the 49 nuclear families with both parents sam-
pled, when the broad definition of pattern B is used,
are summarized in table 2A. Of the 41 offspring of 14
AxA matings, all had LDL subclass pattern A. Among
the 94 offspring of the AxB matings, 70% had pattern
A and 30% had pattern B. Similarly, among the 20
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Figure 2 Pedigree of family 17, showing presence ofLDL sub-
class pattern B in each of 3 generations (solid symbols). The age

of each sampled relative is also shown.

offspring ofBxB matings, 65% had pattern A and 35%
had pattern B. In table 2B are given the observed segre-
gation ratios from the 22 nuclear families in which at
least one child had LDL subclass pattern B.
-The results of the complex segregation analysis, when

the broad definition of pattern B was used, are given
in table 3. For each model, the maximum likelihood
estimates of parameters H, T2, D, T, and Q and the
value of -2 In L + C (where L is the likelihood) are

given and x2 tests comparing appropriate models are

shown. Parameter values in parentheses were not iter-
ated. The lower the value of -2 In L + C, the greater
the likelihood and the better the fit of the model. Prob-
ability values are given uncorrected for multiple com-
parisons.

Table 2

Observed Segregation Ratios of LDL Subclass Patterns A and B

No. OF OFFSPRINGNo. OF
MATING TYPE MATINGS Pattern A Pattern B Total

A. In 49 Nuclear Families

AxA. 14 41 (1.00) 0 (.00) 41 (1.00)
AxB. 27 66 (.70) 28 (.30) 94 (1.00)
BxB. 8 13 (.65) 7 (.35) 20 (1.00)

B. Among Families With at Least One Pattern B Offspring

AxB. 16 36 (.56) 28 (.44) 64 (1.00)
BxB .......... 6 6 (.46) 7 (.54) 13 (1.00)
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Table 3

Results of Complex Segregation Analysis Based on Broad Definition of LDL Subclass Pattern B

Comparison
Model H T2 D T Q -2 In L + C of Models %2 (df)

1. Unrestricted .......... .......... .01 .63 .62 2.68 .22 141.88
2. No inheritance of susceptibility ..... (.0) ... ... ... (.0) 184.51 2 vs. 1 42.63 (2)***
3. Multifactorial inheritance only .......29 (.0) (.0) (.0) (.0) 163.81 3 vs. 1 21.93 (4)***
4. No multifactorial component ....... (.0) .58 1.00 1.95 .25 143.05 4 vs. 1 1.17 (1)
5. General single locus ...... ........ (.0) (.5) .93 2.20 .29 144.22 5 vs. 4 1.17 (1)
6. Dominant single locus ...... ...... (.0) (.5) (1.0) 2.12 .25 144.45 6 vs. 5 0.23 (1)
7. Additive single locus ...... ....... (.0) (.5) (.5) 3.30 .23 147.35 7 vs. 5 3.13 (1)t
8. Recessive single locus ............. (.0) (.5) (.0) 1.97 .71 147.78 8 vs. 5 3.56 (l)t

t .05 < P < .10.
*** P < .001.

Hypotheses of no inheritance of pattern B (model
2) and multifactorial inheritance only (model 3) were

rejected in comparison with the unrestricted model
(model 1). A major gene model (model 4) fit the data
very well, and T2 did not vary significantly from 0.5
(model 5 vs. model 4). The single-locus dominant model
(model 6) was consistent with the general single-locus
model (model 5). Neither the additive nor the recessive
single-locus models (models 7 and 8, respectively) fit
the data as well as did the dominant model (model 6).
The differences in likelihoods of the additive and reces-

sive models compared with the general single-locus
model were of borderline significance (.05 < P < .10).
Of the single-locus models in table 3, the best likeli-
hood value was provided by the dominant model (model
6) with T = 2.12 and Q = .25.
On the basis of model 6, the penetrance of pattern

B for genotypes BB and AB was .39 for males younger

than age 20 years and increased to 1.00 for males age

20 years and over. Pattern B was not expected among
genotype AA males, regardless of age. For females of
genotypes BB and AB, penetrance values of pattern B
were .30 before menopause and 1.00 after menopause.
Among postmenopausal women with genotype AA, the
prevalence of pattern B was .11, indicating that pattern
B may occasionally be present in the absence of the
pattern B allele in this group ofwomen. Full penetrance
of pattern B was thus only observed in males ages 20
years and over and in postmenopausal females. Among
subjects in these groups with pattern B, the estimated
frequencies for genotypes BB, AB, and AA were .14,
.86, and .00, respectively, for adult males and .13, .75,
and .12 for postmenopausal females. Most subjects with

