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Summary

Lp(a) is a unique lipoprotein consisting of an LDL-like particle and a characteristic protein, apo(a). Increased
levels of Lp(a) constitute a risk factor for coronary heart disease. Variation in the size of the apo(a) protein
is a phenotype controlled by the apo(a) gene on chromosome 6 and is related to Lp(a) plasma levels. Based
on 169 MZ and 125 DZ adult female twin pairs, this study's purpose was to estimate the proportion of
the variation in Lp(a) levels that is due to genetic influences and to determine the extent to which the apo(a)
locus explains this heritability. Lp(a) levels were significantly more similar in MZ twins than in DZ twins:
mean co-twin differences were 3.9 + 5.7 mg/dl and 16.0 + 19.9 mg/dl (P < .001), respectively. Intraclass
correlations were .94 in MZ twins and .32 in DZ twins, resulting in a heritability estimate of .94 (P < .001).
Heritability was then calculated using only co-twins with the same apo(a) phenotype: the heritability estimate
decreased to .45 but was still highly significant (P < .001). Therefore, on the basis of heritability analysis
of women twins, Lp(a) levels are almost entirely genetically controlled. Variation at the apo(a) locus contrib-
utes to this heritability, although other genetic factors could be involved.

Introduction

Lp(a) is a unique lipoprotein consisting oftwo compo-
nents: a particle similar to LDL, including apolipo-
protein (apo) B and the apo(a) protein linked by a
disulfide bond to the apo B molecule (Utermann
1989). The apo(a) protein is the distinguishing charac-
teristic of Lp(a) and results in a lipoprotein particle
that is larger than LDL but more dense. The gene for
the apo(a) protein has been mapped to the tip of the
long arm of chromosome 6, closely linked to the gene
for plasminogen (Drayna et al. 1988; Frank et al.
1988; Weitkamp et al. 1988; Lindahl et al. 1989).
These two genes show a high degree of homology,
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including the protease domain and several sequences
that code for protein "kringle" domains (McLean et
al. 1987). Because apo(a) contains an amino acid sub-
stitution at the corresponding site at which plasmino-
gen is cleaved by its activators to produce active plas-
min, it was initially suggested that apo(a) may not be
converted to an active serine proteinase (MacLean et
al. 1987). However, more recent reports have shown
apo(a) to have such activity (Salonen et al. 1989),
which has been characterized using synthetic peptide
substrates (Jauhiainen et al. 1991b).

Recently, Lp(a) has been the focus of intensive re-
search interest, following its original discovery by Berg
in 1963 (Berg 1963). Numerous epidemiologic studies
have shown that increased levels of Lp(a) in plasma
are associated with coronary heart disease (CHD)
(Albers et al. 1977; Kostner et al. 1981; Rhoads et al.
1986; Durrington et al. 1988; Rosengren et al. 1990;
Sandkamp et al. 1990). The presence ofLp(a) particles
in the arterial wall has also been reported to be associ-
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ated with atherosclerotic lesions (Walton et al. 1974;
Rath et al. 1989; Pepin et al. 1991). In a recent nested
case-control analysis of the Helsinki Heart Study,
however, no relationship between baseline Lp(a) level
and incidence of CHD was seen in either the placebo
group or the treated group (Jauhiainen et al. 1991a).

Furthermore, several studies have shown Lp(a) to
be associated with risk for cerebrovascular disease
(Murai et al. 1986; Zenker et al. 1986; Jurgens and
Koltringer 1987; Woo et al. 1990). These results, cou-
pled with the homology between the apo(a) and plas-
minogen genes, have lead to the hypothesis that Lp(a)
is genetically controlled and may be involved in both
atherosclerosis and thrombosis (Miles et al. 1989;
Scanu and Fless 1990; Rouy et al. 1991).

