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Summary

From the cohort taking part in the Atherosclerosis Risk
in Communities (ARIC) study, a multicenter investiga-
tion of atherosclerosis and its sequelae in women and
men ages 45-64 years, a sample of 145 subjects with
significant carotid artery atherosclerosis but without
clinically recognized coronary heart disease was identi-
fied along with 224 group-matched control subjects.
The aim of this paper is to measure the association of
the apolipoprotein (apo) E polymorphism with the prev-
alence of significant carotid artery atherosclerotic dis-
ease (CAAD) after considering the contribution of estab-
lished risk factor variables. The first model used a step-
wise selection procedure to define a group of significant
physical and lifestyle characteristics and a group of sig-
nificant plasma lipid, lipoprotein, and apolipoprotein
variables that were predictive of CAAD status in this
sample. Those variables selected included age (years),
body mass index (BMI; kg/m?), consumption of ciga-
rettes (CigYears; number of cigarettes/d X the number
of smoking years), hypertension status, high-density li-
poprotein (HDL)-cholesterol (mg/dl), total cholesterol
(mg/dl), and Lp[a] (ug/ml). The second model was built
by forcing into the equation an a priori set of demo-
graphic, anthropometric, and lipoprotein variables,
which were age, BMI, CigYears, hypertensive status,
LDL-cholesterol, and HDL-cholesterol. In both models,
the apo E genotype £2/3 was related to CAAD status.
For both models, the estimated odds ratio of being a
CAAD case associated with the apo E genotype £2/3
was >2:1. The mechanism of the observed association
between the £2/3 genotype and carotid atherosclerosis
is unknown, but it is likely due to the known effects of
the E2 isoform in causing delayed clearance of triglycer-
ide-rich lipoproteins.

Introduction

A positive family history of heart disease is a significant
risk factor for coronary heart disease (CHD) (ten Kate
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et al. 1982; Shea and Nichols 1983), and genes are
known to contribute to interindividual variation in
plasma lipid, lipoprotein, and apolipoprotein levels
(Boerwinkle and Hixson 1990). The virtual explosion
in our knowledge of the human genome holds the prom-
ise of identifying gene sequences that are also risk factors
for CHD. However, little is known about the ability of
individual genes to predict disease beyond that afforded
by traditional risk factors such as gender, plasma choles-
terol levels, weight, and smoking. The null hypothesis
states that genetic information does not improve predic-
tion of CHD beyond that of traditional risk factors,
which are typically less expensive to measure, more ac-
cessible to the public, and often better lend themselves
to intervention.

Several genes have been implicated in the genesis of
atherosclerosis and abnormal lipid metabolism. For ex-
ample, mutations in the LDL-receptor gene, leading to
familial hypercholesterolemia, have a large effect on
plasma cholesterol levels and are associated with the oc-
currence of CHD (Goldstein and Brown 1989), but all
individuals with this inborn error of metabolism do not
have clinically recognized disease. Furthermore, because
of the rare frequency of familial hypercholesterolemia
relative to the common occurrence of ischemic heart dis-
ease, such mutations account for only a small proportion
of the observed familial aggregation of CHD in the gen-
eral population. In contrast, allelic variation at the apoli-
poprotein E (apo E) gene locus is common, and its impact
on plasma lipid transport has been extensively studied
(Davignon et al. 1988; Hallman et al. 1991). Apo E is a
structural component of circulating chylomicrons, very-
low-density lipoproteins (VLDL), and high-density lipo-
protein (HDL) and is a ligand for several classes of lipo-
protein receptors. Human apo E is polymorphic with
three common alleles, €2, €3, and €4 (Utermann et al.
1977). Numerous studies have shown that the average
effect of the €2 allele is to lower total serum cholesterol,
and the average effect of the €4 allele is to raise total
cholesterol levels (Sing and Davignon 1985; Hallman et
al. 1991; Boerwinkle and Utermann 1988). Dallongeville
et al. (1992) and Brown and Roberts (1991) have re-
ported that the apo E polymorphism also influences fast-
ing plasma triglyceride levels. The observed effect of the
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apo E polymorphism on fasting plasma lipid levels is
thought to be attributable to altered receptor-binding af-
finities of the apo E isoforms, leading to changes in post-
prandial chylomicron remnant clearance and subsequent
up- or down-regulation of hepatic LDL receptors and
to an altered distribution of the apo E isoforms among
triglyceride-rich lipoproteins and HDLs (Weisgraber et
al. 1982; Hui et al. 1984; Gregg et al. 1986; Weintraub
et al. 1987; and Boerwinkle et al. 1994).

Even though several reports have described an associ-
ation between the apo E polymorphism and clinically
recognized CHD (Menzel et al. 1983; Cumming and
Roberts 1984; Lenzen et al. 1986; Kuusi et al. 1989),
only one previous study (Hixson et al. 1991) has exam-
ined the contribution of this gene directly to atheroscle-
rosis and simultaneously considered the effects of more-
established risk factors. In this paper, we characterize
the relationship between the common apo E polymor-
phism and carotid artery atherosclerosis in subjects tak-
ing part in the Atherosclerosis Risk in Communities
(ARIC) study (1989), after the contribution of estab-
lished risk factor variables are considered.

