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IMPORTANCE Polygenic risk scores comprising millions of single-nucleotide polymorphisms
(SNPs) could be useful for population-wide coronary heart disease (CHD) screening.

OBJECTIVE To determine whether a polygenic risk score improves prediction of CHD
compared with a guideline-recommended clinical risk equation.

DESIGN, SETTING, AND PARTICIPANTS A retrospective cohort study of the predictive accuracy
of a previously validated polygenic risk score was assessed among 4847 adults of white
European ancestry, aged 45 through 79 years, participating in the Atherosclerosis Risk in
Communities (ARIC) study and 2390 participating in the Multi-Ethnic Study of
Atherosclerosis (MESA) from 1996 through December 31, 2015, the final day of follow-up.
The performance of the polygenic risk score was compared with that of the 2013 American
College of Cardiology and American Heart Association pooled cohort equations.

EXPOSURES Genetic risk was computed for each participant by summing the product of the
weights and allele dosage across 6 630 149 SNPs. Weights were based on an international
genome-wide association study.

MAIN OUTCOMES AND MEASURES Prediction of 10-year first CHD events (including myocardial
infarctions, fatal coronary events, silent infarctions, revascularization procedures, or
resuscitated cardiac arrest) assessed using measures of model discrimination, calibration,
and net reclassification improvement (NRI).

RESULTS The study population included 4847 adults from the ARIC study (mean [SD] age,
62.9 [5.6] years; 56.4% women) and 2390 adults from the MESA cohort (mean [SD] age, 61.8
[9.6] years; 52.2% women). Incident CHD events occurred in 696 participants (14.4%) and
227 participants (9.5%), respectively, over median follow-up of 15.5 years (interquartile range
[IQR], 6.3 years) and 14.2 (IQR, 2.5 years) years. The polygenic risk score was significantly
associated with 10-year CHD incidence in ARIC with hazard ratios per SD increment of 1.24
(95% CI, 1.15 to 1.34) and in MESA, 1.38 (95% CI, 1.21 to 1.58). Addition of the polygenic risk
score to the pooled cohort equations did not significantly increase the C statistic in either
cohort (ARIC, change in C statistic, −0.001; 95% CI, −0.009 to 0.006; MESA, 0.021; 95% CI,
−0.0004 to 0.043). At the 10-year risk threshold of 7.5%, the addition of the polygenic risk
score to the pooled cohort equations did not provide significant improvement in
reclassification in either ARIC (NRI, 0.018, 95% CI, −0.012 to 0.036) or MESA (NRI, 0.001,
95% CI, −0.038 to 0.076). The polygenic risk score did not significantly improve calibration
in either cohort.

CONCLUSIONS AND RELEVANCE In this analysis of 2 cohorts of US adults, the polygenic risk
score was associated with incident coronary heart disease events but did not significantly
improve discrimination, calibration, or risk reclassification compared with conventional
predictors. These findings suggest that a polygenic risk score may not enhance risk prediction
in a general, white middle-aged population.
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E arly identification and treatment of individuals at risk
of coronary heart disease (CHD) has been an important
contributor to reductions in cardiovascular morbidity

and mortality since 1970.1 The American College of Cardiol-
ogy and American Heart Association (ACC/AHA) cardiovascu-
lar prevention guidelines suggest that therapy with lipid-
lowering statin medications be considered for individuals with
an estimated 10-year risk of atherosclerotic events greater than
7.5% based on the 2013 ACC/AHA pooled cohort equations.2

However, many individuals who develop CHD have an esti-
mated 10-year cardiovascular risk of less than 7.5%.3 Con-
versely, only a minority of those judged to be at high risk ac-
tually have events over the subsequent decades. Thus, there
is considerable interest in identifying strategies to enhance risk
stratification in order to minimize overtreatment and under-
treatment, improve communication with patients about risk,
and promote further health gains.4

Recently, CHD risk scores based on common genetic varia-
tion have been developed using single-nucleotide polymor-
phisms (SNPs) derived from genome-wide association stud-
ies (GWAS).5 Such classifiers may now incorporate millions of
SNPs.6 In cross-sectional studies, individuals falling in the high-
est deciles of these polygenic risk scores have odds ratios for
prevalent CHD of 3 to 4 compared with lower risk individuals.7,8

The risk associated with elevated polygenic risk scores has
been more modest in studies focusing on incident events.9,10