In contrast to most lipoprotein risk factors, Lp(a)
levels show little relationship to age, gender, or envi-
ronmental, behavioral, or other lipid factors (Sundell
et al. 1989; Scanu and Fless 1990; Corsetti et al.
1991). Among lipid-lowering drugs, only neomycin
and niacin appear to lower Lp(a) levels appreciably
(Gurakar et al. 1985; Carlson et al. 1989).
The familial similarity of Lp(a) has been recognized

since its discovery (Berg 1963), and familial risk of
CHD is also associated with Lp(a) levels (Berg et al.
1979; Durrington et al. 1988; Sandholzer et al., in
press). Until recently, however, the mode of genetic
inheritance has not been understood (Albers et al.
1974; Sing et al. 1974; Iselius et al. 1981; Hasstedt et
al. 1983; Morton et al. 1985). In 1987, Utermann et
al. (1987) reported size isoforms of apo(a) that were
inherited in families and were associated with Lp(a)
concentrations in plasma.
Mean levels of plasma Lp(a) have been consistently

associated with the apo(a) size polymorphism in sub-
sequent studies as well (Utermann et al. 1988b; Gau-
batz et al. 1990; Lackner et al. 1991). Specifically,
there is an inverse relationship between apo(a) size and
Lp(a) levels. However, there is considerable overlap
in Lp(a) distributions among subjects with different
isoforms (Utermann et al. 1988b). Boerwinkle et al.
(1989) have reported that 41.6% of the variance in
Lp(a) levels can be attributed to apo(a) phenotypes in
Caucasians, while as much as 70% of the variation is
accounted for in Asians (Sandholzer et al. 1991). Lp(a)
levels are also known to vary dramatically between
ethnic groups (Sandholzer et al. 1991). However, this
variation cannot be completely attributed to differ-
ences in the apo(a) phenotype distribution between
these ethnic groups.

Thus, much remains to be learned about the genet-

ics of Lp(a) and the relationship of apo(a) phenotypes
to this lipoprotein. Twin studies provide a unique op-
portunity to examine this relationship further. Analy-
sis of Lp(a) concentration allows estimation of herita-
bility by comparingMZ and DZ twin pairs. Inclusion
of apo(a) phenotype data also allows the estimation
of the minimal proportion of Lp(a) heritability attrib-
utable to the apo(a) locus itself.

Subjects and Methods

Subjects
The sample for the present analysis was drawn from

the 10-year follow-up of adult female twins that was
conducted at Kaiser Permanente in Oakland. The
original sample consisted of 434 pairs of female twins
who were born in 1960 or earlier and who agreed to
participate in the initial study during 1978-79 (Austin
et al. 1987). At that time, zygosity determination was
based on 20 polymorphic loci, with a probability of
<.001 of a DZ pair being identical for all loci.
Each twin pair was recontacted during 1989-90

and invited to return for the follow-up study. Re-
sponse rates were 81% and 82%, respectively forMZ
and DZ pairs. At the time of the follow-up study,
the average age of participants was 51 years. Each
participant completed an extensive health history
questionnaire, provided a fasting blood sample, and
had a physical examination. The majority of partici-
pants (90%, 316 pairs) were Caucasian. Because of
the marked differences in Lp(a) distributions among
ethnic groups (Sandholzer et al. 1991), only the Cau-
casian participants were included in the present anal-
ysis.

Laboratory Measurements

Fasting blood samples were drawn into EDTA va-
cutainer tubes for each subject. Samples were immedi-
ately centrifuged, and plasma was separated for analy-
sis. An aliquot of each sample was frozen at - 70°C,
and batches were shipped on dry ice to Innsbruck every
few months. Lp(a) concentrations in plasma were de-
termined by a sandwich-ELISA using a polyclonal
affinity-purified rabbit anti-Lp(a) antibody for coating
and the peroxidase-conjugated monoclonal anti-
apo(a) antibody 1A2 as the second antibody (Menzel
et al. 1990). Apo(a) phenotyping was performed by
SDS-PAGE of plasma under reducing conditions, fol-
lowed by immunoblotting according to a method de-
scribed elsewhere (Sandholzer et al. 1991). Immu-
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noblotting was performed using the monoclonal
anti-apo(a) antibody 1A2, which does not cross-react

with plasminogen (Menzel et al. 1990). A goat anti-
mouse peroxidase conjugate (Dako) at a 1:500 dilu-
tion was used as the second antibody. These analyses
were performed blinded to both the identity of co-