Methods

Sampling

Participants were selected from ARIC, a prospective,
multicenter investigation of atherosclerosis and its se-
quelae in women and men aged 45-64 years. Approxi-
mately 16,000 residents were recruited into the ARIC
study, 4,000 in each of four communities: Forsyth
County, NC; the city of Jackson, MS; the northwestern
suburbs of Minneapolis, MN; and Washington County,
MD. Each sample was a probability sample designed to
be representative of residents living in that community,
except for the Jackson sample, which consisted only of
black residents. The general design of the ARIC study
is described elsewhere (ARIC Investigators 1989).

Carotid artery wall thickness was measured by B-
mode ultrasonography (Pignoli et al. 1986). Subjects
were designated “cases” if the maximum carotid arterial
intima-media far-wall thickness was >2.5 mm at any
site or if there was bilateral thickening of >1.7 mm at
the internal carotid, >1.8 mm at the bifurcation, or >.6
mm at the common carotid arteries. These cutpoints
exceeded the 90th percentile for the ARIC study popula-
tion at each site (Heiss et al. 1991). These criteria were
relaxed for blacks to exact 90th percentile cutpoints in
order to obtain more subjects for study. Controls were
group-matched to cases by gender, race, field center,
10-year age group, and time of examination. Although
vascular-wall thickness measured in this way cannot un-
equivocally be attributed to atherosclerosis, the relation-
ship between wall thickness and atherosclerosis is well
documented (Ross 1986). Selection of cases, using the
highest decile of the distribution, as advised by collabo-
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rating experts in clinical ultrasound, identifies a sample
of individuals likely to develop subsequently carotid ar-
tery stenosis. Finally, previous analyses (Heiss et al.
1991) have reported differences in mean level or fre-
quency of well-established risk factors of CHD (e.g.,
cholesterol and hypertension) between ARIC carotid ar-
tery cases and controls. Cases and controls were re-
quired to meet minimum visualization criteria of arterial
wall boundaries on ultrasound. Other exclusion criteria
for case/control selection were evidence of symptomatic
cardiovascular or cerebrovascular disease defined by a
history of angina on effort, physician-diagnosed heart
attack, transient ischemic attack or stroke, or intermit-
tent claudication; use of lipid-altering medication, in-
cluding beta blockers and thyroid medication; use of
oral contraceptives in premenopausal women; insulin-
dependent diabetes mellitus; chronic renal or liver dis-
ease; and hypertriglyceridemia defined as a fasting tri-
glyceride level >400 mg/dl.

Sitting blood pressure was measured after a 5-min
rest, three times, using a random zero sphygmomanome-
ter. The blood pressure value used here was the average
of the second and third readings. Hypertension was de-
fined by a systolic or diastolic blood pressure >160 or
95 mmHg, respectively, or by current use of antihyper-
tensive medication. Body mass index (BMI) was calcu-
lated from measurements of weight (to the nearest
pound) or height (to the nearest centimeter) and is re-
ported in units of kg/m?.

Postprandial Protocol

To gain further insight into the mechanism by which
the apo E polymorphism may be associated with carotid
artery atherosclerotic disease (CAAD), the extent of
postprandial response was measured in these case-con-
trol subjects. On the day of the fat-tolerance test, study
participants arrived at the field centers after fasting for
12 h, and a blood specimen was taken before adminis-
tration of the test meal. For each 2 m? of body surface
area, a liquid meal was ingested containing 1,237 Kcal,
32.7 g of protein, 47.8 g of carbohydrate, 300 mg of
cholesterol, 105 g of fat, and 100,000 IU of vitamin
A (Aquasol; Armour Pharmaceutical). Participants were
instructed not to take anything by mouth except water,
sugarless drinks, or coffee for a period of 8 h after inges-
tion of the test meal. Postprandial blood specimens were
collected into EDTA-containing tubes at fasting, 3.5,
and 8 h. Plasma was separated by centrifugation (1,500
X g, 20 min at 4°C) and stored in the dark at 4°C
for 1-3 d. Postprandial “response” was defined as the
difference between levels 8 h postprandially and fasting,
a measure which was found to be significantly associated
with coronary artery disease in a cross-sectional study
(Patsch et al. 1992).

Laboratory Methods

Plasma cholesterol and triglyceride concentrations
were measured enzymatically on a Cobas-Fara centrifugal
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analyzer (Roche Diagnostics) with the appropriate enzy-
matic kits (catalog numbers 236691 and 701912; Boeh-
ringer Mannheim). HDL-cholesterol was determined by
measuring cholesterol in the supernatant after precipita-
tion with MgCl, and dextran sulfate (Warnick et al.
1982; Patsch et al. 1989). Concentrations of HDL;-cho-
lesterol were determined after reprecipitation of the total
HDL-cholesterol supernatant with increasing concentra-
tions of MgCl, and dextran sulfate (Warnick et al. 1982;
Patsch et al. 1989). LDL-cholesterol levels were calcu-
lated according to Friedewald et al. (1972). Plasma apo
B and A-I levels were measured by radioimmunoassay
according to the methods of Schonfeld et al (1974) and
Brown et al (1988), respectively. Plasma Lp(a) concentra-
tions were measured by an enzyme-linked immunoassay
described elsewhere (Gaubatz et al. 1986). Retinyl palmi-
tate levels in plasma were determined by high-pressure
liquid chromatography as described elsewhere (Boerwin-
kle et al. 1994).