Nevertheless, there has been substantial interest in the pos-
sibility of incorporating polygenic risk scores into population-
wide screening, as evidenced by the attention given by both
the scientific and lay communities.11,12

The clinical utility of new risk markers such as the poly-
genic risk score depends on the ability to predict future CHD
events, not on the strength of the associations with prevalent
CHD. The objective of this study was to evaluate the perfor-
mance of a polygenic risk score for prediction of incident CHD
events compared with risk prediction using a guideline-
recommended clinical risk equation.13,14

Methods
Study Population
Data came from 2 population-based cohort studies, the
Atherosclerosis Risk in Communities (ARIC) study and the
Multi-Ethnic Study of Atherosclerosis (MESA) (Table 1). The
ARIC study comprised genotyped adult participants aged be-
tween 45 and 64 years old and followed up from 1986 through
2015.13 Publicly available ARIC data were obtained from dB Gap
(phs000280). Use of ARIC data was approved by the institu-
tional review board of Vanderbilt University Medical Center.

The MESA cohort comprised genotyped individuals
from 45 through 84 years old, recruited from 2000 through
2002, and followed up through 2015.14 Data were obtained
through dB Gap (phs000209), and analyses were approved
by the institutional review boards of Cedars-Sinai Medical
Center, LA BioMed at Harbor UCLA, University of Washing-
ton (MESA DCC), and affiliated MESA field centers. All ARIC
and MESA participants provided written informed consent.

Because the existing polygenic risk score was derived from
a majority of persons (77%) with white European ancestry via
genome-wide association study analysis15 and calibrated for
use in this population, analyses were restricted to partici-
pants with European ancestry. In the ARIC cohort, genetic an-
cestry was determined using the STRUCTURE program.16,17

In the MESA cohort, individuals of European ancestry were
those whose race was reported as white and confirmed by prin-
cipal components analyses.

Genetic Data
Single-nucleotide polymorphism genotype data for both
cohorts were acquired on the Affymetrix 6.0 SNP array.
Quality control for the ARIC data set followed the guidelines
accompanying the dB Gap release and used PLINK version
1.07.18 For both data sets, SNPs were imputed using the
1000 Genomes cosmopolitan phase 3 version 5 reference
haplotypes. Closely related individuals were excluded by
randomly removing one of each pair of individuals with
pi-hat genetic relatedness that was greater than 0.05 for the
ARIC study or pi-hat that was greater than 0.2 for the MESA
cohort. Principal components used to control for population
stratification19 were generated from the underlying SNP
genotypes using the packages from SNPRelate for ARIC or
EIGENSOFT for MESA.20

Phenotypes
In ARIC, the primary analyses examined age, smoking status
(current vs other), systolic blood pressure, antihypertensive
medication use, total cholesterol, high-density lipoprotein cho-
lesterol, and type 2 diabetes status ascertained at the visit 4
examination (1996-1998). The analogous variables in the MESA
cohort were ascertained at the baseline examination (visit 1,
2000-2002). In the ARIC cohort, a binary family history vari-
able, which was not used in predictive models, was defined
as positive if either the mother or father had CHD or negative
if otherwise.

The ARIC study incident CHD cases were defined as
having incident myocardial infarction (MI), fatal coronary

Key Points
Question Does a polygenic predictor of coronary heart disease
(CHD) that incorporates millions of common single-nucleotide
polymorphisms (SNPs) improve risk stratification compared
with a guideline-based risk equation?

Findings In a retrospective cohort study that included 7237
middle-aged participants of European ancestry free of clinical CHD
at baseline, a polygenic risk score added to the 2013 American
College of Cardiology and American Heart Association pooled
cohort equations did not significantly improve discriminative
accuracy (measured by C statistic), calibration (comparing
observed vs expected event probabilities), or net reclassification
improvement (using a 10-year risk threshold of 7.5%).

Meaning Addition of a polygenic risk score to a clinical risk score
for incident CHD may not provide important information
in a white middle-aged population.
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event, or silent infarction or having undergone a revascular-
ization procedure by December 31, 2015. The ARIC study
prevalent CHD cases were participants with a reported his-
tory of MI, heart or arterial surgery, coronary artery bypass
graft surgery, or angioplasty; or evidence of having had an
MI based on electrocardiogram taken at their visit 1 exami-
nation. The MESA cohort incident CHD cases were defined
as MI, resuscitated cardiac arrest, definite or probable
angina if followed by a revascularization, and CHD death
occurring by visit 5 (December 31, 2015). For each indi-
vidual, 10-year risk based on the 2013 ACC/AHA pooled
cohort equations was calculated using the race- and sex-
specific formulas provided in the guidelines.2 Individuals
were also grouped into low risk (10-year risk ≤7.5%) or high
risk (>7.5%) groups based on the pooled risk equations.2

Individuals missing any measurement required to compute
their pooled cohort equations–based risk were excluded
from analyses.