twins and the zygosity of pairs.
Of these samples, there were 20 pairs in which one

or both co-twins were missing either Lp(a) level or

apo(a) isoform. These pairs and the individual co-

twins in the pairs were excluded from all analyses.
Initially, there were 16 pairs ofMZ co-twins in which
the bands were very faint and in which apo(a) isoforms
did not appear identical. In each case, one co-twin had
one or two bands that were not detected in the other
co-twin. In 14 of the 16 pairs, sufficient plasma was

available to reanalyze samples, resulting in identical
bands for all co-twins in the same pair. A total of
169 MZ pairs and 125 DZ pairs were included in the
analyses after these considerations, for a total of 588
individual women.

Statistical Methods

Skewness was calculated as the third central mo-

ment (Snedecor and Cochran 1967), so that values >0
indicate a tail to the right in the frequency distribution,
and values <0 indicate a tail to the left. Because of the
considerable skewing in the frequency distribution of
Lp(a) levels (table 1), all statistical tests were per-

formed using natural log transformations, and antilog
mean values and median values are reported.

Comparisons of mean values forMZ and DZ twins
were made using Student's t-test. When more than two
groups of subjects were compared, one-way analysis
of variance (ANOVA) was performed (Winer et al.
1971) using orthogonal contrasts for multiple com-

parisons (Berenson 1983, pp. 102-104). These com-

putations were performed using the Statistical Analy-
sis System (SAS Institute 1985). Intraclass correlations
were used to compare Lp(a) values among co-twins,

by zygosity (Cavalli-Sforza and Bodmer 1971). As de-
scribed elsewhere (Boerwinkle and Sing 1968), the
contribution of apo(a) phenotypes to the variance of
Lp(a) levels was estimated as £fj(Xj - X)2, where Xj is
the average Lp(a) value for thejth apo(a) phenotype,
X is the grand mean of Lp(a), and fj is the frequency
of the jth apo(a) phenotype. This calculation was per-

formed for all twins and was repeated for one co-twin
from each pair.

Heritability analyses were performed using ANOVA-
based and maximum likelihood-based estimation.
Under the assumptions of each of these methods, heri-
tability estimates can be interpreted as the proportion
of variance in Lp(a) values that is attributable to ge-

netic influences, and they range from 0 to 1. The AN-
OVA calculations were performed with the modifica-
tions proposed by Christian et al. (1974), and the
classical heritability estimate was calculated as twice
the difference of the intraclass correlation coefficients:
b2 = 2(rmz- rDz). However, as a result of the large
difference in the intraclass correlation between MZ
and DZ twins, all estimates based on the ANOVA
model were >1.0, violating the assumptions of the
twin model (Christian et al. 1987).
To overcome this difficulty, maximum-likelihood

analysis of the twin data was also performed using the
computer program TWINAN90 (Williams et al., in
press). Estimation of parameters by this method is
performed on the basis of sample covariance matrices
for each zygosity, as described by Heath et al. (1989),
and is also available via the computer program LIS-
REL (Joreskog and Sorbom 1986). The following
models are fit to the data: the ADE model, in which
additive genetic variance (r2), dominant genetic vari-

ance (ao), and residual environmental variance (oe),
are estimated; the ACE model, in which or in the ADE
model is replaced by variation due to common twin
environment (a3); and the AE model involving only
aa and oe. The most appropriate model is selected on

the basis of intraclass correlations and likelihood-ratio

Table I

Distribution of Lp(a) Plasma Levels in Caucasian Women Twins

MEAN Lp(a) PLASMA PERCENTILE SKEWNESS

No. OF LEVEL + SD
INDIVIDUALS (mg/dl) 10 50 90 Lp(a) InLp(a)

MZ twins ............. 338 17.3 + 20.8 1.5 8.5 50.3 1.80 -.09
DZ twins............. 250 19.2 ± 23.3 1.5 10.0 59.8 1.85 -.16

