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Common single-nucleotide polymorphisms (SNPs) that are associated with blood lowdensity lipoprotein (LDL) or high-density lipoprotein (HDL) cholesterol modestly affect lipid levels. We tested the hypothesis that a combination of such SNPs contributes to the risk of cardiovascular disease.
Methods

We studied SNPs at nine loci in 5414 subjects from the cardiovascular cohort of the
Malmö Diet and Cancer Study. We first validated the association between SNPs and
either LDL or HDL cholesterol and subsequently created a genotype score on the basis
of the number of unfavorable alleles. We used Cox proportional-hazards models to
determine the time to the first cardiovascular event in relation to the genotype score.
Results

Drs. Kathiresan and Orho-Melander contributed equally to this article.

All nine SNPs showed replication of an association with levels of either LDL or HDL
cholesterol. With increasing genotype scores, the level of LDL cholesterol increased
from 152 mg to 171 mg per deciliter (3.9 to 4.4 mmol per liter), whereas HDL cholesterol decreased from 60 mg to 51 mg per deciliter (1.6 to 1.3 mmol per liter). During
follow-up (median, 10.6 years), 238 subjects had a first cardiovascular event. The genotype score was associated with incident cardiovascular disease in models adjusted
for covariates including baseline lipid levels (P<0.001). The use of the genotype score
did not improve the clinical risk prediction, as assessed by the C statistic. However,
there was a significant improvement in risk classification with the use of models that
included the genotype score, as compared with those that did not include the genotype score.
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A genotype score of nine validated SNPs that are associated with modulation in levels
of LDL or HDL cholesterol was an independent risk factor for incident cardiovascular disease. The score did not improve risk discrimination but did modestly improve
clinical risk reclassification for individual subjects beyond standard clinical factors.
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P

lasma levels of low-density lipo
protein (LDL) and high-density lipoprotein
(HDL) cholesterol are associated with a future risk of cardiovascular disease.1,2 It has been
estimated that roughly 50% of variation in LDL and
HDL cholesterol levels is heritable.3 Several common DNA sequence variants have been related to
blood LDL or HDL cholesterol levels.4-11 In light
of the increased practicality of conducting genomewide association studies, it is likely that additional
polymorphisms associated with lipid levels will
be identified.
These observations suggest two hypotheses.
First, a DNA sequence variant that is related to
blood lipoprotein levels may influence the risk of
cardiovascular disease. Second, since DNA sequence variants represent an index of lifelong exposure to altered lipoprotein levels,12 whereas
plasma measurements vary, DNA sequence variants may add predictive information beyond a
single measurement of blood lipids.
The potential of such genetic testing is limited
by the fact that each sequence variant that has been
discovered to date explains only a modest fraction
of the variance (2% or less) in lipid levels.13 However, the combination of several lipid-related polymorphisms could improve risk prediction. Accordingly, we sought first to validate the association
between single-nucleotide polymorphisms (SNPs)
at nine loci with the level of LDL or HDL cholesterol and then to evaluate the ability of a panel of
validated lipid-modulating SNPs to predict a first
cardiovascular event in a large, community-based
cohort.

Me thods
Study Sample and Risk Factors

The Malmö Diet and Cancer Study (MDCS) is a
community-based prospective epidemiologic cohort of 28,449 subjects who were recruited for baseline examination between 1991 and 1996.14 From
this cohort, 6103 subjects were randomly selected
to participate in a cardiovascular cohort (MDCSCC), which seeks to investigate risk factors for cardiovascular disease. The MDCS-CC study protocols
were approved by the ethics committee at Lund
University. All subjects provided written informed
consent.
All subjects underwent a review of their medical history, a physical examination, and a labora-
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tory assessment of cardiovascular risk factors. The
status of cigarette smoking was elicited by a selfadministered questionnaire and was coded as never, former, or current. Current cigarette smoking
was defined as any smoking within the past year.
A parental or sibling history of myocardial infarction (regardless of the age at onset) was also elicited by questionnaire. Blood pressure was measured once after 10 minutes of rest in the supine
position. Diabetes mellitus was defined by selfreport on the basis of a physician’s diagnosis,
a fasting blood glucose level of more than 6.0
mmol per liter (108 mg per deciliter), or the use of
antidiabetes medication. C-reactive protein was
measured by a high-sensitivity assay (Tina-quant
CRP, Roche Diagnostics). In fasting venous blood
samples, we measured total cholesterol, HDL cholesterol, and triglycerides according to standard
procedures at the Department of Clinical Chemistry, University Hospital Malmö. Levels of LDL
cholesterol were calculated according to Friedewald’s formula, with the assignment of a missing
value to subjects with a triglyceride level of more
than 400 mg per deciliter (4.5 mmol per liter). The
use of lipid-lowering and antihypertensive therapy
was recorded.
SNP Selection and Genotyping