LDL subclass pattern B are, then, expected to have a
heterozygous AB genotype.
The complex segregation analysis was repeated using

the narrow definition of pattern B (table 4). The maxi-
mum likelihood model was obtained by iterating ma-
jor gene parameters with H = .00 (model 1). Models
with H values varying from .01 to .5 were considered,
but none provided a better fit to the data than model
1. Hypotheses of no inheritance (model 2) and mul-
tifactorial inheritance only (model 3) were again re-
jected. A general single-locus model (model 4) fit the
data well, and T2 did not differ significantly from .5
(model 4 vs. model 1). Dominant major gene inheritance
(model 5) had a likelihood identical to that of the general
single-locus model (model 4). However, the additive and
recessive models (models 6 and 7, respectively) could
not be rejected using this definition. The penetrance
values for model 5 were generally lower than penetrances
based on the broad definition of pattern B. Specifically,
the penetrance values for genotypes BB and AB, when
the narrow definition was used, were .11 for premeno-
pausal women, .91 for postmenopausal women, .02
for males under age 20 years, and .57 for males age
20 years and over. Prevalence of pattern B in individu-
als with genotype AA was zero for all liability classes.

Thus, when both the broad and narrow definitions
of pattern B were used, a dominant, single-locus model
accurately represented the data from this sample of fam-
ilies. On the basis of these models, the parameter values
for the distance between homozygous means (T) and
the allele frequency (Q) were nearly identical when both
the broad and narrow definitions of pattern B were used
(T = 2; Q = .25). The primary difference between
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Table 4

Results of Complex Segregation Analysis Based on Narrow Definition of LDL Subclass Pattern B

Comparison of
Model H T2 D T Q -2 In L + C Models %2 (df)

1. Maximum likelihood model ..... .... .00 .60 1.00 2.01 .25 93.08
2. No inheritance of susceptibility ...... (.0) ... ... ... (.0) 107.40 2 vs. 1 14.32 (2)***
3. Multifactorial inheritance only ....... . 28 (.0) (.0) (.0) (.0) 102.66 3 vs. 1 9.58 (4)*
4. General single locus ...... ......... (.0) (.5) 1.00 1.94 .25 93.82 4 vs. 1 .74 (1)
5. Dominant single locus ...... ....... (.0) (.5) (1.0) 1.94 .25 93.82 5 vs. 4 .00 (1)
6. Additive single locus ...... ......... (.0) (.5) (.5) 3.05 .69 94.80 6 vs. 4 .98 (1)
7. Recessive single locus ...... ........ (.0) (.5) (.0) 1.96 .69 94.80 7 vs. 4 .98 (1)

* P< .05.
*** P < .001.

the models based on different definitions was the lower
penetrance values observed when the narrow definition
was used.

Discussion

In this sample of healthy kindreds, complex segrega-
tion analysis suggests that the LDL subclass pattern
characterized by a predominance of small, dense LDL
particles (pattern B) is controlled by a single major lo-
cus. The model providing the best fit to the data in-
cluded a dominant mode of inheritance, and the allele
for pattern B was quite common (Q = .25). A recessive
mode of inheritance could not be rejected at the a =
.05 level, however, with an estimated allele frequency
of Q = .70. On the basis of the dominant model and
with the broad definition of pattern B, full penetrance
was observed in adult males and postmenopausal
women, while penetrance was low in young males and
premenopausal females. When the allele frequency es-
timate of .25 from the dominant model is used and
Hardy-Weinberg equilibrium is assumed, the propor-
tion of individuals homozygous for the pattern B allele
is estimated to be 6% and the proportion of heterozy-
gotes is 38%. Thus, among males age 20 years and
over and among postmenopausal women, 44% of the
population can be expected to express the pattern B
trait. When the narrow definition is used, penetrance
in these two groups is reduced to .57 and .91, respec-
tively. This suggests that the broad definition, classify-
ing intermediate LDL subclass pattern as pattern B, may
be the more appropriate definition.

Genetic influence on LDL size has been reported else-
where (Hammond and Fisher 1971; Fisher et al. 1975).