Apo E genotypes were determined by restriction isotyp-
ing (Hixson and Vernier 1990). Genomic DNA was ex-
tracted from frozen buffy coats, amplified by PCR using
the primers reported by Emi et al. (1988), and restricted
with Hhal. The apo E genotypes were typed directly from
ethidium bromide-stained 12% polyacrylamide gels.

Statistical Methods

The one-way analysis of variance (ANOVA) and non-
parametric Kruskal-Wallis statistic were applied to test
whether the demographic and anthropometric variables
and plasma lipid, lipoprotein, and apoliprotein levels
differed among apo E genotypes within the two groups
defined by CAAD status. A simple contingency y statis-
tic was first used to test whether apo E genotype and
allele frequencies were different among CAAD disease
groups. These analyses were performed separately in
white and black subjects.

Conditional stepwise logistic regression (Kleinbaum
et al. 1982; Hosmer and Lemeshow 1989) was used to
identify a set of variables that were significantly related
to case-control status. The list of potential variables in-
cluded age; BMI; CigYears (cigarette consumption, de-
fined as the number of cigarettes smoked/d X the num-
ber of smoking years); hypertension status; ethanol con-
sumption; and fasting glucose, insulin, total cholesterol,
triglyceride, LDL-cholesterol, HDL-cholesterol, HDL,-
cholesterol, HDL;-cholesterol, apoA-I, apoB, and Lpl[a]
levels. Because this is a cross-sectional study, the depen-
dent variable in the logistic regression equation is the
log odds of being a CAAD case at the time of baseline
examination, rather then the logs odds of developing
CAAD during some fixed time interval. Logistic regres-
sion analysis was used rather than discriminant analysis
because the model for logistic regression is less restrictive
with respect to assumptions than the linear discriminant
models (Press and Wilson 1978). Two separate models
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were used to estimate the relationship between the apo
E polymorphism and CAAD status. In the first model,
a set of significant demographic and anthropometric
variables were initially identified; to this list the set of
biochemical measures, such as plasma lipid concentra-
tions variables, were added. We next asked whether in-
formation about apo E genotype improved the ability
to discriminate CAAD case status beyond that afforded
by these more-traditional risk factors. In the second
model, an a priori set of demographic, anthropometric,
and lipoprotein variables were identified and “forced”
into the model. This set of variable was chosen to repre-
sent a set of well-accepted risk factors as identified by
the American Heart Association and the National Insti-
tutes of Health (AHA/NHLBI 1990). Next, we asked
whether apo E genotypes contribute to our ability to
discriminate CAAD case status beyond that afforded by
these established risk factors. A P-value of <.10 was
considered statistically significant.

Results

Lifestyle Variables and Plasma Lipid, Lipoprotein, and
Apolipoprotein Concentrations in Study Subjects

This study examined 145 cases (47 women and 98
men) and 244 controls (89 women and 155 men), for
whites, and 24 cases (11 women and 13 men) and 46
controls (26 women and 20 men), for blacks. In whites,
there were 337 nonhypertensive subjects (224 controls
and 113 cases) and 50 hypertensive subjects (19 controls
and 31 cases). In blacks, there were 43 nonhypertensive
subjects (29 controls and 14 cases) and 27 hypertensive
subjects (17 controls and 10 cases). In whites, cases
showed higher average values than controls for age (57
versus 55 years), BMI (27 versus 26 kg/m?), glucose levels
(103 versus 99 mg/dl), cigarette consumption (621 versus
277 CigYears), and ethanol consumption (55 versus 46
g/wk). Significant differences were observed between
cases and controls for age (P = .036), BMI (P = .001),
glucose level (P = .003), and CigYears (P = .001). In
blacks, cases showed higher average values than controls
for age (56 versus 55 years) and ethanol consumption
(48 versus 22 g/wk). However, these differences were not
statistically significant (table 1).

Fasting plasma lipid, lipoprotein, and apolipoprotein
levels for the cases and controls are shown in table 2.
In whites, cases had higher average values than controls
for total cholesterol (221 versus 204 mg/dl), triglycerides
(146 versus 107 mg/dl), LDL-cholesterol (145 versus
128 mg/dl), apoB (98 versus 86 mg/dl), and Lp[a] (83
versus 62 ng/ml); while cases had lower average values
than controls for HDL-cholesterol (47 versus 55 mg/dl),
HDL,-cholesterol (12 versus 15 mg/dl), HDL;-choles-
terol (35 versus 40 mg/dl), and apoA-I (124 versus 133
mg/dl). These differences between cases and controls
were statistically significant for all variables. In blacks,
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Table |
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Physical and Lifestyle Characteristics in Control and Case Subjects

CONTROLS CASES
CHARACTERISTIC
AND RACE n Mean (SD) n Mean (SD) p?

