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Abstract  Three common alleles, ε2, ε3, and ε4, of the gene
coding for apolipoprotein E (apoE) have been identified as
predictors of interindividual variation in measures of lipid
and lipoprotein metabolism, and ultimately risk of coronary
heart disease (CHD), within many populations. Here we
evaluated the utility of the geographic distribution of these
alleles for prediction of interpopulation variation in average
level of serum total cholesterol and other traditional risk
factors, and CHD mortality rate. We employed published
estimates of the relative frequencies of the three common
apoEalleles, average levels of risk factors such as serum to-
tal cholesterol, systolic and diastolic blood pressure, body
mass index, smoking prevalence and CHD mortality rate
for nine population-based samples of middle-aged males
studied by the international WHO MONICA Project. There
was approximately a 10-fold difference between the highest
and lowest CHD mortality rate. Of the traditional risk fac-
tors, variation in the average level of serum total cholester-
ol was the best predictor (approximately 33%) of the ob-
served interpopulation variation in estimates of CHD
mortality rate (Pr=0.10). Variation in the relative frequency
of the ε4 allele predicted approximately 50% of interpopu-
lation variation in average serum total cholesterol level
(Pr=0.02) and 75% of the variation in CHD mortality rate
(Pr=0.002) when information about variation in the other
risk factors and the ε2 and ε3 alleles is ignored. Further-
more, variation in the relative frequency of the ε4 allele pre-
dicted approximately 40% of the variation in CHD mortali-

ty rate (Pr=0.02) after considering the contribution of vari-
ation in average serum total cholesterol level. Average se-
rum total cholesterol level was estimated to increase by
0.114 mmol/l (4.405 mg/dl), and CHD mortality rate by
24.5/100 000, for an increase of 0.01 in the relative frequen-
cy of the ε4 allele. The predictive utility of the ε2 andε3 al-
leles was considerably less than that of the ε4 allele. For the
sample of populations considered, the geographic distribu-
tion of the apoEalleles can be a statistically significant pre-
dictor of interpopulation variation in both the average se-
rum total cholesterol level and CHD mortality rate. In
particular, the ε4 allele may confer valuable ecological risk
information.
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Introduction

Coronary heart disease (CHD) is a worldwide health prob-
lem. Each year it claims approximately 2.4 million lives,
which is about one-quarter of all annual deaths reported to
WHO (WHO 1989). The health burden of CHD is not, how-
ever, uniformly distributed among different populations
(Keys 1970; Tunstall-Pedoe et al. 1994; Zevallos et al.
1992). In populations where the disease takes its greatest
toll, such as the province of North Karelia, Finland, and
Glasgow, United Kingdom, CHD morbidity and mortality
rates are about ten times higher than the rates in populations
that are least prone to the CHD, such as Beijing, China, and
Toulouse, France (Tunstall-Pedoe et al. 1994). Reasons for
the observed regional differences in CHD have been under
intensive study for decades.

There is accumulating evidence that variation in the lev-
els of average serum total cholesterol and systolic blood
pressure and smoking prevalence are associated with varia-
tion in CHD rates among populations (Fidanza and
Kromhout 1993; Keys 1970; Zevallos et al. 1992). A frac-
tion of the observed variation in average serum total choles-
terol level is ascribed to interpopulation differences in satu-
rated fatty acid consumption. Recent observations that the
relative ranking of CHD rates among populations has per-



sisted (Tunstall-Pedoe et al. 1994) despite the successes of
various dietary interventions to lower risk of CHD in popu-
lations that have suffered the greatest burden of CHD (Dw-
yer and Hezel 1980; Pietinen et al. 1996) have suggested
that dietary differences do not fully explain population dif-
ferences in CHD rates. Attention has thus turned towards
the role of genetic differentiation in determining the distri-
bution of CHD within and between populations.