CHD Polygenic Risk Score
These analyses used the CHD polygenic risk score previ-
ously developed by Khera et al7 and based on the summary
statistics from the Coronary Artery Disease Genome Wide
Replication and Meta-analysis plus the Coronary Artery Dis-
ease Genetics (CARDIOGRAMplusC4D) consortium GWAS
analysis. The Khera study empirically evaluated a large
number of polygenic risk scores that were created using dif-
fering SNP-selection methods. The study found that the best
performing polygenic risk score was based on the linkage-

disequilibrium SNP-reweighting approach encoded in the
LDpred21 software package, which incorporated the majority
of common SNPs analyzed in the GWAS. The best-performing
score comprised 6 630 149 million SNPs and was the one
used in our analyses. Single-nucleotide polymorphism
weightings were downloaded from http://www.broadcvdi.
org/informational/data.

The 6-million SNP score included a large number of SNPs
below the genome-wide significance threshold for associa-
tion with CHD, so it is likely that many of those SNPs did not
contribute to the explanatory power of the score. In second-
ary analyses, the performance of 5 additional polygenic risk
scores that used smaller numbers of SNPs, from 652 down to
44 corresponding to increasingly stringent thresholds for sig-
nificance for association with CHD, was also evaluated. Each
polygenic risk score was computed for each individual by sum-
ming the product of the allele weighting and the allele dosage
across the selected SNPs.

Analysis
Although the primary focus was the prediction of incident
CHD events, analyses were conducted that used the combi-
nation of prevalent and incident CHD events. Prevalent
CHD was incorporated into the initial analyses so that the
results presented herein could be compared with those of
Khera et al, who examined prevalent cases in the UK Biobank
data set. Khera et al showed that the polygenic risk score
was significantly associated with CHD case status in the
UK Biobank in logistic regression analyses.7 To demonstrate

Table 1. Baseline Characteristics of the ARIC and MESA Cohorts

Characteristic

No. (%) of Participants
ARIC
(n = 4847)a

MESA
(n = 2390)a

Men 2113 (43.6) 1142 (47.8)

Women 2734 (56.4) 1248 (52.2)

Age, mean (SD), y 62.9 (5.6) 61.8 (9.6)

Total cholesterol, mean (SD), mg/dL 202.3 (36.0) 196.3 (35.2)

HDL cholesterol, mean (SD), mg/dL 50.2 (16.5) 52.5 (15.7)

Systolic blood pressure, mean (SD), mmHg 125.5 (18.2) 122.8 (20.0)

Taking antihypertensive medications 1400 (28.9) 768 (32.1)

Taking statin medication 472 (9.7) 397 (16.6)

Current smoker 689 (14.2) 284 (11.9)

Type 2 diabetes 291 (6.0) 139 (5.8)

High estimated 10-y risk, >7.5%b 2772 (57.2) 1198 (50.1)

Maternal or paternal family history of CHDc 2011 (41.5) NA

Maternal or paternal premature CHDd 443 (9.1) NA

Completed high school 4333 (89.4) 2280 (95.4)

Abbreviations: ARIC, Atherosclerosis Risk in Communities; CHD, coronary heart
disease; HDL, high-density lipoprotein, MESA, Multi-Ethnic Study of
Atherosclerosis; NA, not available.

SI conversion factor: To convert cholesterol and HDL cholesterol from mg/dL to
mmol/L, multiply by 0.0259.
a For the ARIC study, counts are for participants without a prior diagnosis of

CHD at their visit 4 examination. For the MESA study, counts are for
participants without a CHD diagnosis at their initial visit 1 examination.

b Estimated 10-year risk is based on the 2013 American College of Cardiology

and American Heart Association pooled cohort equations and was calculated
using the race- and sex-specific formulas provided in the guidelines.
Individuals with a 10-year estimated atherosclerotic risk of 7.5% or less are
classified as low risk and individuals with a risk higher than 7.5% are classified
as high risk.

c Indicates that either a participant’s mother or father had a history of CHD.
d Indicates that either a participant’s mother or father had a history of CHD prior

to the age of 60 or 55 years, respectively.
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that the polygenic risk score in these analyses retained this
feature, similar logistic regression analyses were used to
measure the association of the polygenic risk score with CHD
using prevalent and incident (prior to visit 4) CHD cases and
controls from the ARIC study. The analyses adjusted for age,
sex, and the first 5 principal components. Because adjusting
for principal components is essential to ensure that any asso-
ciations with a polygenic risk score are not attributable to

population stratification, all statistical models incorporated
principal components.