Age (years):

White .cceeeveerervennenne 244 55 (5) 145 57 (5) .036

Black ....cocvevennnnnne 46 55 (6) 24 56 (6) 556
BMI (kg/m?):

White .... 244 26 (4) 145 27 (5) .001

Black 46 28 (6) 24 28 (5) .736
Glucose (mg/dl):

White .....cccevvuennenn. 244 99 (10) 145 103 (17) .003

Black .ccoeevveiineinnenne 45 107 (33) 24 99 (12) 268
CigYears®:

White ....ccoeeereennne 240 277 (416) 142 621 (525) .001

Black .ccoevevveeennnes 43 277 (607) 23 279 (378) 993
Ethanol (g/wk):

White ... 242 46 (84) 145 55 (99) .679

Black 46 22 (61) 24 48 (118) 227
Wall Thickness (mm):

White ..ccovevveevernnene 244 .63 (.081) 145 1.17 (.257) .001

Black ..cccoevvivvennnene 46 .66 (.097) 24 1.04 (.187) .001

2 Probability of observing the mean difference between cases and controls by chance.
> Number of cigarettes per day times the number of smoking years.

cases showed higher average values compared with con-
trols for HDL,-cholesterol (18 versus 16 mg/dl) and
Lp[a] (176 versus 141 pg/ml), while cases showed lower
average values compared with controls for total choles-
terol (206 versus 212 mg/dl), triglycerides (107 versus
112 mg/dl), HDL-cholesterol (56 versus 57), HDL; (38
versus 41 mg/dl), LDL-cholesterol (129 versus 133 mg/
dl), apoA-I (132 versus 143 mg/dl), and apoB (84 versus
93 mg/dl). Despite these observed differences in plasma
lipid levels among black subjects, they did not reach
statistical significance, most probably because of the re-
laxed CAAD selection criteria for black subjects de-
scribed in Methods. As can be seen in table 1, the differ-
ence in average carotid artery wall thickness between
cases and controls is less in the sample of blacks than
in the sample of whites.

Apo E Genotype and Allele Frequencies in Cases and Controls

The observed frequencies of the six apo E genotypes
in cases and controls are shown in table 3. The most
frequent genotype was €3/3, in both disease groups and
races. One white subject in each disease group was iden-
tified as an €2/2, and only a few subjects showed the
£2/4 or €4/4 genotypes. In blacks, the observed apo E
genotypes were £€2/3, £2/4, £€3/3, and €3/4. No significant
difference was observed in apo E genotype frequencies
between cases and controls, when all genotypes were
considered (P = .63 for whites; P = .44 for blacks) or
when the analysis was restricted to the three most com-

mon genotypes, €2/3, €3/3, and €3/4 (P = .22 for whites;
P = .46 for blacks).

The estimated apo E allele frequencies in the sample
of 244 white control subjects were .063, 0812, and .125
for the €2, £3, and €4 alleles, respectively. In the sample
of white cases, the estimated apo E alleles frequencies
were .090, .783, and .127 for the €2, €3, and &4 alleles,
respectively. The estimated frequencies of the €2, €3,
and &4 alleles in the sample of black controls were .076,
.793, and .130, respectively, and .104, .812, and .0833,
respectively, in the sample of black cases. In both race
and disease groups, the observed genotype frequencies
were in agreement with Hardy-Weinberg expectations.
The frequencies of the apo E alleles were not signifi-
cantly different between CAD cases and controls in ei-
ther racial group (P = .39 for whites; P = .63 for blacks).

Effect of the Apo E Polymorphism on Plasma Lipid,
Lipoprotein, and Apolipoprotein Levels

The estimated mean and SD of plasma lipid, lipopro-
tein, and apolipoprotein levels for cases and controls in
the sample of whites and blacks are shown in table 4.
Two different statistics (ANOVA and Kruskal-Wallis
tests) were applied, to test the effect of the apo E geno-
types on plasma lipid levels. In the sample of white con-
trol subjects, the effect of the apo E genotypes on plasma
LDL-cholesterol and apoB was significant by the AN-
OVA. According to the Kruskal-Wallis test, in the group
of white controls, the levels of LDL-cholesterol and
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Table 2

Plasma Lipid, Lipoprotein, and Apolipoprotein Levels in Control and Case Subjects

CONTROLS CASES
VARIABLE®
AND RACE n Mean (SD) n Mean (SD) P®
Cholesterol:
White ............. 244 204 (38) 145 221 (41) .000
Black ............. 44 212 (42) 24 206 (41) .579
TRG:
White ............. 244 107 (60) 145 146 (91) .000
44 112 (48) 24 107 (52) 714
White ............. 244 55 (18) 145 47 (15) .000
Black ............. 44 57 (16) 24 56 (19) .853
HDL,
White ............. 244 15 (10) 145 12 (7) .001
Black ............. 44 16 (9) 24 18 (9) 423
HDL;
White ............. 244 40 (11) 145 35 (11) .000
Black ............. 44 41 (11) 24 38 (13) 379
243 128 (36) 143 145 (37) .000
44 133 (40) 24 129 (39) 679
244 133 (30) 145 124 (29) .005
44 143 (32) 24 132 (34) 192
244 86 (26) 145 98 (26) .000
44 93 (34) 24 84 (26) 263
243 62 (73) 144 83 (87) .012
42 141 (103) 23 176 (132) 242

2 All levels expressed as mean (SD) in mg/dl except Lp[a], which is expressed as pg/ml.
b Probability of observing the mean difference between cases and controls by chance.

apoB were consistently different among apo E geno-
types. Average LDL-cholesterol levels were significantly
lower in individuals carrying an €2 allele, compared with
the other genotypes. For example, average LDL-choles-
terol levels were 89, 108, and 95 mg/dl for the €2/2, €2/

Table 3

Comparison of Apolipoprotein E Genotype Frequencies between Controls and Cases
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3, and €2/4 white control subjects, respectively, and 131,
129, and 135 mg/dl for the £3/3, €3/4, and €4/4 white
control subjects, respectively. The only significant differ-
ence among apo E genotypes in white cases was ob-
served on plasma apoB levels (P = .027), using the