In five families, the molecular weight of "monodisperse"
LDL appeared to be inherited, possibly reflecting the
same trait reported here. A high frequency of small,
dense LDL has also been observed among patients with
familial combined hyperlipidemia (Krauss et al. 1983).
This disorder is characterized by the presence of elevated
cholesterol and/or triglyceride among family members
and by increased risk of coronary heart disease (Gold-
stein et al. 1973; Brunzell et al. 1983). A dominant
model of inheritance for familial combined hyperlipide-
mia was initially proposed (Goldstein et al. 1973), but
this has not yet been established. It is possible that the
gene controlling LDL subclass patterns may also be in-
volved in the development of familial combined hyper-
lipidemia.
Many other studies, using a variety of approaches

and analytic techniques, have considered potential
genetic influences on total and LDL cholesterol levels
(Segal et al. 1982). Family studies have generally
confirmed that total cholesterol and LDL cholesterol
levels are significantly correlated among first-degree rela-
tives but are not strongly correlated between spouses
(Sing and Orr 1978; Garrison et al. 1979; Sosenko et
al. 1980; Namboodiri et al. 1984). Path analyses have
revealed high heritability for LDL cholesterol (h2 =
.62) (Rao et al. 1979). Twin studies have reported a
heritability of .57 for LDL cholesterol in men (Feinleib
et al. 1977) and higher heritability (h2 = .91) in wom-
en, even after adjusting for shared environmental in-
fluences between cotwins (Austin et al. 1987). The best-
understood genetic abnormality responsible for hyper-
cholesterolemia is the LDL receptor defect in familial
hypercholesterolemia (Brown and Goldstein 1986).
However, this disease is relatively uncommon and can-
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not account for most of the variation in LDL choles-
terol levels found in the general population.

Genetic influences on plasma levels of apo B (the pri-
mary protein on LDL particles) are less well understood.
A recent investigation in Utah reported evidence for a
single major gene controlling elevated plasma apo B
levels (Hasstedt et al. 1987), and twin studies also sug-
gest significant heritability (Berg 1983). Variation at
the apo B locus, as reflected by DNA polymorphisms,
has been associated with increased risk of myocardial
infarction (Hegele et al. 1986) and with increases in
plasma triglyceride levels (Law et al. 1986). The Ag(x)
allele of the immunologically determined Ag marker
system of apo B has also been related to increases in
both total cholesterol and triglyceride levels (Berg et
al. 1976). Recently, a disorder designated familial defec-
tive apo B-100 has been identified, in which hyper-
cholesterolemia is due to LDL with abnormal receptor
binding (Innerarity et al. 1987). This disorder is most
likely due to a structural defect in the apo B-O00 on
LDL particles.
On the basis of the single-locus dominant model,

the reduced penetrance in premenopausal females and
young males could indicate that environmental, be-
havioral, and/or genetic background may modify the
expression ofLDL subclass pattern B. In a small study,
we found that patterns A and B were stable for a year
in a free-living sample of eight adults without dietary
intervention or drug treatment (R. M. Krauss, M. A.
Austin, and W. L. Fitch, unpublished data). However,
data from the present study and one other (McNamara
et al. 1987) suggest that age, gender, and hormonal
status are important. It has also been reported that the
use of antihypertensive medication, particularly beta-
blockers, may influence the size ofLDL particles (Schae-
fer et al. 1987) and that the ratio of abdominal to hip
girth is associated with small LDL mass (Terry et al.
1985).
The gene apparently controlling LDL subclass pat-

terns may have pleiotropic effects, and from the present
study alone it is not possible to determine the primary
effect of this locus. We have demonstrated that LDL
subclass pattern B is associated with relative increases
in plasma triglyceride, IDL mass, and apo B levels and
with decreases in HDL cholesterol, HDL2 mass, and
apo Al (Austin and Krauss 1986; Austin et al. 1988).
These results are comparable with previous reports of
interrelationships among lipoprotein subclasses (Krauss
et al. 1980, 1988). Thus it is possible that the produc-
tion of small, dense LDL subclass pattern B is one step
in a complex pathway that also involves the metabo-

lism ofVLDL andHDL (Deckelbaum et al. 1984; Eisen-
berg et al. 1984; Krauss 1987). In addition, we have
shown that LDL subclass pattern B is associated with
increased risk of myocardial infarction (Austin et al.
1988). It will be important to determine whether this
increased risk is due directly to the presence of small
LDL particles or is a consequence of one or more of
the other lipoprotein variations found in association
with this trait. Regardless of the mechanisms involved,
the present results suggest that a single genetic locus
is responsible for this common trait that may predis-
pose to coronary heart disease.
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