Subsequent analyses focused only on incident CHD
events. Cox proportional hazards modeling was used to
estimate hazard ratios and to compute 10-year CHD event
probabilities. All analyses were adjusted for age, the top 5
principal components, and sex. Model fit was evaluated by
examining Schoenfeld residuals to evaluate the proportional
hazards assumptions for the covariates, Martingale residuals
to assess nonlinearity, and deviance results to identify influ-
ential outliers.

Harrell C statistics were based on a 10-year follow-up
window, as previously described.22 The C statistics were
computed using a Cox model that included the pooled cohort
equations estimated risk modeled as a continuous variable
(range, 0-1).2 The primary analyses examined the difference
in C statistics when the polygenic risk score was added to the
pooled cohort risk model. We computed 95% confidence
intervals for C statistics and for the difference in C statistic
values between models by bootstrapping. Model calibration
was assessed by comparing observed vs expected event prob-
abilities using the Greenwood-Nam-D'Agostino χ2 test.23

The net reclassification improvement (NRI) assesses the
correct reassignment among risk categories.24,25 Risk prob-
abilities are determined by Cox modeling and a base model is
compared with an alternate model that includes the addi-
tional classifier being evaluated.26 For the primary analyses,
the base model included the pooled cohort risk classifier de-
fined as low risk (≤7.5% 10-year risk of incident events) or high
risk (>7.5%) based on the pooled risk equations. The alternate

Figure 1. Overview of the Atherosclerosis Risk in Communities (ARIC) and Multi-Ethnic Study of Atherosclerosis (MESA) Study Population Selection

13 113 Genotyped participants

9413 European ancestry

3700 Excluded (non-European ancestry)

124 Excluded (>79 y)
1682 Excluded (related participants)

251 Excluded
241 Without complete visit 1 data

10 Incomplete SNP data

4847 With visit 4 data and no prior CHD

2633 Excluded
1628 Without complete visit 4 dataa

611 Incident CHD
394 Prevalent CHD

ARIC study

7731 Unrelated

7480 With visit 1 data

6680 Genotyped participants

3994 Excluded (non-European ancestry
and related individuals)

2390 With visit 1 data and no prior CHD

172 Excluded (without complete
visit 1 data)

MESA study

2686 Unrelated European ancestry

2562 Aged 45-79 y

a For the ARIC population, participants with a diagnosis of coronary heart
disease (CHD) at the time of their visit 1 examination (prevalent cases) or with
a diagnosis of CHD that occurred between their visit 1 and visit 4 (10 year)
examinations (incident cases) were excluded from the primary analyses of

incident CHD risk. The primary analyses used visit 4 as the starting point and
examined incident events that occurred after that visit. SNP indicates
single-nucleotide polymorphism.

Table 2. Odds Ratios Associated With CHD Cases Prior to Visit 4
for Selected Polygenic Risk Score Percentiles Among ARIC Participants

Polygenic Risk Scores Odds Ratio (95% CI)a

Continuous per SD Increment 1.89 (1.75-2.03)

Top percentilesb

20 2.89 (2.49-3.36)

10 3.19 (2.64-3.84)

5 4.14 (3.25-5.26)

2 4.81 (3.32-6.93)

Abbreviations: ARIC, Atherosclerosis Risk in Communities; CHD, coronary
heart disease.
a Odds ratios (95% CIs) are derived from logistic regression models adjusted for

age, sex, and 5 principal components. Differences in allele frequencies
between cases and controls due to systematic ancestral differences
(population stratification) can cause spurious genetic associations. Such
differences can be captured by principal components. The statistical models
were adjusted for principal components to ensure that associations with the
polygenic risk score were not attributable to such population stratification.

b The odds ratios are the risk of a CHD diagnosis for individuals in the top
percentile of the distribution compared with individuals in the remaining
sample. For instance, participants in the top 20% of the polygenic risk score
distribution are compared with individuals in the bottom 80%.
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model included the CHD polygenic risk score. We used boot-
strapping to determine 95% confidence intervals.

