
Whole genome sequencing to characterize monogenic and 
polygenic contributions in patients hospitalized with early-onset 
myocardial infarction

Amit V. Khera, MD MSc#1,2,3,4, Mark Chaffin, MS#3, Seyedeh Maryam Zekavat, BSc3,5, Ryan 
L. Collins, A.B.1,4, Carolina Roselli, MS3, Pradeep Natarajan, MD2,3,4, Judith H. Lichtman, 
PhD6, Gail D’Onofrio, MD7, Jennifer Mattera, DrPH8, Rachel Dreyer, PhD7, John A. Spertus, 
MD9, Kent D. Taylor, PhD MD10,11, Bruce M. Psaty, MD PhD12,13, Stephen S. Rich, PhD14, 
Wendy Post, MD15, Namrata Gupta, PhD3, Stacey Gabriel, PhD3, Eric Lander, PhD3,16,17, Yii-
Der Ida Chen, PhD10,11, Michael E. Talkowski, PhD1,4, Jerome I. Rotter, MD10,11, Harlan M. 
Krumholz, MD#8, and Sekar Kathiresan, MD#1,2,3,4

1Center for Genomic Medicine, Massachusetts General Hospital, Boston, MA

2Division of Cardiology, Massachusetts General Hospital, Boston, MA

3Cardiovascular Disease Initiative, Broad Institute of MIT and Harvard, Cambridge, MA

4Department of Medicine, Harvard Medical School, Boston, MA

5Yale University School of Medicine, New Haven, CT

6Department of Chronic Disease Epidemiology, Yale School of Public Health, New Haven, CT

7Department of Emergency Medicine, Yale University, New Haven, CT

8Center for Outcomes Research and Evaluation, Yale–New Haven Hospital, New Haven, CT

9Department of Biomedical and Health Informatics, Saint Luke’s Mid America Heart Institute, 
University of Missouri, Kansas City, MO

10Institute for Translational Genomics and Population Sciences, LABioMed, Torrance, CA

11Department of Pediatrics at Harbor-UCLA Medical Center, Torrance, CA

12University of Washington and Kaiser Permanente, Seattle, WA

13Washington Health Research Institute (B.P.), Seattle, WA

14Center for Public Health Genomics, University of Virginia School of Medicine, Richmond, VA

15Johns Hopkins University School of Medicine, Baltimore, MD

16Department of Biology, Massachusetts Institute of Technology, Cambridge, MA

17Program in Health Sciences and Technology, Harvard Medical School, Cambridge, MA

# These authors contributed equally to this work.

Correspondence to: Amit V. Khera, MD, Center for Genomic Medicine, Massachusetts General Hospital, 185 Cambridge Street, 
Boston, MA 02114, avkhera@mgh.harvard.edu. Sekar Kathiresan, MD, Center for Genomic Medicine, Massachusetts General 
Hospital, 185 Cambridge Street, CPZN 5.821A, Boston, skathiresan1@mgh.harvard.edu, Phone: 617 724 3091. 

HHS Public Access
Author manuscript
Circulation. Author manuscript; available in PMC 2020 March 26.

Published in final edited form as:
Circulation. 2019 March 26; 139(13): 1593–1602. doi:10.1161/CIRCULATIONAHA.118.035658.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Abstract

Background: The relative prevalence and clinical importance of monogenic mutations related to 

familial hypercholesterolemia and of high polygenic score (cumulative impact of many common 

variants) pathways for early-onset myocardial infarction remain uncertain. Whole genome 

sequencing enables simultaneous ascertainment of both monogenic mutations and polygenic score 

for each individual.

Methods: We performed deep-coverage whole genome sequencing of 2,081 patients from four 

racial subgroups hospitalized in the U.S. with early-onset myocardial infarction (age ≤ 55 years) 

recruited using a 2:1 female to male enrollment design. We compared these genomes with 3,761 

population-based controls. We first identified individuals with a rare, monogenic mutation related 

to familial hypercholesterolemia. Second, we calculated a recently developed polygenic score of 

6.6 million common DNA variants to quantify the cumulative susceptibility conferred by common 

variants. We defined high polygenic score as the top 5% of the control distribution, as this cutoff 

has been previously shown to confer similar risk to familial hypercholesterolemia mutations.