Genetic studies have focused on the genetics of serum
total cholesterol and other risk factors that link genomic
variation with variation in risk of CHD (Motulsky and
Brunzel 1992; Sing and Moll 1989; Sing et al. 1996).
Knowledge about an individual´s genotype is expected to
improve prediction of his or her disease risk because (1) it
captures information about the levels of and relationships
between risk factors, (2) predictive utility of established
risk factors for prediction of CHD may be genotype depen-
dent, and (3) it may predict interindividual differences in
response to alterations in the environment (Davignon 1993;
Davignon et al. 1988; Haviland et al. 1995; Humphries et
al. 1995; Kesäniemi et al. 1987; Reilly et al. 1994), or to bi-
ological changes associated with aging (Davignon 1993;
Schächter et al. 1994). In this paper we employ published
data to evaluate the utility of the geographic distribution of
the three common alleles, ε2, ε3, and ε4, of the gene coding
for apolipoprotein E (apoE) for prediction of interpopula-
tion variation in average levels of serum total cholesterol
and the other traditional risk factors and CHD mortality rate
among nine population based samples of middle-aged
males studied by the international WHO MONICA Project.
The apoEalleles were selected because the apoE molecule
is important for uptake of triglycerides by the liver and
transport of lipids in the circulation to target cells
(Davignon 1993; Davignon et al. 1988; Mahley 1988).

Materials and methods

Populations of inference and statistical methods

We considered nine middle-aged male populations participating in the
WHO MONICA Project, from which we had complete and accurate
information available on CHD mortality rates, on average population
levels of the traditional risk factors, and on the estimates of the rela-
tive population frequencies of the three common apoEalleles. Our ra-
tionale for selecting the WHO MONICA populations were (1) the
availability of good coverage of mortality registrations within the
monitored areas, (2) a standardized diagnostic criterion for CHD mor-
tality across populations, (3) a standardized risk factor data collection
scheme in every population, and (4) a centralized quality control pro-
tocol for measurement of the quantitative intermediate risk factors
(WHO 1989; WHO MONICA 1988).

The estimates of the apoEallele frequencies for the WHO MON-
ICA populations are ascertained either from recent review-type publi-
cations (Gerdes et al. 1992; Hallman et al. 1991; Xhignesse et al.
1991) or from Medline. Our goal was to identify all publications that
report estimates of the relative apoEallele frequencies using popula-
tion-based samples collected from the very same geographically de-
fined areas from which the WHO MONICA samples were drawn.

Estimates of relative frequencies of the apoEalleles for two of the
WHO MONICA populations (Iceland and Beijing, China) were ob-
tained from one of the review publications (Gerdes et al. 1992), which
summarizes the estimates of apoEallele frequencies for 45 popula-

tions representative of a broad range of ethnic and geographic strata.
In this publication a population was included if the estimates of rela-
tive frequencies were obtained from at least 100 individuals who were
sampled to be representative of the population at large.

Through Medline we identified a report from the European 
Atherosclerosis Research Study (EARS; Tiret et al. 1994) which pro-
vided estimates of the relative frequencies of the apoEalleles for one
of the WHO MONICA populations, Glasgow, United Kingdom. Esti-
mates of the relative apoEallele frequencies for four WHO MONICA
populations (Lille, Strasbourg, and Toulouse, France, and Belfast,
United Kingdom) were available from control groups of the Etude
Cas-Temoins sur l’Infarctus du Myocarde study (ECTIM; Luc et al.
1994). Estimates of the relative apoEallele frequencies for the two
Finnish MONICA populations were obtained from the Cardiovascular
Risk in Young Finns study (CRYF; Lehtimäki 1992).