APOLIPOPROTEIN E GENOTYPES

GROUP AND RACE €2/2 €2/3 €2/4 €3/3 €3/4 e4/4 ToTtAL
Controls (n and frequency [%]):
White 1(.41) 22 (9.02) 7 (2.87) 165 (67.62) 44 (18.03) 5 (2.05) 244 (100)
Black 0 (0.0) 7 (15.22) 0 (0.0) 27 (58.70) 12 (26.09) 0 (0.0) 46 (100)
Cases (n and frequency [%]): ’
White 1(.69) 21 (14.48) 3 (2.07) 89 (61.38) 28 (19.31) 3(2.07) 145 (100)
Black 0 (0.0) 4 (16.67) 1 (4.17) 16 (66.67) 3 (12.50) 0 (0.0) 24 (100)

NoOTE.—y? = 3.45 with P = .63 for comparison of cases and control within whites. x> = 1.64 with P = .44 for comparison of cases and
control within blacks. x*> = 3.07 with P = .22 for comparison of cases and control within whites considering only the three common genotypes.
x> = 1.54 with P = .46 for comparison of cases and control within blacks considering only the three common genotypes.



Table 4

Fasting Plasma Lipids, Lipoprotein, and Apolipoprotein Levels by ApoE Genotype

Variable®
and Race €2/2 €2/3 €2/4 €3/3 €3/4 e4/4 P® P
Controls:
Cholesterol
White 175 186 (40) 176 (17) 207 (39) 206 (35) 204 (40) 075 .050
Black .. e 214 (67) e 213 (38) 207 (38) - 918 962
TRG
White ............ 76 118 (83) 85 (33) 105 (60) 111 (56) 105 (19) .822 .854
Black ............ . 129 (71) ... 101 (46) 126 (48) ... 224 339
71 55 (22) 64 (17) 55(18) 54 (15) 47 (12) 631 .389
.. 50 (19) v 59 (17) 57 (19) A 494 493
16 15 (13) 20 (12) 15 (10) 14 (8) 13 (2) .860 .805
.. 14 (4) e 17 (10) 16 (8) e .738 .947
55 40 (14) 44 (7) 40 (11) 40 (10) 34 (11) 489 .329
.. 36 (9) cen 42 (10) 41 (14) . .506 432
89 108 (40) 95 (27) 131 (36) 129 (32) 135 (42) .010 .009
.. 138 (58) .. 135 (39) 126 (31) .. .781 .807
161 133 (32) 159 (40) 131 (29) 136 (32) 122 (21) 167 268
.. 128 (23) 148 (34) 141 (30) 323 296
73 78 (38) 68 (17) 86 (25) 88 (22) 111 (28) .047 .021
.. 76 (24) v 94 (30) 103 (46) .. 275 .381
9 40 (43) 58 (79) 66 (77) 54 (67) 114 (74) 250 .073
103 (70) v 150 (120) 143 (81) e 581 494
Cases:
Cholesterol
White ............ 222 204 (41) 234 (5) 221 (42) 231 (32) 213 (27) 314 .304
e 200 (14) 167 211 (46) 199 (48) e .739 518
184 145 (96) 229 (102) 134 (57) 174 (155) 126 (16) 225 455
Black ............ - 164 (72) 91 92 (43) 120 (31) .. .082 150
34 46 (13) 34 (8) 48 (16) 45 (12) 61 (28) 277 351
.. 52 (19) 52 59 (21) 45 (9) e 692 .814
9 10 (4) 12 (7) 12 (7) 11 (7) 17 (10) .501 556
14 (4) 18 20 (10) 11 (2) e 432 .346
25 36 (9) 22 (12) 37 (11) 35 (8) 44 (19) .189 339
.. 38 (10) 34 39 (14) 33 (8) v 905 .876
151 129 (33) 154 (17) 146 (38) 155 (35) 127 (2) 197 146
e 114 (45) 97 134 (39) 131 (40) e .699 .644
94 114 (23) 104 (30) 126 (30) 124 (23) 154 (36) 115 .149
.. 144 (33) 136 130 (39) 126 (5) ce .908 .536
97 84 (25) 112 (9) 99 (25) 107 (31) 88 (16) .054 .027
78 (22) 70 87 (30) 81 (10) e .874 734
75 69 (78) 83 (84) 98 (92) 98 (92) 121 (192) .859 .796
73 (43) 238 196 (148) 192 (103) 413 233

2 All levels expressed as mean (SD) in mg/dl except Lp[a] which is expressed as pg/ml.
® P-value from the one-way ANOVA.
¢ P-value from the Kruskal-Wallis test.
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Table 5
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Relationship Between the Apo E Polymorphism and CAAD Status