All twins ........... 588 18.1 ± 21.9 1.5 8.9 55.1 1.84 -.12
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statistics (Williams et al., in press). Specifically, the
ACE model is preferred over the ADE model if rDz >
rMz/2, reflecting effects due to shared environment.
Otherwise-i.e., if rDz < rmz/2-the ADE model is
preferred, to reflect a dominance effect. The improve-
ment in fit of either the ADE model or the ACE model
over the AE model is determined by a likelihood-ratio
statistic. As suggested by Christian et al. (1974), an
F-test of equality of total variances between MZ and
DZ twins is used as a test of the appropriateness of the
twin model, using a conservative significance level of
.2. For the appropriate model, heritability estimates
are then calculated as the proportion of genetic vari-
ance over the total variance.

Results

The frequency distributions of plasma Lp(a) levels
are shown in figure 1, and descriptive statistics are
presented in table 1. For all 588 individual subjects,
the mean and median values for plasma Lp(a) were
18.1 and 8.9 mg/dl, respectively. These values were
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very similar when stratified by zygosity. As has been
reported in a number of studies of Caucasians (Albers
et al. 1977; Utermann et al. 1987; Sandholzer et al.
1991), the frequency distributions were highly skewed
(overall skewness 1.84), resulting in considerable
difference between mean and median values. Natural
logarithm transformation, however, largely removed
the skewing (overall skewness - 0. 12), and thus statis-
tical tests were performed using this transformation.
SDs, percentiles, and skewness values of Lp(a) plasma
levels were also similar for MZ and DZ twins (table
1 and fig. 1).
The frequency distribution of apo(a) phenotypes for

all study subjects is given in table 2A. In this sample,
the single-band S4 apo(a) phenotype was most com-
mon (32.5%), with S2 and S3 phenotypes being the
next most common and having equal frequency
(16.5%). The B and Si phenotypes were least frequent
(0.5% and 1.2%, respectively), and, in general,
double-band phenotypes were less frequent than
single-band phenotypes. If the locus is assumed to be
in Hardy-Weinberg equilibrium, then the frequencies

_~Monozygous (N=338) F1 Dizygous (N=250)

Figure I Frequency distribution of Lp(a) plasma levels (in mg/dl) in MZ twins and DZ twins. The distributions for both types of

twins are skewed but similar. Median values are 8.9 and 8.5, respectively.

Percent Frequency

5 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 1 1 1
0 5 0 5 0 5 0 5 0 5 0 5 0 5 0 5 0 5 0 0 1

0 5 0

Lp(a) plasma level (mg/dl)
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of the double-band phenotypes in this sample are

lower than would be expected: .046 versus .065, .049
versus .1 13, and .095 versus .1 13 for observed versus

expected frequencies, for S2S3, S2S4, and S3S4, respec-

tively. These results are similar to previous reports
(Utermann et al. 1987; Sandholzer et al. 1991). More
than 14% of subjects had the null phenotype (denoted
"O" in table 2). Note that these subjects had a very

low mean plasma Lp(a) level (2.0 mg/dl), probably
resulting in an inability to detect bands. In addition,
because study subjects are twins, observations in table
2A are not independent. However, frequency distribu-
tions were similar for MZ twins, DZ twins, and when
one co-twin was randomly selected from each pair
(data not shown).
Mean and median values of plasma Lp(a), by apo(a)

phenotype, are also reported in table 2A, and P values
for comparisons are in table 2B. As seen in other stud-
ies (Utermann et al. 1988b; Boerwinkle et al. 1989;
Gaubatz et al. 1990; Sandholzer et al. 1991), Lp(a)

levels were inversely related to apo(a) size among the
single-band phenotypes. These differences were sig-
nificant for S2 versus S3 phenotypes and for S2 versus

S4 phenotypes. However, because the SDs of Lp(a)
levels are large, the distributions for these apo(a) phe-
notypes actually overlap considerably.
Although the Lp(a) mean value for double-band S2S3

phenotype was intermediate between the mean values
for corresponding single-band S2 and S3 phenotypes,
a similar relationship was not seen for S2S4 and S3S4
phenotypes. These findings are probably due to the
fact that apo(a) size isoforms are phenotypes, not ge-

notypes. In particular, the presence of the null pheno-
type when this method is used does not allow, e.g., an