Results: Mean age of the 2,081 patients presenting with early-onset myocardial infarction was 

48 years and 66% were female. A familial hypercholesterolemia mutation was present in 36 

(1.7%) of these patients and associated with a 3.8-fold (95%CI 2.1 – 6.8; p < 0.001) increased 

odds of myocardial infarction. 359 (17.3%) of the patients with early-onset myocardial infarction 

carried a high polygenic score, associated with a 3.7-fold (95%CI 3.1 – 4.6; p < 0.001) increased 

odds. Mean estimated untreated LDL cholesterol was 206 mg/dl in those with a familial 

hypercholesterolemia mutation, 132 mg/dl in those with high polygenic score, and 122 mg/dl in 

those in the remainder of the population. Although associated with increased risk in all racial 

groups, high polygenic score demonstrated the strongest association in white participants (p-

heterogeneity = 0.008).

Conclusions: Both familial hypercholesterolemia mutations and high polygenic score are 

associated with a more than three-fold increased odds of early-onset myocardial infarction. 

However, high polygenic score cannot be reliably identified on the basis of elevated LDL 

cholesterol and has a ten-fold higher prevalence among patients presenting with early-onset 

myocardial infarction.

Clinical Trial Registration: URL: https://clinicaltrials.gov/ct2/show/NCT00597922; Unique 

identifier: NCT00597922
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Background

An increased risk of early-onset myocardial infarction in those with a parental history was 

first documented in 1951.1 Subsequent research has identified discrete DNA-based 

underpinnings of heritable risk. An important example is a molecular defect in the gene 

encoding the LDL receptor (LDLR), identified as a driver of hypercholesterolemia and risk 

of myocardial infarction in 1985.2 More recent studies have determined that such familial 
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hypercholesterolemia mutations are present in ~1 in 250 individuals in the population and 

confer a 3- to 4-fold increased risk of early-onset myocardial infarction.3–6

Proposed clinical applications of genomic screening for risk of myocardial infarction have 

largely focused on finding carriers of rare monogenic mutations, such as those related to 

familial hypercholesterolemia.4–6 However, a decade of genome-wide association studies 

(GWAS) has demonstrated that common DNA variants account for the majority of heritable 

risk for complex diseases.7–10 Polygenic scores quantify the genetic susceptibility conferred 

by the cumulative impact of common variants into a single, normally distributed quantitative 

risk factor. We recently developed and validated a polygenic score for myocardial infarction 

comprised of a genome-wide set of 6.6 million common DNA variants.11 This score 

demonstrated substantially better predictive capacity than our previously published score 

restricted to the 50 most significantly associated variants in previous GWAS analyses.12

Whole genome sequencing captures the complete spectrum of genetic variation – both rare 

and common – but has never been applied at scale to patients with myocardial infarction. We 

performed whole genome sequencing in 2,081 patients presenting to U.S. hospital with 

early-onset myocardial infarction from the multiethnic Variation in Recovery: Role of 

Gender on Outcomes of Young AMI Patients (VIRGO) study.13 We compare the prevalence 

and clinical impact of monogenic (single large-effect mutation) and polygenic (cumulative 

effect of many variants of small effect) risk pathways associated with myocardial infarction.

Methods

Data Availability

Whole genome sequencing data for the VIRGO study and MultiEthnic Study of 

Atherosclerosis study have been uploaded to the database of Genotypes and Phenotypes 

(dbGaP) repository under accession numbers phs001259 and phs001416, respectively.

The genome-wide polygenic score for myocardial infarction used in this paper is available 

for download.14 Python scripts used to extract the polygenic score for each individual from a 

whole genome sequencing variant call format (.vcf) file and R code to standardize the 

distribution of this score across racial/ethnic groups are provided in Supplemental Code I-III 

of the online-only Data Supplement.

Study Populations

Patients with early-onset (age ≤ 55 years) myocardial infarction were derived from the 

previously described VIRGO study.13 VIRGO investigators enrolled a multiethnic 

population of patients presenting to one of 103 United States hospitals with a myocardial 

infarction between August 2008 and January 2012 using a 2:1 female-to-male enrollment 

design. Eligible participants had elevated cardiac biomarkers (troponin I or T or creatine 

kinase-myocardial band), with at least one biomarker >99th percentile of the upper reference 

limit within 24 hours of admission. Additional evidence of acute myocardial ischemia was 

required, including either symptoms of ischemia or electrocardiogram changes indicative of 

new ischemia. This report represents the first genetic analysis conducted in the VIRGO 
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study and as such, VIRGO data has not been represented in any earlier genetic studies of 

myocardial infarction.

Population-based controls were derived from the MESA study.15 MESA is a multiethnic 

prospective cohort that enrolled individuals in the United States free of cardiovascular 

disease between 2000 and 2002. Whole genome sequencing was performed in MESA 

participants who consented to genetic study and had sufficient DNA volume in a central lab 

repository. For this study, sequenced MESA participants were included as controls if they 

remained free of incident cardiovascular disease over a median follow-up of 13.2 years 

through the end of 2014 (mean age at end of follow-up 73 years).