Using a Stepwise Selection Procedure

Variables Coefficient ~ Standard Error P Odds Ratio
Apo E Genotypes:
E2/2 ittt e aeene 1.26 1.506 40 3.53
€2/3 613 346 .077 1.85
€2/4 —.045 .733 951 956
€3/4 .240 .303 427 1.27
€4/4 115 751 .878 1.12
Significant Lifestyle and Plasma Lipid Variables:
Age (years) ....... 153 .051 .003 1.17
BMI (kg/m?) .. .0778 .0358 .0297 1.081
CigYears .... .0016 .0003 .0001 1.002
Hypertension .892 407 .0284 2.440
Cholesterol (mg/dl) .... .0079 .0037 .0292 1.008
Lpl[a] (pg/ml) .0039 .0017 .0242 1.004
HDL-cholesterol (mg/dl) .....ccccoervrurrrecrrrruenee. —-.0331 .0109 .0025 967
Significant Lifestyle and Plasma Lipid Variables
and Apo E Genotypes:
Age (years) ....... .149 .0511 .0036 1.161
BMI (kg/m?) .0836 .0366 0224 1.087
CigYears® .. .0017 .0003 .0001 1.002
Hypertension 985 406 .0155 2.68
Cholesterol (mg/dl) .0090 .0037 .0159 1.009
Lp[a] (ug/ml) ... .0039 .0018 .0248 1.004
HDL-cholesterol (mg/dl) .....ccceoevreerevrererrerunnene —.0335 .0112 .0026 967
€2/2 2.20 2.56 391 9.00
€2/3 .800 455 .079 2.23
E2/4 ittt .289 1.060 .785 1.34
€3/4 —.0083 .381 .983 992
€4/4 .646 .790 414 191

* CigYears expressed as number of cigarettes per day times number of smoking years.

Kruskal-Wallis test. No significant differences were ob-
served in blacks for any of these measures.

Conditional Logistic Regression with the Apo E Polymorphism
Because of the small size of the black sample, the
conditional logistic regression was performed only in
the sample of white subjects. When apo E genotypes
were considered as the only potential variables, the €2/
3 genotype was associated with CAAD status (P = .077).
The odds of being a CAAD case were 1.8 times higher
for €2/3 individuals compared with £3/3 individuals (ta-
ble 5). It is interesting to note here that, although apo
E genotype or allele frequencies were not different be-
tween cases and controls (table 3), the £2/3 genotype was
related to case/control status in this conditional logistic
regression analysis. We next selected by stepwise logistic
regression the lifestyle variables that were significant
predictors of the probability of having CAAD (table §).
Age, cigarette consumption, body mass, and hyperten-
sion status were the significant risk factors identified by
this analysis. Likewise, only those plasma lipid variables
that were significantly related to CAAD status were in-
cluded in the logistic equation. These were total choles-

terol (P = .0292), Lp[a] (P = .0242), and HDL-choles-
terol (P = .0025). After selecting this set of demo-
graphic, anthropometric, and plasma lipid variables, we
asked whether any of the apo E genotypes provided
additional information for discriminating CAAD case
status. Only the €2/3 genotype (P = .078) provided addi-
tional information for discriminating CAAD case status
at the .10 level of significance (table 5). According to
this analysis, the odds of being a CAAD case for £2/3
individuals is 2.2 times as high as the odds for £3/3
individuals, after considering the effects of the other
variables. Therefore, although the level of statistical sig-
nificance did not change, the odds ratio for the £2/3
genotype increased from 1.8 to 2.2, after considering
the other variables.

Second, a model with an a priori set of demographic,
anthropometric, and lipoprotein variables known to be
important in predicting CHD was created. The list of es-
tablished risk factors included age, cigarett consumption,
body mass, hypertension status, LDL-cholesterol, and
HDL-cholesterol. The apo E genotypes were then intro-
duced into this model and their significance tested. The
results are presented in table 6. As in the first model, the



1386

Table 6

Relationship between the apo E Polymorphism and CAAD
Status Using a Set of A PRIORI Predictor Variables

Standard Odds

Variables Coefficient Error P Ratio

Age (years) ....c.ccceveeeenne. .1444 .0502  .0040 1.155
BMI (kg/m?) ....cccooeveuenenee .0999 .0366 .0063 1.105
CigYears® ...cccecevverueruennenn .0018 .0003 .0001 1.002
Hypertension .................. 9363 4095 .0222  2.551
LDL-cholesterol .............. 0105 .0040 .0085 1.011
HDL-cholesterol ............. —.0264 0114  .0209 .974
€2/2 et 1.8639 2.0969 3741  6.449
€2/3 e .8963 4364  .0400 2.451
€2/4 ot 1969 1.0564  .8520 1.218
€3/4 .., -.0227 3757 9517 978
€4/4 .. .8492 .7883  .2814 2.338

* Number of cigarettes per day times number of smoking years.

genotype €2/3 proved to be significantly related to CAAD
case status (P = .0400) . The estimated odds of being a
CAAD case associated with the apo E genotype €2/3 was
2.45, adjusted for the other variables in the model.

The €2 allele is associated with elevated postprandial
lipemia (Weintraub et al. 1987; Boerwinkle et al. 1994),
and these postprandial lipoproteins are atherogenic
(Zilversmit 1979; Patsch et al. 1992). Therefore, we next
asked whether the significant association between the
€2/3 genotype and CAAD in this sample may be medi-
ated through its known effect on delayed postprandial
lipoprotein clearance. Measures of postprandial lipo-
protein clearance were added to the list of identified risk
factor variables in both models, and then the ability of
the apo E polymorphism to discriminate CAAD case
status was assessed. The results are shown in tables 7
and 8 for postprandial retinyl palmitate. The conclu-
sions based on postprandial triglyceride levels are the
same as those for postprandial retinyl palmitate, so the
additional data on triglycerides are not shown here. In
both model 1, where stepwise logistic regression was
used to select the set of significant risk factor variables
(table 7), and model 2, where a priori criteria were used
to identify this set of variables (table 8), the ability of
€2/3 genotype to discriminate CAAD case status was
only marginally affected by inclusion of a postprandial
response variable in the equation.