All statistical tests were 2-sided and a P < .05 was considered
significant. We also considered significant 95% confidence in-
tervals derived from bootstrapping that did not cross 0.

Separate models that included either only men or only
women were also run.27 The R v3.5.0 package was used in
conjunction with the survival, survminer, nricens, boot, and
DescTools packages.

Results
The overall ARIC study sample consisted of 13 113 partici-
pants, of whom 7480 participants of European ancestry had
complete data at their baseline visit 1 examination (Figure 1;
and eTable 1 in the Supplement). Of these, 4847 participants
between the ages of 53 and 74 years did not have a prior diag-
nosis of CHD at their visit 4 examination (43.6% men) (Table 1).
The overall MESA sample comprised 6680 participants, of
whom 2390 met the inclusion criteria (47.8% men) (Table 1 and
Figure 1). The ARIC study reported 696 (14.4%) incident CHD
events over a median follow-up of 15.5 years (interquartile range
[IQR], 6.3 years) with 448 (64%) occurring in men. The MESA
trial reported 227 (9.5%) incident CHD events over 14.2 years
(IQR, 2.5 years) with 139 (61%) occurring in men. Demo-
graphic characteristics by sex are presented in eTable 2 in the
Supplement.

In the ARIC study, 394 participants had prevalent CHD at
visit 1 in 1986 and another 611 participants developed inci-
dent CHD before visit 4 in 1996. The association of the poly-
genic risk score with prevalent and incident CHD was
assessed in this manner for the age- and sex-adjusted analy-
ses to provide comparable information with prior studies that
had used a similar end point. The polygenic risk score was
significantly associated with CHD (adjusted odds ratio [OR]
per SD increment, 1.89; 95% CI, 1.75-2.03; Table 2). Those in
the top decile of the polygenic risk score had an adjusted OR
of 3.19 (95%, CI, 2.64-3.84) compared with those in the lower
9 deciles. The odds of CHD for other quantiles of the poly-
genic risk score are presented in Table 2.

The association of the polygenic risk score with incident
CHD events in the ARIC cohort after the fourth visit in 1996
and the MESA cohort after the first visit in 2000 was exam-
ined next. The polygenic risk score was significantly associ-
ated with incident CHD in the ARIC cohort (adjusted hazards
ratio [HR] per SD increment, 1.24; 95% CI, 1.15-1.34) and the
MESA cohort (adjusted HR, 1.38; 95% CI, 1.21-1.58; Table 3).
Hazard ratios associated with polygenic risk score values in the
upper 5th and 10th percentiles are shown in Table 3 and are
shown stratified by sex in eTable 3 in the Supplement.

The C statistic associated with the polygenic risk score
alone was 0.549 (95% CI, 0.521 to 0.571) for the ARIC cohort
and 0.587 (95% CI, 0.532 to 0.623) for the MESA cohort
(Table 4). A model that included age and sex in addition to
the polygenic risk score had a C statistic of 0.669 (95% CI,
0.644 to 0.691) for the ARIC cohort and 0.672 (95% CI, 0.627
to 0.705) for the MESA cohort. The addition of the polygenic

risk score to the pooled equations predictor (modeled as
a continuous variable between 0 and 1) did not significantly
change the C statistic in the ARIC cohort from 0.701 (differ-
ence, −0.001; 95% CI, −0.009 to 0.006). The addition of
the polygenic risk score increased the C statistic in the
MESA cohort from 0.660 to 0.681 (difference, 0.021; 95% CI,
−0.0004 to 0.043; Table 4). In both data sets, the find-
ings were similar when the polygenic risk score was dichoto-
mized at various quartiles (Table 4). Similar findings were
observed in sex-stratified analyses, analyses that used alter-
native risk scores comprising smaller numbers of SNPs, and
analyses that excluded participants taking lipid-lowering
statin medications (eTable 4, eTable 5, and eTable 6 in the
Supplement).

Calibration was assessed by comparing expected and
actual event rates for CHD models with and without the poly-
genic risk score. In the ARIC study, the pooled cohort equa-
tions model categorized 39.2% of the sample as low risk (pre-
dicted 10-year event rate ≤7.5%) and 60.8% as high risk
(predicted 10-year event rate >7.5%) (Figure 2). Actual event
rates in these groups were 4.4% and 16.7%, respectively.
After adding the polygenic risk score, the model categorized
similar proportions of individuals as low risk (42.2%) and
high risk (57.8%), with similar event rates as well (4.4%
and 17.3%). Calibration analyses suggested better calibration
in the model without the polygenic risk score (Greenwood-
Nam-D’Agostino χ2, P = .85) than with the polygenic risk
score (P = .03) (eFigure 1 in the Supplement).