Additional details about the VIRGO and MESA studies are provided in the Supplementary 

Methods of the online-only Data Supplement. Written informed consent was obtained for all 

study participants by the VIRGO and MESA investigators. The present analysis was 

approved by the Partners HealthCare (Boston, MA) Institutional Review Board.

Whole Genome Sequencing

Whole genome sequencing was performed using the Illumina HiSeqX platform at the Broad 

Institute of Harvard and MIT (Cambridge, MA). Reads were aligned to the human reference 

genome hg19. Whole genome sequencing was performed on 6,033 individuals, of whom 41 

were excluded for sample quality control reasons and an additional 150 were excluded due 

to relatedness (second-degree or closer) to another sample within the study (Table I of the 

online-only Data Supplement).

In order to minimize potential confounding from whole genome sequencing performed in 

separate batches for the VIRGO and MESA cohorts, we assembled a single joint variant call 

set across all participants in this study. We subsequently confirmed that the overall number 

of variants per individual was similar between VIRGO patients and MESA controls in a race 

stratified analysis (Figure I of the online-only Data Supplement). Next, we performed an 

association study of all observed common (allele frequency ≥ 1%) variants and a gene-based 

burden test aggregating rare (allele frequency < 1%), confirming no significant inflation of 

test statistics (Figure II of the online-Only Data Supplement).

Additional sequencing parameters are described in the online-only Data Supplement.

Ascertainment of familial hypercholesterolemia mutations

Heterozygous familial hypercholesterolemia is an autosomal dominant genetic condition 

caused by mutations in any of three genes – LDLR, APOB (apolipoprotein B), or PCSK9 
(proprotein convertase subtilisin/kexin type 9).16 Within each of these three genes, we 

aggregated three classes of mutations as performed previously.4

First, we identified inactivating mutations in LDLR leading to premature truncation of a 

protein (nonsense), insertions or deletions of DNA sequence that alter the reading frame 

(frameshift), point mutations at sites of pre-messenger ribonucleic acid splicing that alter the 

splicing process (splice-site), or structural variants that perturb the LDLR coding sequence. 

Structural variation was assessed using a targeted analysis for variants in proximity to the 
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LDLR locus (± 1 megabase) using a recently described method.17 Second, we included 

mutations in LDLR, APOB, or PCSK9 annotated as ‘pathogenic’ or ‘likely pathogenic’ for 

familial hypercholesterolemia in the ClinVar database.18 Variants with conflicting 

annotations or those that had been deemed ‘benign’ or ‘likely benign’ were removed. Third, 

we identified missense variants in LDLR predicted to be damaging or possibly damaging by 

each of 5 computer prediction algorithms (LRT score, MutationTaster, PolyPhen-2 HumDiv, 

PolyPhen-2 HumVar, and Sorting Intolerant From Tolerant [SIFT]), as described previously.
3, 4

Ascertainment of polygenic score

We recently developed a genome-wide polygenic score for myocardial infarction comprised 

of 6,630,150 common (allele frequency >1%) variants.11 This score was based on 

association statistics for millions of variants derived from a previously published GWAS of 

up to 60,801 individuals with myocardial infarction and 123,504 controls.9 We used a 

computational algorithm to optimize a polygenic score that integrates the cumulative impact 

of all available variants.19 We validated this new score in a population of >400,000 

individuals of European ancestry from the UK Biobank.20 In the UK Biobank, our 

previously published polygenic score comprised of only 50 variants demonstrated that the 

top 5% of the distribution had 2.1-fold increased odds of coronary artery disease as 

compared with the remainder of the population.11 By contrast, use of the expanded genome-

wide polygenic score noted that the top 5% of the polygenic score distribution had 3.3-fold 

increased odds of coronary artery disease compared with the remainder of the population, a 

magnitude of risk comparable to that observed in previous studies of familial 

hypercholesterolemia mutations.3–6 We thus defined high polygenic score as the top 5% of 

the distribution.

After application of stringent sequencing quality control parameters, 6,286,512 of 6,630,150 

(94.8%) of the variants were available for scoring, and this polygenic score was calculated in 

each of the early-onset myocardial infarction patients and controls (Supplementary Code I & 

II of the online-only Data Supplement). Additional details are provided in the online-only 

Data Supplement.

Statistical analysis

Principal components of ancestry facilitate quantification of genetic ancestry and adjustment 

for these principal components minimizes genetic association test confounding due to 

population stratification.21 Given the multiethnic population studied here, we fit a linear 

regression model using the first four principal components of ancestry to predict the 

polygenic score within control participants. The residual from this model was used to create 

an ancestry-corrected reference distribution, with those in the top 5% of this distribution 

considered to have high polygenic score (Supplementary Code III of the online-only Data 

Supplement).