We selected for study 11 SNPs in 9 genes on the
basis of literature reports of individual associations
and from a genomewide association study. We selected six SNPs from six loci on the basis of their
association with levels of LDL or HDL cholesterol
in at least one previous study. These six SNPs were,
for association with LDL cholesterol, APOB (apolipoprotein B, rs693),4 PCSK9 (proprotein convertase
subtilisin/kexin type 9, rs11591147),6 and LDLR
(low-density lipoprotein receptor, rs688)5; and for
association with HDL cholesterol, CETP (cholesteryl
ester transfer protein, rs1800775),8 LIPC (hepatic
lipase, rs1800588),9 and LPL (lipoprotein lipase,
rs328).15 We selected five SNPs from a genomewide
association study of levels of blood LDL and HDL
cholesterol in 2931 subjects from Sweden and
Finland (a sample distinct from the subjects in
the MDCS-CC).13 In the genomewide association
study, we found SNPs in APOB (rs7575840), APOE
cluster (apolipoprotein E, rs4420638), HMGCR
(3-hydroxy-3-methylglutaryl-coenzyme A reductase, rs12654264), and LDLR (rs1529729) to be nominally associated with LDL cholesterol (P = 1×10−4,
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P = 3.4×10−13, P = 4×10−4, and P = 0.002, respectively) and ABCA1 (ATP-binding cassette subfamily
A member 1, rs3890182) with HDL cholesterol
(P = 3.3×10−5).16
Genotyping was performed with the use of
matrix-assisted laser desorption–ionization timeof-flight mass spectrometry on a MassARRAY
platform (Sequenom), as described previously.17
All SNPs were in Hardy–Weinberg equilibrium
(P>0.001). The genotyping success rate was 96%.
Using 15 samples analyzed in quadruplicate, we
found the genotyping error rate to be <0.7%.
Outcomes

Cardiovascular events were ascertained through
linkage of the 10-digit personal identification number of each Swedish citizen with three registries:
the Swedish Hospital Discharge Register, the Swedish Cause of Death Register, and the Stroke Register of Malmö.18 The prespecified composite end
point of cardiovascular events was defined as myocardial infarction, ischemic stroke, and death from
coronary heart disease. Myocardial infarction was
defined on the basis of codes 410 and I21 in the
International Classification of Diseases, 9th Revision and
10th Revision (ICD-9 and ICD-10), respectively. Is
chemic stroke was defined on the basis of codes
434 or 436 (ICD-9) and I63 or I64 (ICD-10). Before
inclusion, ischemic stroke events in the Swedish
Hospital Discharge Register were validated with
the use of the Stroke Register of Malmö, in which
original medical records (including imaging studies, when available) were examined.18 We considered only ischemic strokes and excluded cases of
intracerebral or subarachnoid hemorrhage. Death
from coronary heart disease was defined on the
basis of codes 412 and 414 (ICD-9) or I22–I23 and
I25 (ICD-10) in the Swedish Cause of Death Register. Follow-up extended to December 31, 2003.
Statistical Analysis

For each subject, levels of LDL or HDL cholesterol
were adjusted for age, sex, and diabetes status to
create a multivariable-adjusted residual level of LDL
or HDL cholesterol. The multivariable-adjusted residual lipid level for each subject served as the phenotype in genotype–phenotype association analyses. We conducted multivariable linear regression
analyses to test the null hypothesis that LDL or
HDL cholesterol residuals did not differ according