Phenotypes

The following risk factors were considered in our analysis: serum to-
tal cholesterol, systolic and diastolic blood pressure, smoking status,
and body mass index (BMI), computed as weight divided by height
squared (kg/m2). Detailed information about the sampling strategy,
measurement procedures and laboratory methods is given elsewhere
(WHO 1989). Estimates of the average population levels of the risk
factors were obtained from representative samples in the age range 35
to 64 years collected in connection with the first survey of the WHO
MONICA Project performed between 1982 and 1989 (WHO 1989;
WHO MONICA 1988). Population-specific annual CHD mortality
rates are based on data collected between 1985 and 1987 (Tunstall-
Pedoe et al. 1994).

Statistical methods

All analyses were carried out on data collected in males. The follow-
ing four-step model-building strategy and hypothesis testing proce-
dure was used to evaluate the utility of the geographic distribution of
the three common apoEalleles, ε2, ε3, and ε4, for prediction of inter-
population variation in average levels of serum total cholesterol and
the other risk factors, and ultimately interpopulation variation in CHD
mortality rate. First, we evaluated the utility of variation in the aver-
age levels of known risk factors in the prediction of variation in the
CHD mortality rate among the nine MONICA populations by em-
ploying linear regression analysis. Second, a univariable linear regres-
sion analysis was employed to evaluate the utility of variation in the
relative frequency of either the ε2, ε3, or the ε4 allele in prediction of
the variation in average population levels of the risk factors. Third, a
linear regression analysis was employed to estimate the contribution
of variation in the relative frequency of either the ε2, ε3, or the ε4 allele
to the prediction of variation in the CHD mortality rates among popu-
lations. Fourth, we carried out a bivariable linear regression analysis
to assess whether knowledge about the relative frequency of either the
ε2, ε3, or ε4 allele significantly improved the prediction of variation in
the CHD mortality rate among the populations after considering
knowledge about variation in the average population level of any one
of the risk factors identified in the first step of our analysis as a pre-
dictor. In this fourth step we considered only risk factors that were de-
tected as significant predictors of CHD mortality rate in a univariable
analysis at the Pr=0.30 level of test criterion. This relatively high
probability level was selected because the use of a more traditional
test criterion (such as 0.05) at this point could result in disregarding
risk factors that can contribute significantly to the prediction of a dis-
ease outcome only when they are considered in a multivariable model
(Hosmer and Lemeshow 1989). An F test was used to judge whether
the improvement in prediction attributable to the variation in the rela-
tive frequency of either the ε2, ε3, or the ε4 allele was statistically sig-
nificant. It compares the sum of squares attributable to information
about both the relative frequency of either the three apoEalleles and
the CHD risk factor being considered (complete linear regression
model) with the sum of squares attributable to inclusion of only the
risk factor (a reduced linear regression model).
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All statistical analyses were performed with the SAS Institute sta-
tistical software package (SAS 1990). Statistical significance was tak-
en to be Pr≤0.05 unless otherwise noted.

Results

Characteristics of the populations

The CHD mortality rate for the samples of middle-aged
males in the nine populations ranged from almost 400/100
000 in Glasgow, United Kingdom to less than 50/100 000 in
Beijing, China (Table 1). The CHD mortality rates for the
remaining seven populations are uniformly distributed be-
tween these two extremes. These estimates span the range
of CHD rates observed worldwide among men in the 35- to
64-year age group.

Populations with the highest CHD mortality rate also
tend to have the most atherogenic risk factor profiles. Of
them, Glasgow is characterized by a particularly high pro-
portion of current smokers and a high average population
level of serum total cholesterol (Table 1). Similarly, in the
province of Kuopio, Finland, which has the second highest
CHD mortality rate of the nine populations considered

here, average population levels of four risk factors, serum
total cholesterol, systolic and diastolic blood pressure, and
BMI were all high. The lowest average population levels of
most of the risk factors were observed in Beijing, China
with the exception of the relative frequency of smoking.