In the MESA trial, the pooled cohort equations model cat-
egorized 54.7% of the sample as low risk and 45.3% as high
risk (Figure 2) with actual event rates of 3.4% and 13.4%,
respectively. After adding the polygenic risk score, the pro-
portion of individuals categorized as low risk was 59.2%
and as high risk was 40.8%, with event rates of 3.8% and
14.0%, respectively. Both models showed good calibration
(Greenwood-Nam-D’Agostino χ2, P = .39 and P = .93, respec-
tively, for models without and with the polygenic risk score).

Adding the polygenic risk score to the pooled cohort risk
categories did not significantly improve classification accu-
racy in either the ARIC (NRI, 0.018; 95% CI, −0.012 to 0.036)

Table 3. Hazard Ratios for ARIC and MESA Incident CHD Events
for Selected Polygenic Risk Score Strata

Polygenic Risk Scores

Hazard Ratio (95% CI)a

ARIC MESA
Continuous per SD increment 1.24 (1.15-1.34) 1.38 (1.21-1.58)

Top percentilesb

20 1.54 (1.30-1.83) 1.63 (1.22-2.19)

10 1.68 (1.35-2.09) 1.74 (1.21-2.51)

5 1.68 (1.25-2.26) 2.15 (1.37-3.37)

2 2.04 (1.33-3.13) 2.68 (1.41-5.06)

Abbreviations: ARIC, Atherosclerosis Risk in Communities; CHD, coronary heart
disease; MESA, Multi-Ethnic Study of Atherosclerosis.
a Hazard ratios (95% CIs) are derived from a Cox proportional hazards

regression adjusted for age, sex, and 5 principal components.
b The hazard ratios are the risk of a CHD diagnosis for individuals in the top

quantile of the distribution compared with individuals in the
remaining sample.
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or the MESA cohorts (NRI, 0.001; 95% CI, −0.038 to 0.076;
Table 5). The overall proportions of individuals reclassified
to a new category were 4.4% in the ARIC study and 6.9% the
MESA study. Among those who subsequently developed a
CHD event, these reclassifications were often incorrect
(80.0% of reclassifications in the ARIC cohort, and 78.6% of
reclassifications in the MESA cohort, Figure 2). There was
no significant improvement associated with the polygenic
risk score in analyses stratified by sex (eTable 7 in the
Supplement).

Discussion

A CHD polygenic risk score offered little to no improvement
in CHD risk stratification in middle-aged white populations
from 2 well-characterized retrospective studies involving adults
of white, European ancestry. The score minimally changed risk
discrimination and reclassified fewer than 10% of individu-
als to a higher or lower CHD risk category. Furthermore, among
individuals who subsequently developed CHD, the specific

Figure 2. Reclassification of 10-Year Predicted Coronary Heart Disease Risk
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Columns and rows refer to categories of 10-year predicted risk. The numbers
represent the counts of individuals assigned to the indicated risk category. The
number of events differs from those in the main analyses because the table is
restricted to events occurring over the first 10 years of follow-up. The standard
coronary heart disease (CHD) model includes sex, age, 5 principal components,
and the binary classifier for low or high risk are based on the pooled risk
equations. Thus, among the 496 individuals in the Atherosclerosis Risk in
Communities (ARIC) cohort with events, 2 were correctly up classified and 8

individuals were incorrectly down classified. The net proportion of correct
reclassifications for events is –6/496 = –0.012. Among ARIC nonevents, 146
were correctly down classified and 27 were incorrectly up classified. The net
proportion of correct reclassifications for nonevents is 119/3672 = 0.032.
The overall net reclassification improvement is defined as the sum of the net
reclassifications for events and nonevents (eg, –0.012 + 0.032 = 0.02).
MESA indicates Multi-Ethnic Study of Atherosclerosis.