1242

n engl j med 358;12

of

m e dic i n e

to an increasing copy number in the minor allele.
Study subjects who were receiving lipid-lowering
medication at the time of the baseline examination were excluded from these analyses.
On the basis of the results of the genotype–
phenotype association analyses, we identified nine
SNPs that were independently associated with lipid
levels. Two SNPs that we initially tested were correlated with other SNPs in the panel and thus excluded.
We assumed that an individual SNP with a
modest effect on lipid levels would have limited
power to show an effect on incident cardiovascular events. We therefore constructed a genotype
score on the basis of the number of unfavorable
alleles (those associated with higher LDL cholesterol levels or lower HDL cholesterol levels) that
were carried by each subject for each of the nine
SNPs. We calculated crude incidence rates of first
cardiovascular events according to strata of genotype scores.
We constructed multivariable proportional-hazards models to examine the association between
the genotype score and the time to the first cardiovascular event, excluding subjects who had had a
previous myocardial infarction or ischemic stroke.
We first confirmed that the proportional-hazards
assumption was met.19 The hazard ratio for the
genotype score as a continuous measure was estimated in a model adjusting for all 14 available
baseline covariates. Cumulative incidence curves
were constructed according to the genotype score
with the use of Cox regression analysis.
To evaluate the ability of the genotype score to
classify risk, we plotted receiver-operating-characteristic (ROC) curves for the 14 baseline covariates
with or without the genotype score.20 We used the
incidence of cardiovascular events at 10 years as
the outcome. The C statistic, a measure of the area
under the ROC curve, was calculated with and
without the genotype score. We also evaluated the
ability of the genotype score to reclassify risk
across categories outlined by the Adult Treatment
Panel III of the National Cholesterol Education
Program21 with the use of two separate approaches suggested by Cook22 and Pencina et al.23
All genetic association analyses were performed
with the use of SPSS software, version 14.0. The
tests for the proportional-hazards assumption
were performed with the use of the survival pack-
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age for R; the ROC curves and C statistics were
generated with the use of the ROCR package for
R (www.r-project.org).

R e sult s
Baseline Characteristics

Of the 6103 MDCS-CC subjects, 563 did not provide a baseline plasma sample, 56 did not have data
regarding levels of either LDL or HDL cholesterol,
18 did not have DNA available, and 52 did not have
genotypes for at least one SNP.24 This left 5414
subjects who were eligible for the present investigation.
Baseline characteristics of the subjects are
shown in Table 1. The subjects were all of selfreported European ancestry. The mean (±SD) age
was 58±6 years, and 59% were women. A small
percentage of the subjects were receiving lipidlowering therapy (2.3%) or had had a prevalent
myocardial infarction or stroke (2.3%).
SNP–Lipid Associations and Genotype Score

For validation of the association between SNPs
and lipid levels, 5287 subjects who were not receiving lipid-lowering therapy at baseline were
available. We validated the association between
each of 11 SNPs with levels of either LDL cholesterol or HDL cholesterol (Table 2). The proportion
of residual trait variance that was explained by
each SNP was small, ranging from 0.1 to 2.5%.
Among the SNPs that were associated with LDL
cholesterol levels, the difference in LDL cholesterol
level between homozygote classes ranged from
3 mg to 72 mg per deciliter (0.1 to 1.9 mmol per
liter). Among the SNPs related to HDL cholesterol,
the difference ranged from 3 mg to 5 mg per deciliter.
For the APOB and LDLR loci, there were two
significant correlated SNPs at each locus. We selected the SNP with the stronger evidence for association at each locus (rs693 and rs1529729, respectively) for inclusion in the genotype score.
Thus, the analyses relating genotypes with cardiovascular-event prediction consisted of nine SNPs
from nine loci (Table 2).
We then constructed a genotype score for each
subject by counting the number of unfavorable
alleles carried by that subject for each SNP. With
zero, one, or two unfavorable alleles possible for
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Table 1. Baseline Characteristics of the Subjects.*
Characteristic

Men
(N = 2246)

Women
(N = 3168)

Mean age — yr

57.8±6.0

57.5±5.9

Parent or sibling with history of myocardial
infarction — no. (%)

734 (32.7)

1288 (40.7)

Total

232±38

242±44

LDL

159±35

162±40

HDL

47±12

58±14

134±72

112±59

144±19

140±19

Cholesterol — mg/dl

Triglycerides — mg/dl
Blood pressure — mm Hg
Systolic

89±10

86±9

Diabetes mellitus — no. (%)

Diastolic

260 (11.6)

192 (6.1)

Body-mass index

26.2±3.5

25.6±4.2

Status of cigarette smoking — no. (%)
Former

916 (40.8)

930 (29.4)

Never

608 (27.1)

1399 (44.2)

Current

464 (20.7)

630 (19.9)

2.7±4.5

2.5±4.3

67 (3.0)

60 (1.9)

308 (13.7)

434 (13.7)

89 (4.0)

35 (1.1)

C-reactive protein — mg/liter
Current drug therapy — no. (%)
Lipid-lowering
Antihypertensive
Prevalent cardiovascular disease — no. (%)†

* Plus–minus values are means ±SD. To convert the values for cholesterol to
millimoles per liter, multiply by 0.02586. To convert the values for triglycerides
to millimoles per liter, multiply by 0.01129. The body-mass index is the weight
in kilograms divided by the square of the height in meters. LDL denotes lowdensity lipoprotein, and HDL high-density lipoprotein.
† Prevalent cardiovascular disease includes myocardial infarction or stroke before the baseline visit.