The distributions of the estimates of the relative frequen-
cies of the three common apoEalleles varied significantly
among the populations (χ2=153.971, df=16, Pr=0.001). The
relative frequency of the ε2 allele ranged from 0.03 to 0.12,
the ε3 allele ranged from 0.74 to 0.86, and the ε4 allele
ranged from 0.07 to 0.20. The relative frequencies of the ε2

and ε4 alleles are inversely correlated (Spearman rank cor-
relation = –0.633, Pr=0.06). Those populations with a high
CHD mortality rate, such as Glasgow, United Kingdom and
the province of Kuopio, Finland, are characterized by a
high relative frequency of the ε4 allele and low relative fre-
quency of the ε2 allele (Table 1). In contrast, in Beijing,
China, where the CHD mortality rate is extremely low, the
ranking of these two alleles is reversed. The populations
with the lowest CHD mortality rates tend to have the high-
est relative frequencies of the ε3 allele. There tended to be a
stronger inverse Spearman rank correlation of relative fre-
quency of the ε3 allele with the relative frequency of the ε4

allele (–0.52, Pr=0.15) than with the ε2 allele (–0.20,
Pr=0.61).
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Risk factor Relative apoEallele frequency

Study population CHD N1 Serum total Systolic Diastolic Body Proportion N2 ε2 ε3 ε4

mortality cholesterol blood blood mass of current 

rate/ mmol/l : pressure pressure index smokers %

100 000 mg/dl mmHg mmHg kg/m2

United Kingdom

Glasgow 364 464 6.3 : 243.6 138 87 25.8 52.4 114 0.057 0.769 0.184

Belfast 279 916 6.0 : 232.0 135 84 25.9 34.0 175 0.103 0.754 0.143

Finland

Kuopio 349 977 6.4 : 247.5 147 90 26.8 33.0 421 0.034 0.791 0.175

Turku-Loimaa 301 1205 6.2 : 239.8 144 88 26.9 30.3 289 0.043 0.758 0.199

Iceland 186 656 6.2 : 239.8 126 83 25.9 26.3 185 0.068 0.767 0.165

France

Strasbourg 95 666 5.6 : 216.6 145 93 27.4 34.3 159 0.085 0.808 0.107

Lille 90 570 6.5 : 251.4 140 91 25.8 38.6 139 0.119 0.741 0.140

Toulouse 67 659 5.9 : 228.2 131 86 25.7 36.5 171 0.056 0.863 0.081

China

Beijing 38 619 4.2 : 162.4 130 86 23.4 50.0 507 0.124 0.806 0.070

Unweighted mean 197 748 5.9 : 228.2 137 87 25.8 37.3 240 0.076 0.784 0.140

Table 1 Population-specific annual, age-adjusted coronary heart dis-
ease (CHD) mortality rate in middle-aged men, their average popula-
tion levels of CHD risk factors, and relative population frequencies of
the apoEalleles in nine populations participating in the WHO MON-

ICA Project (N1 the size of the sample from which average levels of
CHD risk factors have been estimated, N2 the size of the sample from
which relative apoEallele frequencies have been estimated



Traditional risk factors as predictors of CHD mortality rate

Although the CHD mortality rate of a particular population
tends to reflect the risk factor profile in that population, av-
erage serum total cholesterol was the only traditional risk
factor that was close to providing a statistically significant
result in our analyses (Table 2). Approximately one-third of
interpopulation variation in estimates of CHD mortality
rate was associated with variation in estimates of average
population level of serum total cholesterol at the Pr=0.10
level of statistical significance in a univariable model where
the contribution of other risk factors was ignored. The esti-
mate of the expected change in CHD mortality rate was
106/100 000 for a change of 1 mmol/l (2.7/100 000 for a
change of 1 mg/dl) in average serum total cholesterol. Of
the other traditional risk factors, variation in estimates of
average population levels of BMI and systolic blood pres-
sure predicted approximately 15% to 20% of interpopula-
tion variation in CHD mortality rate (Pr<0.30). Interpopu-
lation variation in average diastolic blood pressure, or in the
proportion of current smokers, predicted less than 0.01% of
the variation in CHD mortality rate (Pr>0.80).