S2S2 genotype to be distinguished from an S20 geno-

type in the absence of data on parents.
On the basis of data on all individual twins, the

contribution of the apo(a) locus to Lp(a) levels as re-

flected by apo(a) phenotypes was estimated to be 46%
(Boerwinkle and Sing 1986). Because co-twins in the

Table 2

Apo(a) Phenotypes and Lp(a) Plasma Levels in Individual Women

A. Apo(a) Phenotype Frequency Distribution and Mean Lp(a) Plasma Levels, by Apo(a) Phenotype

apo(a) No. (%) OF Lp(a) LEVEL

PHENOTYPE INDIVIDUALS Mean ± SD Median

B ....................... 3 (.5) 66.7 ± 23.1 57.0
SI ................................... . 7 (1.2) 28.0 ± 17.7 25.3
S2 ....................... 97 (16.5) 33.3 ± 24.0 30.3
S3 ....................... 97 (16.5) 16.3 ± 19.4 9.0
S4 ....................... 191 (32.5) 10.8 ± 10.2 7.8
O ....................... 79 (13.4) 2.0 3.6 1.5
BS2 ....................... 0 (0) ... ...

BS3 ....................... 0 (0) ... ...

BS4 ....................... 2 (.3) 9.1 ± 4.4 9.1
S1S2 .............. ............ O (O) ... ...

SIS3 ....................... 0 (0) ... ...

SIS4 ................................ O (O) ... ...

S2S3 ....................... 27 (4.6) 28.3 ± 34.6 11.0
S2S4 ....................... 29 (4.9) 50.3 ± 31.8 53.0
S3S4 ....................... 56 (9.5) 16.9 ± 15.3 12.8

All phenotypes .................... 588 (100.0) 18.1 ± 21.9 8.9

B. P Values Comparing Mean Values of Lp(a) Plasma Level, by Apo(a) Phenotypea
S2 S3 S4 S2S3 S2S4 S3S4

0.0001 .0001 .0001 .0001 ... ... ...

S2 ......... .0001 .0001 .0043 .0152 ...

S3 .3221 .0696 ... .2438
S4 ......... ... .0001 .0360
S2S3. .0001 .3942
S2S4 .0001

a Only phenotypes with sample size >10 are included; data are based on analysis of variance using lnLp(a).
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same pair are not independent, this calculation was

repeated using only one co-twin per pair. A similar
estimate, i.e., 49%, was obtained.
The relationship of Lp(a) plasma levels and apo(a)

phenotypes was further explored by taking advantage
of the twin study design. Co-twin difference in Lp(a)
level was calculated for each twin pair, and absolute
values were taken. As seen in table 3, mean and me-

dian values of these differences were then determined
for different types of twin pairs. For the 169 MZ pairs,
the mean difference was small (3.9 mg/dl), and the
median difference was even smaller (1.8 mg/ dl). Since
apo(a) phenotype bands are a Mendelian trait (Uter-
mann et al. 1987, 1988a), and since MZ co-twins are

by definition genetically identical, the co-twins in each
MZ pair have the same apo(a) phenotype. For all 125
DZ pairs, the mean difference (16.0 mg/dl) was sig-
nificantly higher than that for theMZ pairs (P < .001).
DZ pairs were then stratified into those pairs in

which both co-twins had different apo(a) phenotype
(N = 60) and those in which co-twins had the same

phenotypes (N = 65) (table 3). Mean Lp(a) difference
in the latter group (7.7 mg/dl) was significantly lower
than the mean difference in the former group (25.0
md/dl) (P < .001). In addition, the mean difference
for the DZ pairs with the same phenotype in co-twins
was significantly larger than the difference for MZ
twins (P < .01). Thus, although co-twins in these two
groups had the same apo(a) phenotype, the DZ pairs
had larger Lp(a) differences, on average, than did the
MZ twins.
To refine this analysis, DZ pairs with the same

apo(a) phenotype were further stratified into those
pairs with the same double-band phenotype and those
with the same single-band phenotype (table 3). The

mean Lp(a) co-twin differences in these groups were

9.2 and 7.4 mg/dl, respectively. Thus, although the
DZ pairs with the same double-band apo(a) pheno-
type may be more likely to have the same genotype

at the apo(a) locus than are the pairs with the same

single-band apo(a) phenotype, the mean co-twin
differences for these two groups are not statistically
significant.