each of nine SNPs, the potential genotype score
for each subject ranged from 0 to 18. Since only a
small number of subjects had a score of 6 or less,
these groups were a priori collapsed into one
group for the purposes of data display and analysis. In a similar way, subjects with a score of 13
or more were collapsed into one group.
SNP s and Cardiovascular Events

Complete data for all covariates in the multivariable Cox regression analyses were available for
4232 subjects who had not had prevalent myocardial infarction or stroke. During a median of 10.6
years of follow-up, 137 men and 101 women in
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CETP

LIPC

LPL

rs1800588‡

rs328‡

Intronic

Coding

5′ Upstream

5′ Upstream

0.13

0.09

0.21

0.49
4219

3157

1397

3818

4885

1717

1610

1911

3291

1989

1349

CC

CC

CC

GG

GG

CC

TT

AA

AA

GG

AA

53±14

53±14

51±13

54±15

161±38

160±39

160±38

158±38

157±37

158±37

167±38

863

1754

2456

1163

114

2551

2481

2405

1621

2176

2462

CG

CT

CA

GA

GT

CT

TC

AT

AG

GT

AG

56±15

54±14

54±14

53±14

146±30

161±38

161±38

163±38

167±38

161±38

160±37

mg/dl

Mean
No. of
Cholesterol
Subjects Genotype
Level

Mean
No. of
Cholesterol
Subjects Genotype
Level
mg/dl

Heterozygotes

Major-Allele Homozygotes

49

247

1245

82

2

860

993

764

224

568

1173

GG

TT

AA

AA

TT

TT

CC

TT

GG

TT

GG

58±16

57±16

56±15

51±12

89±22

163±37

164±38

162±38

173±38

166±39

157±38

mg/dl

Mean
No. of
Cholesterol
Subjects Genotype
Level

Minor-Allele Homozygotes

0.9

0.8

2.5

0.2

0.5

0.1

0.2

0.2

1.7

0.5

0.9

3×10−12

4×10−10

2×10−29

0.003

7×10−7

0.04

0.003

0.002

3×10−21

8×10−7

2×10−11

* Plus–minus values are means ±SD. A total of 5287 subjects were available for analysis of the association between the SNP and the lipid level after the exclusion of subjects who were receiving lipid-lowering therapy. Listed are alleles for the SNP on the forward strand of the human genome reference sequence (from National Center for Biotechnology Information Build
35). To convert the values for cholesterol to millimoles per liter, multiply by 0.02586. MAF denotes minor-allele frequency.
† Association analyses were conducted with the use of the multivariable-adjusted lipid level (adjusted for age, sex, and diabetes status) as the phenotype.
‡ This SNP was one of nine that were included in the genotype score. APOB rs7575840 and LDLR rs688 were not included in the genotype score, since these SNPs provided information
redundant with that provided by APOB rs693 and LDLR rs1529729.

ABCA1

rs1800775‡

0.01

0.42

0.44

0.39

0.20

0.35

0.48

MAF

of

rs3890182‡

Coding

Coding

Intronic

Intronic

5′ Upstream

3′ Downstream

Coding

SNP Type

Percentage
of Variance
Explained P Value†
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HDL cholesterol

APOB

Gene

rs693‡

LDL cholesterol

SNP

Table 2. Association between Single-Nucleotide Polymorphisms (SNPs) and Low-Density Lipoprotein (LDL) or High-Density Lipoprotein (HDL) Cholesterol.*
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Table 3. Lipid Levels and Crude Incidence Rates of Cardiovascular Disease, According to Genotype Score.*
Variable

P for
Trend

Genotype Score†
≤6
(N = 122)

7
(N = 309)

8
(N = 574)

9
(N = 894)

10
(N = 913)

11
(N = 726)

12
(N = 465)

≥13
(N = 229)

LDL cholesterol (mg/dl)

152±41

152±37

158±38

159±38

163±37

165±38

168±41

171±36

2×10−18

HDL cholesterol (mg/dl)

60±16

57±14

56±14

55±14

53±14

53±14

51±13

51±13

3×10−24

Crude incidence rate per
1000 person-years

3.1

2.7

5.1

3.9

5.3

6.8

5.7

11.0

* Plus–minus values are means ±SD. To convert the values for cholesterol to millimoles per liter, multiply by 0.02586. LDL denotes low-density lipoprotein, and HDL high-density lipoprotein.
† The genotype score represents the number of unfavorable alleles (the allele associated with higher LDL cholesterol or lower HDL cholesterol) at
each of nine SNPs. These nine SNPs were APOB rs693, APOE cluster rs4420638, HMGCR rs12654264, LDLR rs1529729, PCSK9 rs11591147,
ABCA1 rs3890182, CETP rs1800775, LIPC rs1800588, and LPL rs328.