Table 4. C Statistics Evaluating the Performance of the Polygenic Risk Score in ARIC and MESA

Model

C Statistic (95% CI)a

ARIC MESA
5 principal components + PRSb 0.549 (0.521-0.571) 0.587 (0.532-0.623)

Age + sex + 5 principal components 0.663 (0.638-0.684) 0.646 (0.600-0.681)

Age + sex + 5 principal components + PRS 0.669 (0.644-0.691) 0.672 (0.627-0.705)

Base modelc 0.701 (0.679-0.722) 0.660 (0.613-0.694)

Base model + PRS 0.700 (0.677-0.721) 0.681 (0.637-0.715)

Base model + PRS: Top 10%d 0.700 (0.676-0.721) 0.675 (0.63-0.711)

Base model + PRS: Top 20%d 0.700 (0.675-0.721) 0.670 (0.625-0.703)

Base model + family history 0.705 (0.681-0.725) NA

Abbreviations: ARIC, Atherosclerosis Risk in Communities; MESA, Multi-Ethnic
Study of Atherosclerosis; NA, not available; PRS, polygenic risk score.
a C statistics are based on 10-year incident events from a Cox regression model.
b The PRS is modeled as a continuous variable.
c The base model includes the pooled cohort risk percentile (a continuous

variable) based on the pooled equations, sex, age, and 5 principal
components.

d The PRS is modeled as a binary phenotype representing individuals in the top
10% of the score distribution vs the bottom 90% or the top 20% vs the
bottom 80%, respectively.
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group that screening programs wish to identify, the majority
of reclassifications (79%-80%) were incorrect. Neither the pro-
portions of individuals categorized as high risk or low risk nor
the observed event rates in each group were substantially al-
tered by the polygenic risk score, suggesting that implemen-
tation may have limited effect at the population level.

These analyses used the polygenic risk score developed
by Khera and colleagues,7 based on 6 million SNPs from an
international GWAS and cross-sectionally validated in the
UK Biobank, a middle-aged population of largely European
ancestry. Similar results were seen with regard to the robust
association of the polygenic risk score with prevalent CHD
disease risk, with relative risk estimates in a similar range. These
data support the overall applicability of their genetic model to
these US-based white populations and suggest that its lim-
ited predictive utility was not a result of poor model selection.28

This study also found that polygenic risk scores comprising
smaller numbers of SNPs strongly associated with CHD risk
did not perform better than the 6-million SNP predictor.

These findings underscore the frequent discordance be-
tween statistical association and predictive performance, a phe-
nomenon that has been observed with other cardiovascular
biomarkers.4 Odds ratios greater than 10 are typically re-
quired for new risk markers to substantially improve model
discrimination.29,30 The odds ratio associated with being in the
top 5% of polygenic risk score (≈ 4) is comparable with that ob-
served with other biomarkers such as C-reactive protein and
homocysteine that have been shown to have similarly mod-
est predictive utility.31,32

Initial studies characterizing highly polygenic CHD pre-
dictors using UK Biobank data reported C statistics of
approximately 0.80.7,8 However, these estimates were from
models that included age and sex, which are the major deter-
minants of CHD risk.33 These analyses highlight the modest
performance of the polygenic risk score when considered
alone, consistent with the findings of Inouye et al.8 Another
distinction between these analyses and the aforementioned
studies is the primary focus on incident events rather than
prevalent CHD. A few studies have examined prospective
outcomes, and they have observed results similar to those
reported herein. For instance, the C statistics for an analysis
of incident CHD in French-Canadians were 0.56 to 0.60,
despite findings of high risk estimates associated with being

in the tails of the polygenic risk score distribution.10 Simi-
larly, a study involving approximately 52 000 white people in
a Northern California health care system found a C statistic
improvement of 0.008 when a polygenic risk score was
added to the Framingham risk score.9

A proposed strength of the polygenic risk score is its abil-
ity to identify a subgroup of individuals with a relative risk of
CHD comparable with individuals with monogenic traits,
such as familial hypercholesterolemia. In the UK Biobank,
the polygenic risk score identified 8% of the sample with a
relative risk of CHD of 3, similar to the risk associated with
some familial hypercholesterolemia mutations.34 Enrich-
ment of high-risk individuals in the tails of the distribution is
a feature of many biomarkers of modest prognostic utility.35

Furthermore, an important distinction between risk stratifi-
cation using a mendelian variant or a rare genetic variant vs a
polygenic risk score is that the former identifies individuals
with a specific mechanism of disease that can be targeted. In
contrast, the polygenic risk score does not focus on an under-
lying mechanism, biology, or behavior that can be intervened
upon. Interventions promoting general cardiovascular risk
modification in individuals with high genetic risk have
yielded mixed results to date.36,37 Thus, the clinical value of
the polygenic risk score relies principally on its ability to risk
stratify individuals, which, in this case, appears limited.