The apoEalleles as predictors of risk factor profile

Approximately one-half of the interpopulation variation in
the estimates of average population level of serum total
cholesterol was associated with variation in the estimates of

relative population frequencies of the ε4 allele (Pr=0.02)
when the contributions of the other apoEalleles and other
risk factors are ignored (Table 3). In contrast, variation in
the relative frequency of the ε2 allele predicts only approxi-
mately one-quarter of interpopulation variation in the aver-
age population level of serum total cholesterol level
(Pr=0.15). Variation in the ε3 allele provided little informa-
tion about variation in traditional risk factors. The observed
association between average serum total cholesterol level
and the relative frequencies of the apoEalleles was positive
when the ε4 allele was considered, (the expected increase in
average serum total cholesterol level was 0.114 mmol/l, or
4.405 mg/dl, for an increase of 0.01 in relative frequency)
and negative when the ε2 allele was considered (the expect-
ed decrease in average serum total cholesterol level was
0.112 mmol/l, or 4.334 mg/dl, for an increase of 0.01 in rel-
ative frequency). Variation in the relative frequencies of
both the ε4 allele (Pr=0.13) and the ε2 allele (Pr=0.09) also
predicted approximately one-third of interpopulation varia-
tion in average BMI. Interpopulation differences in average
levels of systolic and diastolic blood pressure were not sig-
nificantly associated with variation in the relative frequen-
cy of any of the three apoEalleles considered in these anal-
yses.

The apoEalleles as predictors of CHD mortality rate

Consistent with the observation that the geographic distri-
bution of the apoEalleles predicts variation in the average
population level of one of the major traditional risk factors,
serum total cholesterol, we found evidence that it also pre-
dicts interpopulation differences in the CHD mortality rate.
Variation in the relative frequency of the ε4 allele made a
statistically significant contribution to prediction of the
geographic variation of CHD mortality (Pr=0.002) when
the contributions of other apoEalleles and traditional risk
factors are ignored (Table 4). Similarly, the relative fre-
quency of the ε2 allele was a significant predictor of CHD
mortality rate (Pr=0.07) when the contributions of other
apoEalleles and traditional risk factors are ignored. The es-
timated fraction of the interpopulation variation in CHD
mortality rate associated with variation in the relative fre-
quencies of the ε2 allele (39%) was, however, approximate-
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Table 2  Contribution of variation in the average population levels of
established risk factors to prediction of interpopulation variation in
the CHD mortality rate in men

Risk factor R2 × 100 Pr

Serum total cholesterol 33 0.10

Systolic blood pressure 15 0.29

Diastolic blood pressure 0 0.83

Body mass index 18 0.25

Smoking % 0 0.83

Table 3  The separate contribu-
tion of interpopulation variation
in the relative frequency of the
ε2, ε3, or ε4 allele to prediction
of variation in the average popu-
lation level of each established
risk factor

apoE allele

Risk factor ε2 ε3 ε4

R2 ×100 Pr R2 × 100 Pr R2  × 100 Pr

Serum total cholesterol 28 0.15 19 0.25 55 0.02

Systolic blood pressure 11 0.39 3 0.65 14 0.32

Diastolic blood pressure 0 0.90 0 0.90 0 0.98

Body mass index 35 0.09 2 0.73 29 0.13



ly half of that associated with variation in the relative fre-
quency of the ε4 allele (75%). The estimate of the expected
association between CHD mortality rate and relative fre-
quencies of the apoEalleles was positive when the ε4 allele
was considered (estimated slope = 24.5/100 000 for an in-
crease of 0.01 in relative frequency, see Fig. 1A) and nega-
tive when the ε2 allele was considered (estimated slope = 
-24.6/100 000 for an increase of 0.01 in relative frequency,
see Fig. 1B). Variation in the relative frequency of the ε3 al-
lele was not significantly associated with variation in CHD
mortality rates.