this cohort had an incident cardiovascular event,
prespecified as myocardial infarction (131 subjects), ischemic stroke (96), or death from coronary heart disease (11).
Table 3 shows the lipid levels and crude incidence rates for the first cardiovascular event
stratified according to genotype score. LDL cholesterol levels increased from 152 mg per deciliter
(3.9 mmol per liter) for those with a score of 6 or
less to 171 mg per deciliter (4.4 mmol per liter)
for those with a score of 13 or more (P for trend,
2×10−18). HDL cholesterol levels decreased from
60 mg per deciliter (1.6 mmol per liter) for those
with a score of 6 or less to 51 mg per deciliter
(1.3 mmol per liter) for those with a score of 13 or
more (P for trend, 3×10−24). There was an increase
in the crude incidence rate of first cardiovascular events according to genotype score from 3.1
per 1000 person-years (among those with a score
≤6) to 11.0 per 1000 person-years (among those
with a score ≥13).
Multivariable Analysis of Outcome

After accounting for baseline lipid levels and a
full set of available risk factors, we found that the
genotype score remained associated with the first
cardiovascular event (adjusted hazard ratio, 1.15
per copy of an unfavorable allele; 95% confidence
interval [CI], 1.07 to 1.24; P = 3×10−4 by multivariable analysis) (Table 4). As compared with subjects with a genotype score of 9 or less (43.2% of
the sample), subjects with a score of 11 or more
(33.6%) had an increased risk of a cardiovascular
event by a factor of 1.63 (95% CI, 1.21 to 2.19;
P = 0.001). The predicted cumulative freedom from
n engl j med 358;12

Table 4. Multivariable Analysis of the Association between Genotype Score
and the Time to First Cardiovascular Event.*
Multivariable-Adjusted
Hazard Ratio
(95% CI)

P Value

Age, per SD

1.77 (1.52–2.07)

<0.001

Male sex

1.61 (1.20–2.17)

0.002

Parent or sibling with history of myocardial
infarction

1.52 (1.17–1.97)

0.002

LDL

1.13 (0.99–1.29)

0.08

HDL

0.75 (0.61–0.91)

0.003

0.87 (0.73–1.04)

0.12

1.29 (1.08–1.54)

0.005

Cholesterol, per SD

Log triglycerides, per SD
Blood pressure, per SD
Systolic

1.16 (0.97–1.38)

0.11

Body-mass index, per SD

Diastolic

1.09 (0.94–1.25)

0.26

Diabetes mellitus

1.47 (1.02–2.13)

Status of cigarette smoking
Former versus never

1.17 (0.85–1.59)

Current versus never

2.00 (1.41–2.83)

Log C-reactive protein, per SD

0.04
<0.001†

1.14 (0.99–1.30)

0.06

Lipid-lowering

1.29 (0.63–2.64)

0.48

Antihypertensive

1.46 (1.08–1.97)

0.01

1.15 (1.07–1.24)

<0.001

Drug therapy

Genotype score, per single unfavorable allele

* A cardiovascular event was prespecified as myocardial infarction, ischemic
stroke, or death from coronary heart disease. The body-mass index is the
weight in kilograms divided by the square of the height in meters.
† The P value is for the overall comparison among the smoking-status groups.
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Cumulative Freedom from Cardiovascular
Event (%)

100

98

96

94

Genotype score
≤6
7
8
9
10
11
12
≥13

92

90
0

0

2

4

6

8

10

112
293
538
844
849
679
434
207

105
267
481
757
757
604
398
184

12

Follow-up (yr)
No. at Risk
Genotype score
≤6
7
8
9
10
11
12
≥13

122
309
574
894
913
726
465
229

122
304
573
894
900
719
462
228

120
302
566
886
887
711
456
218

116
298
556
872
876
696
447
215

Figure 1. Predicted Cumulative Freedom from Myocardial Infarction, Ischemic
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the net reclassification index23 to account for the
correct movement in categories (higher risk for
subjects in whom cardiovascular disease subsequently developed and lower risk for subjects free
of incident cardiovascular disease), there was a
significant improvement in risk classification according to a model that incorporated the genotype score, as compared with one that did not
(P = 0.01) (Table 2 of the Supplementary Appendix).
We also estimated a measure of improvement in
model performance that did not depend on the
choice of categories, called the integrated discrimination index.23 A model with the genotype
score showed a greater integrated discrimination
index than did a model without the genotype score
(P = 0.02).
To further characterize the relationship between genotype and cardiovascular events, we
performed several additional exploratory analyses.
These included analyses comparing the incremental predictive value of the SNPs combined in the
genotype score with that of the SNPs modeled as
a set, analyses of the incremental predictive value
of the genotype score for individual components
of the cardiovascular event end point, analyses of
whether specific SNPs that comprised the score
appeared to drive the association with cardiovascular disease, and analyses of the separate predictive value of the SNPs related to LDL cholesterol
levels and those related to HDL cholesterol levels.
All the additional analyses are discussed in the
Supplementary Appendix.