Intraclass correlations and heritability estimates for
plasma Lp(a) values are presented in table 4, for the
natural log transformation of Lp(a). The intraclass
correlations forMZ co-twins were extremely high (rmz
= .94; table 4). The top left panel of figure 2 shows
that Lp(a) for co-twins in the same pair were very

similar across the entire range of Lp(a) values, al-
though more variability is seen at higher levels. For all
DZ pairs, the intraclass correlation was much lower
(rDz = .32; table 4). As expected, considerably more
variability around the line of identity for co-twins is
seen (in the top right panel of fig. 2).
As noted above, because ANOVA-based heritabil-

ity estimates exceeded 1.0, Lp(a) heritability was esti-
mated using a maximum likelihood-based method
(Williams et al., in press). As shown in table 4, rDz

(.317) was not greater than rmz/2 (.468). Thus the
ADE model was the most appropriate. On the basis
of the likelihood-ratio statistic, the ADE model also
provided a significantly better fit than did the AE
model (P = .024), and the test of the twin model
was not rejected (P = .638). Thus, heritability was

calculated on the basis of the ADE model and resulted
in an estimate of .935 (P< .001). These results indicate
that Lp(a) plasma levels in these women twins are

virtually completely explained by genetic influences.
Lp(a) heritability estimates were also calculated on

Table 3

Co-Twin Differences in Lp(a) Plasma Levels

Lp(a) Co-TwIN DIFFERENCE
(mg/dl)

No. OF PAIRS Mean ± SD Median

MZ pairs ........... ............................. 169 3.9 ± 5.7 1.8
DZ pairs: 125 16.0 ± 19.9** 7.0
With different apo(a) phenotype in co-twins ............. 60 25.0 ± 23.5t 15.6
With same apo(a) phenotype in co-twins: 65 7.7 ± 10.7* 3.5

Double-band apo(a) phenotype in co-twins ........... 11 9.2 ± 10.9 4.3
Single-band apo(a) phenotype in co-twins ............. 54 7.4 ± 10.7 3.1

* P < .01, compared with MZ pairs.
** P < .001, compared with MZ pairs.
t P < .001, compared with DZ pairs with the same apo(a) phenotype in co-twins.
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Table 4

Intraclass Correlations and Heritability Estimates of Lp(a) Plasma Levels

MAXIMUM-LIKELIHOOD
HERITABILITY ANALYSIS

No. OF PAIRS INTRACLASS CORRELATIONS Preferred Heritability

MZ DZ MZ DZ Model Estimate

All twin pairs ....................... 169 125 .935 (P < .001) .317 (P < .001) ADEa .935 (P < .001)
Twin pairs with same apo(a)

phenotype in co-twins ......... 169 65 .935 (P < .001) .708 (P < .001) ACEb .449 (P < .001)

NOTE.-Natural log transformation was used in all calculations of Lp(a) plasma levels.
'Includes additive genetic variance, dominant genetic variance, and residual environmental variance components.
b Includes additive genetic variance, variance due to common environment, and residual environmental variance components.

the basis of menopausal status of twins. For twin pairs
in which both co-twins were premenopausal (73 MZ
pairs and 38 DZ pairs) and for pairs in which both
co-twins were postmenopausal (either naturally or

surgically) (73 MZ pairs and 61 DZ pairs), near com-
plete heritability was again found (data not shown).
Thus among these women twins menopausal status

does not appear to influence heritability. Previous
analyses have demonstrated that Lp(a) levels in this
sample do not vary significantly by menopausal status