Discussion

To gain insight into the association of lipid transport
and atherosclerosis and its modulation by genetic fac-
tors, we tested the relationship between the common
apo E polymorphism and the occurrence of CAAD, after
considering the contribution of established risk factor
variables. Apo E genotype and allele frequencies were
not significantly different in this sample of CAAD cases

Am. J. Hum. Genet. 56:1379-1390, 1995

and controls. However, using conditional logistic regres-
sion, we showed that the apo €2/3 genotype is associated
with CAAD status after the effects of other risk factors
are considered. This result was true when a stepwise
variable selection procedure was used to define the set
of traditional predictor variables or when a set of a
priori predictor variables were used. For both models,
the estimated odds ratio of being a CAAD case associ-
ated with the apo E genotype €2/3 was >2. Therefore,
we should accept the alternative hypothesis that apo
E gene information improves the prediction of CAAD
beyond that of traditional risk factors.

Numerous reports have indicated that the apo E poly-
morphism influences plasma lipid levels. Hallmann et
al. (1991) have studied the frequency and effects of the
apo E polymorphisms among nine ethnically and geo-
graphically diverse populations. They concluded that,
although the frequencies of the apo E alleles are hetero-
geneous among populations, the effects of this gene are
relatively consistent: the average effect of the €2 allele is
to lower plasma cholesterol (especially LDL-cholesterol)
levels, and the average effect of the €4 allele is to raise
plasma cholesterol (especially LDL-cholesterol) levels.
However, the effect of the €4 allele, as measured by the
difference between £3/4 heterozygotes and £3/3 homozy-
gotes, is small compared with the effect of the €2 allele,
as measured by the difference between €2/3 heterozy-
gotes and €3/3 homozygotes. Similar results have been
obtained in studies of U.S. blacks (Eichner et al. 1989).
Even though the relative frequency of the €4 allele is
generally higher in blacks than in whites, the same ef-
fects of the apo E polymorphism on plasma cholesterol
levels are apparent. The data reported here from white
cases and controls from the ARIC study are consistent
with the results from these other studies (table 4). In the
entire sample and in the control group, average apo B
and LDL-cholesterol levels in individuals carrying an €2
allele were significantly lower than in the other subjects.
Only average apo B levels were significantly different
among apo E genotypes in the sample of white cases.
The effects of the apo E polymorphism were also evident
in the sample of black cases and controls for the average
apo B levels, but they were not statistically significant.

Even though some previous studies of survivors of
myocardial infarction have suggested an association of
the €2 allele with atherosclerotic disease (Kameda et al.
1984; Utermann et al. 1984), the majority of epidemio-
logical studies favor an association of the £4 allele with
the occurrence of myocardial infarction or angiographi-
cally documented CHD (Menzel et al. 1983; Cumming
and Roberts 1984; Lenzen et al. 1986). In general, the
frequency of the €2 allele is reduced among CHD pa-
tients, while the frequency of the €4 allele is increased.
In the Pathobiological Determinants of Atherosclerosis
in Youth study, Hixson et al. (1991) reported that indi-
viduals with the €2/3 genotype had the lowest degree of
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Table 7
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Relationship between the apo E Polymorphism and CAAD Status, Using a Stepwise Selection

Procedure Plus Postprandial Retinyl Palmitate

Variables Coefficient Standard Error P Odds Ratio
Significant Lifestyle and
Plasma Lipids Variables:
Age (years) .....cccnvvuirucenen. 1398 .0528 .0081 1.150
BMI (kg/m?) ..ooeevereerrerannee .0778 .0363 .0326 1.081
CigYears® ....cooeeeeennersnennens .0016 .0003 .0001 1.002
Hypertension .....c..coevneee 1.1117 4198 .0081 3.040
Cholesterol (mg/dl) ............ .0101 .0039 .0108 1.010
Lpla] (ug/ml) ccevvevreeeninenne .0036 .0018 .0444 1.004
HDL-cholesterol (mg/dl) .... -.0367 .0119 .0020 1.000
Ret8_0d (mg/dl) .....cccveeee .0003 .0002 2036 1.000
ApoE Genotypes:
Age (years) .....cocnineiinuens 1318 .0533 .0134 1.141
BMI (kg/m?) ...oorirrreane .0861 .0375 .0217 1.090
CigYears ..c.eceerevervceneruenenes .0017 .0003 .0001 1.002
Hypertension ........cccceeeueeee. 1.0974 4238 .0096 2.996
Cholesterol (mg/dl) ............ 0114 .0041 .0054 1.011
Lp[a] (ug/ml) cocovveennnnnennee .0037 .0018 .0449 1.004
HDL-cholesterol (mg/dl) .... —.0373 .0121 .0021 963
Ret8_0d (mg/dl) ........cucuune .0002 .0002 3365 1.000
€2/2 1.8680 2.8484 5119 6.476
€2/3 7334 4935 1373 2.082
€2/4 .0498 1.0845 9633 1.051
€34 i, —.2502 .3993 5309 779
€4/4 .1658 .8982 .8536 1.180

2 CigYears expressed as number of cigarettes per day times number of smoking years.

both thoracic and abdominal aorta atherosclerosis and
that individuals with the €3/4 genotype had the greatest
degree of involvement. Schachter et al. (1994) reported
that the frequency of the €4 allele is significantly de-
creased and the frequency of the €2 allele is significantly
increased in centenarians, compared with controls. The
most likely cause of the observed association between

Table 8

the €4 allele and CHD is the role of this gene in raising
plasma LDL-cholesterol.