Please check carefully.

JOB: 35812
cardiovascular

ISSUE: 03-20-08
events according
to the genotype
score, with adjustment for baseline covariates, is
shown in Figure 1.
We constructed ROC curves for the model incorporating established risk factors with and without inclusion of the genotype score, using the incidence of cardiovascular events at 10 years as the
outcome (Fig. 2). The C statistic (area under the
ROC curve) for total cardiovascular events was
0.80 for the risk model either with or without the
genotype score.
Among subjects in the Adult Treatment Panel
III intermediate-risk category (9% of the study
sample), 26% were reclassified into a higher or
lower risk category in the risk model containing
the genotype score, as compared with the model
without the genotype score (Table 1 of the Supplementary Appendix, available with the full text
of this article at www.nejm.org). When we used
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Dis cus sion
In a sample of approximately 5400 subjects from
a community-based cohort, we observed that SNPs
from nine loci were associated with the baseline
level of LDL or HDL cholesterol; four of these associations represented a first replication. During
more than 10 years of follow-up, we found that a
panel of nine lipid-associated polymorphisms also
predicted risk for a first cardiovascular event and
provided independent information beyond that obtained from baseline lipid levels and other established risk factors. Nevertheless, the genotype score
did not improve the accuracy of the clinical risk
prediction, as assessed by the C statistic. Among
subjects in the intermediate Adult Treatment Panel III risk category, 26% were reclassified into a
higher or lower risk category when the genotype
score was added to the other covariates.
These results highlight several important prin-
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ciples. First, for continuous, normally distributed
quantitative traits like LDL and HDL cholesterol
levels, multiple common alleles influence trait
variation, with each allele conferring a modest
effect.25 Second, although each SNP exerts a modest effect, a combination of SNPs, in aggregate,
can have a substantial influence on lipid levels.
Third, lipid-associated SNPs may provide incremental information about cardiovascular risk beyond lipid levels.
Why might a panel of SNPs associated with
levels of LDL or HDL cholesterol help predict cardiovascular outcomes even after accounting for
baseline lipid levels? It has been proposed that a
single measurement of blood lipids may inadequately reflect the lifetime exposure to altered
lipid levels.12,26 Lipid measurements may be affected by dietary, diurnal, and random factors.27
By contrast, genotypes are invariant over time, can
be precisely measured on a single assay, and can
exert an effect on lipid levels over a lifetime. An
alternative possibility is that SNPs may influence
atherogenesis through mechanisms unrelated to
either LDL or HDL cholesterol.
When added to conventional risk factors, the
current SNP panel did not improve the ability to
n engl j med 358;12

determine which patients will have cardiovascular
disease and which will remain disease-free, although it did modestly improve risk prediction, as
measured by clinical risk reclassification. It remains possible that with the addition of more
SNPs related to LDL or HDL cholesterol or SNPs
directly related to the risk of myocardial infarction
(e.g., the chromosome 9p21 SNPs recently associated with coronary artery disease and myocardial
infarction28-30), a panel of SNPs could prove useful in risk discrimination or targeting therapies.
Several limitations of our study deserve mention. Since this analysis is among the first in the
genetic-association literature to report on a panel
of lipid-modulating SNPs,31 we may have overestimated the effect size per unfavorable allele. Additional studies should clarify the true effect size
per unfavorable allele.
The specific SNP set in this panel may need
refinement. We selected a set of loci and SNPs on
the basis of previous studies and a strong biologic
rationale. However, we did not test other loci meeting these criteria. At each of the selected loci, the
particular SNPs that we tested may not actually be
causal but rather correlated to the causal SNP.
In addition, due to the rapid progress of sequencing and genomewide association approaches, a flood of new association discoveries is expected in the near future.32-34 It will be important
to systematically test the contribution of such new
ly identified loci to future risk-prediction models.
Our study sample was entirely of European
ancestry, and some of the SNPs we studied are
not polymorphic in other ethnic groups (e.g.,
rs11591147 at PCSK9 is monomorphic in persons
of African ancestry).12 This factor may limit the
generalizability of our findings. However, several
of the SNPs (including the LPL and LIPC variants)
have been shown to relate to levels of LDL or HDL
cholesterol in a similar fashion in both whites
and nonwhites.35
Moreover, in the interest of simplicity, we assigned an equal weight in our genotype score to
each unfavorable allele, regardless of the strength
of the effect on cholesterol. However, the effect on
risk may be more accurately estimated by weighting the contribution of an allele to the score on
the basis of its contribution to levels of LDL or
HDL cholesterol and on the relationship of such
levels to cardiovascular events. In addition, the
effect of each SNP on the risk of cardiovascular
disease may not relate to its effect on cholesterol
in a linear fashion.