(Selby et al. 1992).
We then investigated the heritability of Lp(a), tak-

ing into account apo(a) size phenotypes by using only
DZ twins with the same apo(a) phenotype. By match-
ing in this way, the analysis essentially "controls" for
apo(a) phenotype as a measure of variation at the
apo(a) locus. That is, because apo(a) phenotypes are

the same in both the MZ co-twins and DZ co-twins
used in this analysis, significant heritability estimates
suggest genetic influences not detected by the apo(a)
phenotypes. When the 65 DZ pairs with the same

apo(a) phenotype were used, the intraclass correlation
for DZ twins increased to .71, as seen in table 4 and
the bottom panel of figure 2. In this case, because rDz

(.71) did exceed rmz/2 (.468), the ACE model was the
most appropriate. Again, the ACE model provided
significant improvement over the AE model (P =

.002), and the test of the twin model was not rejected
(P = .886). The resulting heritability estimate de-
creased to .449 but was still highly significant (P <
.001).

Discussion

On the basis of heritability analysis of this sample
of adult women twins, plasma Lp(a) levels appear to

be virtually completely genetically controlled. The
correlation between MZ co-twins was .94, and the
heritability estimate was .935 (table 4). In a previous
report (Hewitt et al. 1982), based on 66 MZ and 33
DZ adult twin pairs, the heritability of sinking pre-
beta lipoprotein was estimated to be .98. Thus, as
with the present study, almost complete heritability
was found. Similarly, a recent report based on the
NHLBI twin study demonstrated, on the basis of gra-
dient-gel analysis, significantly more concordance for
high Lp(a) in MZ twins than in DZ twins (Lamon-
Fava et al. 1991). Other reports of Lp(a) in MZ twins
have suggested that the variability of Lp(a) levels, as
well as the absolute plasma level, are genetically con-
trolled (Berg 1984) but that there are a few exceptional
pairs in which the co-twin difference in Lp(a) level is
large (Berg 1990).

Although heritability analysis based on twins pro-
vides no information about types or number of genes
contributing to the heritability, apo(a) phenotype data
were incorporated into the present analysis by re-
peating the heritability analysis by using only DZ
twins in which the co-twins in a pair had the same
apo(a) phenotype. The heritability estimate decreased
to approximately .45. These results imply that the
apo(a) locus contributes to the heritability of Lp(a)
levels, although this contribution cannot be quantified
without assuming Hardy-Weinberg equilibrium and
strict polygenic additive inheritance. As seen in table
4, the decrease in the heritability was due primarily to
an increase in the intraclass correlation, from .32 in
all DZ twins to .71 in the DZ pairs in which co-twins
had the same apo(a) phenotype. On the basis of the
11 DZ pairs with the same double band apo(a) pheno-
type, the intraclass correlation increased even further,
to .79. Thus, Lp(a) levels were more similar in DZ
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Figure 2 Top left, Lp(a) plasma levels (in mg/dl) in MZ
co-twins. The Lp(a) level for one co-twin in each pair is shown on
the X-axis, and the Lp(a) level for the other co-twin is shown on
the Y-axis. If the levels in two co-twins were identical, they would
fall on the line of identity shown at a 450 angle. The intraclass
correlation in these 169 pairs is .935. Top right, Lp(a) plasma levels
in the 125 DZ co-twins. The intraclass correlation is .32. Bottom,
Lp(a) plasma levels in the 65 pairs of DZ twins in which both
co-twins had the same apo(a) phenotype. The intraclass correlation
is .71.

pairs with the same apo(a) phenotype in co-twins than
among all DZ pairs. Note that, although apo(a) phe-
notype data are used as markers for variation at the
apo(a) locus, the size of the apo(a) protein itself does
not influence the results.