When information about relative frequency of the ε4 al-
lele was entered into a model that already included average
level of either serum total cholesterol, systolic blood pres-
sure, or BMI, which were significant predictors of CHD
mortality rate in univariable analyses at Pr=0.30 level of
statistical significance, a highly significant improvement in
the prediction of the interpopulation differences in CHD
mortality rate was observed (Table 4). The estimated frac-
tion of interpopulation variation in CHD mortality rate as-
sociated with variation in the relative frequency of the ε4 al-
lele was approximately 40% (Pr=0.02) when the
contribution of average serum total cholesterol was first
considered in a bivariable model, and approximately 60%
(Pr=0.01) when average systolic blood pressure or BMI
was first considered in a bivariable model. No statistically
significant improvement in prediction could be detected
when information about relative frequency of the ε2 or ε3 al-
lele was entered into a model that already included esti-
mates of the average population levels of either average se-
rum total cholesterol, systolic blood pressure, or BMI
(Table 4).

Discussion

Traditional risk factors as ecological predictors

Ecological studies have had a considerable impact on CHD
medicine in the past. One of the most important findings in
these studies has been that up to two-thirds of interpopula-
tion differences in CHD morbidity and mortality rates may
be attributable to variation in average consumption of satu-
rated fatty acids, and ultimately in average population level
of serum total cholesterol (Keys 1970; Fidanza and
Kromhout 1993; McGill 1996; Zevallos et al. 1992). Nu-
merous dietary intervention programs have been imple-
mented based on these findings. The programs have re-
duced CHD morbidity and mortality up to a 60% in high
risk populations (Dwyer and Hezel 1980; Pietinen et al.
1996). Furthermore, the fraction of the interpopulation dif-
ferences in CHD rates that can be predicted by variation in
average levels of traditional risk factors has halved, to about
one-third (Stewart et al. 1994). Approximately 15% to 30%
of the observed interpopulation variation in the CHD mor-
tality rate in our analyses was attributable to variation in the
average population level of either serum total cholesterol
(33%), BMI (18%), or systolic blood pressure (15%) when
the contributions of other risk factors are ignored. A frac-
tion of the remaining 67% to 85% of interpopulation varia-
tion that cannot be predicted by the established risk factors
may be ascribed to genetic differentiation of populations. A
fraction of the unexplained variation in deviations from ex-
pectations will be ascribable to intrinsic stochastic process-
es that will not yield to explanation by traditional linear
modeling (Ekland 1993).

ApoE alleles as ecological predictors

Knowledge about the contribution of genetic differentiation
of populations to the determination of the regional differ-
ences in the CHD morbidity and mortality rates is scanty.
Observations that the relative frequency of the ε4 allele,
which nearly always predicts elevated serum total choles-
terol levels in individuals (Davignon 1993; Davignon et al.
1988), tends to be high in populations that have high CHD
rates, and low in populations where the rates are low, have
suggested the hypothesis that the three common apoEalle-
les are involved in determining the heterogeneity of CHD
rates among populations (Davignon 1993; Davignon et al.
1988; Sing and Moll 1989). In our analyses approximately
half of the interpopulation variation in the average popula-
tion level of serum total cholesterol and approximately
three-quarters of the interpopulation variation in the CHD
mortality rate were associated with variation in the relative
frequency of the high risk ε4 allele across the nine WHO
MONICA populations considered in this study. These re-
sults further support the hypothesis that variation in the rel-
ative frequencies of the ε2 , ε3 andε4 alleles confer informa-
tion about the variation in average serum total cholesterol
level, and ultimately CHD rate, among populations
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Table 4  The separate contribution of interpopulation variation in the
relative frequency of the ε2, ε3, or ε4 allele to prediction of variation of
CHD mortality rate among populations before (A) and after the inclu-
sion of each of the indicated risk factors is considered (B–D)

Risk factor considered in bivariable analysis

A B C D
Univariable Serum total Systolic  Body 
analysis cholesterol blood mass 

pressure index

apoEallele
ε2

R2 × 100 39 15 28 21
Pr 0.07 0.24 0.12 0.18

ε3

R2 × 100 25 8 19 20
Pr 0.17 0.40 0.23 0.21

ε4

R2 × 100 75 43 60 57
Pr 0.002 0.02 0.01 0.01
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(Davignon 1993; Davignon et al. 1988; Sing and Moll
1989).