www.nejm.org

march 20, 2008

1247

The

n e w e ng l a n d j o u r na l

Finally, reclassification analysis may be affect
ed in important ways by the choice of risk categories. For example, end points predicted in Adult
Treatment Panel III differed from those in our
study, so alternative risk-categorization schemes
may be appropriate. To overcome this limitation,
we also assessed the integrated discrimination index, a metric that is not dependent on the choice
of categories.
In summary, in our analysis, nine SNPs from
nine genes were found to be associated with levels of either LDL or HDL cholesterol. This panel
of polymorphisms was independently associated
with a risk of first myocardial infarction, ischemic
stroke, or death from coronary heart disease. The
SNP panel did not improve risk discrimination but
did modestly improve clinical risk reclassification
for individual subjects beyond standard clinical
factors.
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ONLINE SUPPLEMENTARY APPENDIX

1

RISK RECLASSIFICATION BY GENOTYPE SCORE
We evaluated the ability of genotype score to reclassify risk across National Cholesterol
Education Program Adult Treatment Panel III risk categories using two separate approaches
suggested by Cook et al. and Pencina et al. (see references in main text). Individuals in the Adult
Treatment Panel III intermediate risk category constituted 9% of the study sample (370 of 4232
subjects), 26% (95) were reclassified into a higher or lower risk category in the risk model with
genotype score compared to one without (Supplementary Table 1). When we used the ‘net
reclassification index’ to account for the correct movement in categories – upward for
individuals who subsequently developed cardiovascular disease and downward for individuals
free of incident cardiovascular disease, there was a significant improvement in risk classification
by a model that incorporated genotype score compared to one that did not (P=0.01,
Supplementary Table 2).

2

Supplementary Table 1. Comparison of Observed and Predicted Risks for Cardiovascular Disease With and Without Genotype Score*
Model With Genotype Score 10-Year Risk (10%)
Model Without Genotype Score 10-Year Risk (%)
0 to ≤10%
>10 to ≤20%
>20%
% Reclassified
0 to ≤10%
Total, n
3671
68
0
%†
98.0
1.8
0
1.8
Observed 10-year risk (%)‡
2.9
17.6
0
>10 to ≤20%
Total, n
61
275
34
%
16.5
74.3
9.2
25.7
Observed 10-year risk (%)
8.2
14.5
14.7
>20%
Total, n
0
23
100
%
0
18.7
81.3
18.7
Observed 10-year risk (%)
0
0
26.0
*Comparison is for the fully-adjusted model without and with genotype score (Models 3a and 3b as shown in Supplementary Table 1)
†
Percent classified in each stratum in the model with genotype score
‡
Observed proportion of individuals who developed cardiovascular disease at 10 years of follow-up

3

Supplementary Table 2. Reclassification Among Individuals Who Experience a Cardiovascular Disease Event and Those Who
Do Not Experience a Cardiovascular Disease Event on Follow-Up
Model Without
Model With Genotype Score
Genotype Score
Frequency
0 to ≤10%
>10 to ≤20%
>20%
Total
(Row per cent)
Participants who experience a cardiovascular disease event
0 to ≤10%
105 (89.7)
12 (10.3)
0 (0.0)
117
>10 to ≤20%
5 (10.0)
40 (80.0)
5 (10.0)
50
>20%
0 (0.0)
0 (0.0)
26 (100.0)
26
Total
110
52
31
193
Participants who do not experience a cardiovascular disease event
0 to ≤10%
3566 (98.5)
>10 to ≤20%
56 (17.5)
>20%
0 (0.0)
Total
3622