However, the heritability estimate of .45 based on
DZ pairs with the same apo(a) phenotype (table 4) was
still statistically significant. This suggests that other
genetic influences may also contribute to Lp(a) levels.
A feasible explanation is additional variation within
the apo(a) locus, variation that is not detected by size

80 100 120 variation in the apo(a) protein as reported here. Sev-
eral studies have recently reported methods that detect
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many more alleles at the apo(a) locus (Gaubatz et al.
1990; Kamboh et al. 1991; Lackner et al. 1991). Thus
the apo(a) locus is more polymorphic than can be de-
tected by apo(a) size isoforms, and isoforms classified
as identical in DZ twin pairs may not represent the
same apo(a) allele.
At the apo(a) locus there may also be genetic varia-

tion other than the number of kringle IV repeats. For
example, it is known that the sequences of the kringle
IV domains are not all identical (McLean et al. 1987).
It is conceivable that differences in this sequence could
contribute to determining Lp(a) plasma levels. An-
other possibility is variation in the promoter sequence
of the apo(a) locus, which could explain the differ-
ences in associations of Lp(a) levels and apo(a) alleles
seen in different families. Each of these types of intra-
locus variation, if present, would result in underesti-
mates of the effect of the apo(a) locus on Lp(a) herita-
bility based on isoform data in twins.

Similarly, among DZ twins with the same apo(a)
phenotype, the number of parental alleles identical by
descent (IBD) cannot be determined from twin data
alone. Even if more specific apo(a) genotypes were
available on these twins, data on parents would be
necessary to determine whether DZ twins are IBD at
the apo(a) locus. Also, unlike the few MZ twins who
were initially misclassified by apo(a) phenotype be-
cause of faint bands on the gels, misclassified DZ twins
could not be corrected, since they may not have identi-
cal phenotypes. Both of these forms of bias have the
effect of underestimating the influence of the apo(a)
locus on Lp(a) heritability.
Another possible explanation of these results is that

variation at loci other than the apo(a) gene on chromo-
some 6 are involved in regulating Lp(a) levels. The
lower intraclass correlation of Lp(a) in DZ twins with
the same apo(a) phenotype, compared with MZ twins
(.71 and .94, respectively) could be due to genotypic
variation at other loci among the DZ twins- variation
that, by definition, is not present in MZ twins. It is
interesting that a recent study using a cynomologous
monkey model showed that both apo(a) size and he-
patic apo(a) mRNA levels independently influence
plasma Lp(a) concentration (Azrolan et al. 1991).

It is also important to consider potential bias in the
heritability analyses. For example, it has been shown
that MZ co-twins are more alike with respect to nu-
merous environmental factors that are known to affect
lipid and lipoprotein levels (Austin et al. 1987). Under
these circumstances, heritability estimates are biased
upward regardless of which statistical estimate is used

(Feinlieb et al. 1977). Since very few environmental
factors influence Lp(a) levels (Sundell et al. 1989;
Scanu and Fless 1990; Corsetti et al. 1991), it seems
unlikely that greater environmental covariance among
MZ co-twins constitutes an important bias in this
analysis. It is possible, however, that environmental
factors early in life influence Lp(a) levels, but these
influences are difficult to detect in adulthood. In addi-
tion, sampling variation can have considerable effects
on heritability estimates. Finally, as noted in Sub-
jects and Methods, although the initially nonmatching
apo(a) phenotypes in a few MZ pairs were corrected,
a similar correction could not be made for DZ twins.
The results for Lp(a) are in contrast to those of twin

studies of most other lipoprotein risk factors. In the
NHLBI male-twin study, heritability estimates were
moderate for lipid levels, ranging from .14 for HDL-C
to .68 for plasma triglyceride (Feinleib et al. 1977).
When baseline data from the present study were used,
heritability values for lipid levels were somewhat
higher, before and after adjusting for covariates (Aus-
tin et al. 1987), a finding similar to results based on
a study of Utah twins (Hunt et al. 1989). Even so, no
lipoprotein risk factor other than Lp(a) has shown
such high correlations among MZ twins, or such con-
sistently high heritability estimates.

In conclusion, these results based on data on adult
women twins demonstrate that plasma levels of Lp(a)
are virtually completely heritable and that the apo(a)
locus on chromosome 6 makes a major contribution
to the heritability of Lp(a) levels. However, the herita-
bility of Lp(a) is not fully accounted for by genetic size
variation in the apo(a) protein. Further understanding
of Lp(a) genetics will provide important insights into
the role of Lp(a) in atherosclerosis risk within families.
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