The causal relationships between genomic variations
and interindividual variation in initiation, progression, and
severity of a complex disease such as CHD involve connec-
tions through multiple networks of intermediate biochemi-

cal and physiological agents (Ferrannini 1991; Sing et al.
1996). The complexity of the connections between causal
agents in these networks across the hierarchy from genom-
ic variation to variation in the risk of CHD argues that the
utility of genomic information for prediction of risk of dis-
ease may not persist after the contribution of intermediate

Fig 1 Linear regression rela-
tionships between CHD mortali-
ty rate and relative frequency of
the ε4 (A) or ε2 allele (B)
among nine middle-aged male
populations studied in connec-
tion with the WHO MONICA
Project.
Fi1 = the province of Kuopio,
Finland
Fi2 = the Turku-Loimaa region,
Finland
UK1 = the city of Glasgow,
United Kingdom
UK2 = the city of Belfast, 
United Kingdom
Ice = Iceland
Fr1 = the city of Lille, France
Fr2 = the city of Strasbourg,
France
Fr3 = the city of Toulouse,
France
Chn = the city of Beijing, China

A

B



risk factors is considered in risk assessment. Our findings
argue that estimates of the relative frequency of the ε4 allele
confer ecological risk information about CHD mortality
rate that is not solely mediated through its effect on known
intermediate risk factors.

Another related question is whether knowledge about
the distribution of the relative frequency of the ε2 allele
among populations provides complementary information
about variation in average serum total cholesterol or CHD
mortality rate among populations (Davignon 1993;
Davignon et al. 1989). In our analyses the additional infor-
mation about relative frequency of the ε2 allele in a bivaria-
ble model where relative frequency of the ε4 allele was also
included did not improve our ability to predict either a pop-
ulation’s average serum total cholesterol level or its CHD
mortality rate (data not shown). This was also the case
when any of the other average risk factor levels were in-
cluded in a bivariable model. Similarly, we detected only
marginally significant (P=0.07) predictive value for the rel-
ative frequency of the ε2 allele in any univariable analyses
where the contribution of the ε4 allele was ignored. These
observations, together with recent meta-analyses by Wilson
et al. (1996), argue that most of the ecological risk informa-
tion in the apoEpolymorphism resides in the ε4 allele when
the prediction of CHD mortality is considered.

Clinical and public health utility of ecologic risk factors

Individual-based studies have established that information
about an individual’s apoEgenotype may improve our abil-
ity to assess his or her risk of CHD (Stengård et al. 1996).
Furthermore, knowledge about an individual´s apoEgeno-
type is expected to predict how he or she will respond to al-
terations in the environment defined by diet, exercise,
smoking, gender and drug therapy (Davignon 1993;
Davignon et al. 1988; Haviland et al. 1995; Humphries et
al. 1995; Kesäniemi et al. 1987; Reilly et al. 1994). Both of
these properties are expected to provide tools for clinicians
and public health professionals to promote individually tai-
lored intervention activities among those with the greatest
potential for health benefits.