56 (1.5)
235 (73.4)
23 (23.7)
314

4

0 (0.0)
29 (9.1)
74 (76.3)
103

3622
320
97
4039

INCREMENTAL PREDICTIVE VALUE OF SNPS IN MULTIVARIABLE MODELS
To explore alternate approaches to modeling the impact of lipid-modulating SNPs on
cardiovascular risk, we fitted three pairs of nested multivariable Cox proportional hazards
regression models with or without entering all nine validated lipid-modulating SNPs. The SNPs
were incorporated into models either as a set or as a continuous genotype score (see the main text
for a description of the calculation of the genotype score).
We used a likelihood-ratio test to determine the P value for the addition of the SNPs,
either as a set or as a genotype score, to a model without them. In each case, the -2 log
likelihood from the larger model (clinical covariates and SNPs) was subtracted from that of the
smaller model (clinical covariates only).
The first pair of models compared age and sex as covariates (Model 1a) with age, sex,
and the SNPs (Model 1b). The second pair compared age, sex, LDL cholesterol, HDL
cholesterol, and log triglycerides as covariates (Model 2a) with these clinical covariates plus the
SNPs (Model 2b). The third pair compared a full set of 14 available covariates [age, sex, family
history of myocardial infarction, LDL cholesterol, HDL cholesterol, triglycerides, systolic blood
pressure, diastolic blood pressure, diabetes mellitus, body mass index, cigarette smoking, Creactive protein, lipid lowering therapy, and anti-hypertensive treatment (Model 3a)] with a full
set of risk factors plus the SNPs (Model 3b). In all of these analyses, the lipid-related SNPs were
significantly associated with cardiovascular events (see Supplementary Table 4).

5

Supplementary Table 3. Prediction of First Cardiovascular Event in Models With and Without 9 Validated Lipid Polymorphisms
P for Difference Between
‘a’ and ‘b’ Models
SNPs modeled as SNPs modeled as
Model
genotype score†
a set*
Change
Change
in
in
P
P
χ2
χ2
Model 1a: Age, sex

30.1

0.0004

19.5

0.00001

22.3

0.002

13.0

0.0003

23.6

0.005

13.6

0.0002

Model 1b: Age, sex, SNPs
Model 2a: Age, sex, LDL cholesterol, HDL cholesterol, triglycerides
Model 2b: Age, sex, LDL cholesterol, HDL cholesterol, triglycerides, SNPs
Model 3a: Age, sex, parental or sibling history of myocardial infarction,
LDL cholesterol, HDL cholesterol, log triglycerides, systolic blood pressure,
diastolic blood pressure, body mass index, diabetes mellitus, cigarette smoking,
log C-reactive protein, lipid lowering therapy, and anti-hypertensive treatment
Model 3b: Age, sex, parental or sibling history of myocardial infarction,
LDL cholesterol, HDL cholesterol, log triglycerides, systolic blood pressure,
diastolic blood pressure, body mass index, diabetes mellitus, cigarette smoking,
log C-reactive protein, lipid lowering therapy, anti-hypertensive treatment, and SNPs

*The difference between models 1a and 1b; 2a and 2b; and 3a and 3b with the addition of 9 SNPs in aggregate was evaluated using the
difference of -2log likelihoods, referenced to a chi square distribution with 9 degrees of freedom.
†
The difference between model pairs with the addition of a single composite genotype score was determined as a chi square distribution
with 1 degree of freedom.

6

SECONDARY ANALYSES
We considered individually the nonfatal myocardial infarction or death due to coronary heart
disease and ischemic stroke outcomes. Genotype score was associated with incident myocardial
infarction or death due to coronary heart disease (multivariable-adjusted hazard ratio 1.17, 95%
confidence interval 1.07 – 1.29, P=0.001). Genotype score was also associated with incident
ischemic stroke (multivariable-adjusted hazard ratio 1.13, 95% confidence interval 1.00 – 1.27,
P=0.047).
To explore whether specific SNPs that comprised the score appeared to drive the
association with cardiovascular disease, we used backward elimination (retention threshold
P<0.05) in a model that included the full set of clinical covariates and 9 SNPs (Model 3). Five
SNPs were retained as predictors of incident cardiovascular disease events: LDLR rs1529729
(P=0.02), PCSK9 rs11591147 (P=0.04), LIPC rs1800588 (P=0.005), LPL rs328 (P=0.049), and
APOE rs4420638 (P=0.04). A score composed of just these 5 SNPs was also associated with
incident cardiovascular disease (multivariable-adjusted P=0.0001).
We evaluated the relative contributions of SNPs related to LDL cholesterol and those
related to HDL cholesterol by constructing separate LDL and HDL cholesterol genotype scores.
Both the LDL cholesterol genotype score (composed of 5 SNPs, score range from 0-10) and the
HDL cholesterol genotype score (composed of 4 SNPs, score range from 0-8) were
independently related to incident cardiovascular disease events in fully-adjusted models (HR
1.11, 95% CI 1.01-1.23, P=0.03 for LDL cholesterol genotype score; HR 1.22, 95% CI 1.081.37, P=0.001 for HDL cholesterol genotype score).
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We tested for but did not observe a statistical interaction between genotype score and
each of the following variables: age, gender, cigarette smoking, family history of myocardial
infarction, and body mass index (each interaction P>0.05).
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