The observed association of the €2 allele with CAAD
may, therefore, appear unexpected. However, the design
of our study and the models used for the analysis of
association differ from those employed in previous stud-
ies. First, our study design excluded subjects with

Relationship between apo E Polymorphism and CAAD Status, Using a Set of A Prior Risk Factor

Variables with Postprandial Retinyl Palmitate

Variables Coefficient Standard Error P Odds Ratio
Age (years) ....cccoeeveecveeeceenneenne 1340 .0524 .0106 1.143
BMI (kg/m?) . .1002 .0371 .0068 1.105
CigYears® ........ .0017 .0003 .0001 1.002
Hypertension .......... 1.0850 4270 .0111 2.960
Cholesterol (mg/dl) .................. 0117 .0043 .0067 1.012
HDL-cholesterol (mg/dl) ......... —.0293 .0124 .0183 971
Ret8_0d (mg/dl) ....cccecerneunene. .0002 .0002 .2184 1.000
€2/2 1.4701 2.3438 .5305 4.350
€2/3 e .8058 4744 .08%4 2.238
€2/4 .. .0032 1.0564 9676 1.003
e3/4 ... -.2595 .3928 .5088 771
E€4/4 et 4087 .8947 6478 1.505

* CigYears expressed as number of cigarettes per day times number of smoking years.
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prevalent CHD. The purpose of this exclusion was to
begin to study the risk factors for atherosclerosis sepa-
rate from those for the acute thrombolytic event. Be-
cause of an association of carotid intima-media thick-
ness with CHD, our selection procedure eliminated three
times as many potential CAAD cases as controls from
this study. Hence, individuals with more advanced ste-
notic or occlusive atherosclerotic disease have been ex-
cluded, and the associations of the apo E polymorphism
‘with CAAD status may have been modified. Second,
the relationship between the €2/3 genotype and CAAD
status increased after the effects of plasma LDL-choles-
terol and the other risk factor variables were considered.
In addition, apo E genotype and allele frequencies were
not significantly different among CAAD cases and con-
trols. In the Framingham study, the relative odds of de-
veloping CHD after 12 years for €2/3 individuals and
€3/4 individuals were 1.36 and 1.32, respectively, after
adjusting for age, total cholesterol, and HDL-cholesterol
(Wilson et al. 1994). Therefore, an answer to the ques-
tion of whether or not the apo E polymorphism is related
to CAAD is more complex than first perceived. It not
only depends on the direct effects of the apo E polymor-
phism on lipid metabolism and the atherosclerotic pro-
cess, but it also depends on the population of inference
and the other risk factors to be considered. Alternatively,
it may be that the predictors of carotid artery atheroscle-
rosis are different from that for the coronary arteries.
Specifically, the relationship between the apo E poly-
morphism and CAAD may be different from that of its
relationship with CHD.

Because of its recognized importance in remnant clear-
ance, the apo E gene has been targeted for studying
postprandial lipid response (Mahley and Rall 1989).
Apo E plays a major role in lipid metabolism through
cellular uptake of lipoprotein particles by apo E-specific
and apo B/E receptors on the liver and other tissues
(Mahley et al. 1990). Reduced binding affinity of the
apo E2 isoform and subsequent up-regulation of hepatic
LDL receptors is one likely mechanism by which the €2
allele is associated with lower plasma LDL-cholesterol
levels (Weintraub et al. 1987; Boerwinkle and Utermann
1988). In addition, reduced formation of plasma LDL
particles may contribute to lower LDL-cholesterol in €2
individuals, since the conversion of VLDL to LDL in the
plasma of patients with familial type III hyperlipopro-
teinemia is impeded by the apo E2 isoform (Ehnholm et
al. 1984). Consistent with the function of the apo E2
isoform, several studies have shown a reduction in the
clearance of postprandial lipoproteins in subjects car-
rying an €2 allele (Gregg et al. 1986; Brenninkmeijer et
al. 1987; Weintraub et al. 1987; Brown and Roberts
1991; Superko and Haskell 1991; Boerwinkle et al.
1994). In a previous publication of 474 subjects from the
ARIC study, the €2 allele was associated with delayed
clearance of postprandial retinyl palmitate but had no
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effect on postprandial triglyceride concentrations (Boer-
winkle et al. 1994). Hence, only terminal catabolism of
remnants appears to be impaired in subjects carrying
the €2 allele. After adding postprandial retinyl palmitate
concentrations into the equation, the log odds of being
a CAAD case for individuals with the €2/3 genotype was
reduced (tables 7 and 8). Thus, the association of the
£2/3 genotype with CAAD in our sample can be at least
partially attributed to the impairment in terminal rem-
nant catabolism that results from the functionally defec-
tive apo E2 isoform. Since the magnitude of the associa-
tion between the £2/3 genotype and CAAD status in-
creased after consideration of total (model 1) and LDL-
(model 2) cholesterol, the atherogenicity conferred by
this genotype may be offset by its simultaneous effect in
lowering LDL-cholesterol.
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