Ecological studies are expected to provide information
for developing population-based intervention strategies to
reduce the disease incidence (Rose 1992). Potentially, eco-
logically identified risk factors may also be employed in de-
veloping individual-based high-risk intervention strategies
if an observed ecological relationship between the average
population level of a variable and the average population
level of its predictors are a direct consequence of the rela-
tionship between the levels of the variable and its predictors
within a population. Our study demonstrates that quantita-
tively this may not be the case when a genetic polymor-
phism is considered. The principles of quantitative genetics
(Falconer and Mackay 1996) suggest that if we assume that
(1) there are only two functional alleles, (2) the Hardy-
Weinberg relationship between the relative frequencies of
these two alleles and genotype frequencies is true, (3) there
are no effects due to dominance or epistasis with other loci,

(4) the effects of the alleles are independent of the influenc-
es of environmental variation, and (5) the relative frequen-
cies of allele effects are uncorrelated with the relative fre-
quencies of other gene and environmental effects, the mean
of the i th population, µi, may be expressed as a linear func-
tion of the average phenotypic level of the homozygote,
G11, for the first allele and the product of the average effect
of substitution of a second allele for the first (α) and the rel-
ative frequency of the second allele, pi:

µi=G11+2* α *pi.
If we further assume that G11 represents the average se-

rum total cholesterol level of individuals who do not carry
the ε4 allele, α represents the average effect of substitution
of the ε4 allele, pi represents the relative frequency of the ε4

allele in the i th population and there are no effects of other
alleles of theapoE gene, the average serum total cholester-
ol level of the population is expected to increase 2*α/100
when the relative frequency of the ε4 allele increases by
0.01. A study of Hallman et al. (1991) suggests that within-
population estimates of G11 (intercept) may vary between
3.67 mmol/l (141.92 mg/dl) and 5.85 mmol/l (226.82
mg/dl). The population-specific estimates of α (slope) may
vary between –0.03 mmol/l (–1.16 mg/dl) and 0.38 mmol/l
(14.69 mg/dl). Estimates of the intercept and slope of the
linear regression of average serum total cholesterol level on
relative frequency of the ε4 allele from our ecological study
were 4.32 mmol/l (167.10 mg/dl) and 11.39 mmol/l (440.49
mg/dl), respectively. The large disparity between estimates
of slope from our ecological study and the within-popula-
tion estimates of slope is strong evidence that one or more
of the above-mentioned assumptions is not true. Unraveling
the responsible factors may be an unrealistic expectation
from the application of linear statistical methods (Sing et al.
1996).

Genetic heterogeneity of CHD dictates that results of
ecological studies that consider only one genetic polymor-
phism at a time, such as the apoE polymorphism in this
study, need to be translated to public health activities with
caution. Particular attention should be paid to the possibili-
ty that different sets of high-risk alleles may be operating in
different populations. Documentation that we should be
concerned about this possibility, at least for the rare alleles,
comes from the observation that different mutations in the
low density lipoprotein receptor gene leading to familial
hypercholesterolemia, a well-known monogenic disease,
are found exclusively in different populations in Israel
(Leitersdorf and Friedlander 1995). Hence, the success of
any proposed public health program to use genetic informa-
tion to identify and treat subsets of individuals, or popula-
tions, susceptible to CHD depends critically on (1) an un-
derstanding of the distribution of genetic variation within
and among populations and (2) knowing the extent to which
the impact of a particular allelic variation on risk of CHD
depends on the genetic and environmental contexts that
vary among individuals and among populations.

Our analyses demonstrate the utility of the relative fre-
quency of the ε4 allele in predicting interpopulation vari-
ability of serum total cholesterol level and CHD mortality
rate. Information about the distribution of the CHD mortal-
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ity persists after interpopulation variation in other tradition-
al risk factor levels is considered. Studies of the apoEpoly-
morphism clearly document that public health programs
may rely to a greater extent in the future on the distribution
of measured genetic variations that influence the distribu-
tion of risk of CHD within and among populations. Howev-
er, the disparity of the findings of our ecological study with
the findings of association studies within populations re-
garding the relationship between serum total cholesterol
and the apoEpolymorphism suggests caution in relying on
information from the study of a single gene in a particular
population to develop a public health program for a com-
mon disease having complex multifactorial etiology.
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