Another potential advantage of the polygenic risk score,
compared with conventional risk markers, is that it can be as-
sessed at an early age. Given the poor discriminative perfor-
mance of a polygenic risk score observed in these analyses, the
clinical implications of finding a high polygenic risk score in a
young person with very low absolute risk are unclear, in the
absence of an identifiable risk factor such as hyperlipidemia.
Screening with a polygenic risk score could provide motiva-
tion for lifestyle modification (eg, better diet or increased physi-
cal activity), but there may be simpler ways to promote such
interventions at the individual or population level.

Limitations
This study has several limitations. First, the SNP weights
for the polygenic risk score were derived from the
CARDIOGRAMplusC4D GWAS. Although 77% of partici-
pants in this GWAS were of European ancestry, inclusion
of other ancestries could affect SNP weights and attenuate

Table 5. Reclassification Based on the Net Reclassification Improvement

Model 1a Model 2a

Net Reclassification Improvement (95% CI)b

ARIC MESA
Age + sex + Pooled cohort risk group3 0.020 (−0.015 to 0.091) 0.112 (0.001 to 0.167)

Age + sex + Polygenic risk score − 0.022 (− 0.036 to 0.021) 0.042 (− 0.046 to 0.102)

Age + sex + pooled cohort
risk groupc

+ Polygenic risk score 0.018 (− 0.012 to 0.036) 0.001 (− 0.038 to 0.076)

Abbreviations: ARIC, Atherosclerosis Risk in Communities; MESA, Multi-Ethnic
Study of Atherosclerosis.
a All models are additionally adjusted for 5 principal components.
b The NRI compares participant reassignment to high- vs low-risk categories for

a base statistical model (model 1) compared with a model that includes
an additional covariate (model 2). The NRI reported herein is based on a 7.5%
10-year coronary heart disease risk threshold, with risk being estimated using

a Cox proportional hazards model. The maximum value of the categorical NRI
is 2, because it is the sum of the net proportions of correct reclassifications for
events and nonevents. Most cardiovascular risk factors have NRI values in
excess of 0.10.

c The pooled cohort group is a binary classifier for low vs high risk based on the
pooled equations classifier.
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the performance of the polygenic risk score in a European
ancestry population. Similarly, CARDIOGRAMplusC4D cap-
tured a heterogenous collection of CHD cases, so while SNP
weightings derived from this study may be well-suited to
the heterogenous mix of cases that would be expected in
the community-based cohorts used in these analyses, the
weightings are not optimized to capture specific CHD sub-
types such as early-onset CHD. Second, the ARIC study was
one of the cohorts in CARDIOGRAMplusC4D, which might
lead to an overestimation of the performance of the poly-
genic risk score. The ARIC study also contributed data used
for the pooled cohort equations; however, the ARIC events
that contributed to the pooled cohort equations largely
occurred prior to the visit 4 time point used in this study.
The consistency of the results between the ARIC and MESA
studies (the latter of which did not contribute to the deriva-
tion of the pooled cohort equations) further supports the
study findings. Third, the pooled cohort classifier was cali-
brated to identify individuals at risk of any atherosclerotic
cardiovascular event, not just CHD. This might lead to an
overestimation of the performance of the polygenic risk
score relative to the pooled cohort equations.

Fourth, a 10-year risk threshold of 7.5% was used to assess
reclassification, based on the current ACC/AHA cholesterol
guidelines. It is possible that the performance of the predictor
could vary using other thresholds. Fifth, the analyses were re-
stricted to participants in epidemiological cohorts, who may
not be representative of individuals seen in other settings such
as hospitals or clinics. Sixth, these analyses were restricted to
individuals of European descent because the polygenic risk
score was calibrated to a European-ancestry GWAS using a
European linkage-disequilibrium reference panel. The inabil-
ity to assess polygenic prediction in nonwhite individuals un-
derscores the problem of limited diversity in prior GWAS.38

Conclusions
In this analysis of 2 cohorts of US adults, the polygenic risk score
was associated with incident coronary heart disease events but
did not significantly improve discrimination, calibration, or risk
reclassification compared with conventional predictors. These
findings suggest that a polygenic risk score may not enhance
risk prediction in a general, white middle-aged population.
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