The relationship of familial hypercholesterolemia mutations and high polygenic score to 

early-onset myocardial infarction was assessed using logistic regression models adjusted for 

the first four principal components of ancestry. In order to estimate untreated values for LDL 
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cholesterol, measured values for those reporting use of statin medications were divided by 

0.7 as we and others have performed previously.4, 5 Associations of familial 

hypercholesterolemia mutations and high polygenic score with LDL cholesterol among 

early-onset myocardial infarction patients were assessed in linear regression models 

adjusting for age, sex, and the first four principal components of ancestry.

Analyses were performed using R version 3.2.2 software (The R Foundation).

Results

We analyzed whole genome sequencing data of 2,081 patients presenting to U.S. hospitals 

with early-onset myocardial infarction (Table 1). Mean age of patients was 48 years, 66% 

were female, and 28% reported use of statins prior to hospitalization. Patients included 

1,537 (75%) white, 336 (16%) black, 168 (8%) Hispanic, and 40 (2%) Asian individuals. 

Racial designations were based on a combination of patient self-report and inferred 

genotypic ancestry as assessed by principal compenents (detailed in the online-only Data 

Supplement). The genomes of these 2,081 patients were compared to 3,761 controls, 

including 1,544 (41%) white, 962 (26%) black, 751 (20%) Hispanic, and 504 (13%) Asian 

participants. Principal components analysis confirmed that the patients and controls were 

well-matched with respect to genetic ancestry (Figure 1).

Prevalence and clinical importance of familial hypercholesterolemia mutations

A familial hypercholesterolemia mutation was present in 36 of 2,081 (1.7%) patients with 

early-onset myocardial infarction. Carriers included 8 individuals with a loss-of-function 

mutation in LDLR, 12 with a LDLR missense mutation previously annotated as pathogenic 

in the ClinVar online database, and 16 with a rare LDLR missense mutation predicted to be 

damaging by each of five computer prediction algorithms. No familial hypercholesterolemia 

mutations in the APOB or PCSK9 genes were detected in the 2,081 patients.

Of the 8 individuals with a loss-of-function LDLR mutation, one was ascertained only via 

detailed structural variant analysis – a 7.9 kilobase deletion leading to loss of 4 exons 

(Figure 2). This mutation was noted in a Hispanic female who presented with a myocardial 

infarction at age 51. On-statin LDL cholesterol at time of presentation was 193 mg/dl 

(estimated untreated LDL cholesterol of 276 mg/dl). An advantage of whole genome 

sequencing is the ability to detect such variants, typically missed in genetic testing based on 

genotyping array or whole exome sequencing.17

Among early-onset myocardial infarction patients found to be carriers of a familial 

hypercholesterolemia mutation, 17 of 36 (47%) reported being on a statin prior to 

presentation. This finding is consistent with previous reports that suggest inadequate 

recognition and treatment of familial hypercholesterolemia in current clinical practice,22 

although it is also conceivable that treated mutation carriers were systematically 

underrepresented in patients presenting with myocardial infarction. Average estimated 

untreated LDL cholesterol was 202 mg/dl and 58% had severe hypercholesterolemia (LDL 

cholesterol ≥ 190 mg/dl). In a model adjusted for age, sex, and principal components of 

ancestry, LDL cholesterol levels were 82 mg/dl (95%CI 65 –99; p < 0.0001) higher in 

Khera et al. Page 6

Circulation. Author manuscript; available in PMC 2020 March 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



patients who carried a familial hypercholesterolemia mutation as compared with non-

carriers. This effect on increased LDL cholesterol levels was most pronounced in those with 

a loss-of-function mutation as compared with a LDLR missense mutation (Table II in the 

online-only Data Supplement).

In aggregate, a familial hypercholesterolemia mutation was present in 36 of 2081 (1.7%) of 

patients with early-onset myocardial infarction as compared with 23 of 3,761 (0.6%) of 

controls. Details of observed mutations are provided in Table III of the online-only Data 

Supplement. In a logistic regression model adjusted for principal components of ancestry, a 

familial hypercholesterolemia mutation was associated with a 3.76-fold (95%CI 2.12 – 6.82; 

p < 0.0001) increased odds of early-onset myocardial infarction.

Prevalence and clinical importance high polygenic score

We next calculated a polygenic score comprised of 6.6-million common genetic variants in 

all participants. As expected given variation in allele frequencies by race, the raw polygenic 

score distribution varied across the four racial groups. These differences were minimized 

after correction for principal components of ancestry, as described in Supplemental Code III 

of the online-only Data Supplement (Figure 3A-B).

We noted a significant enrichment of increased polygenic score among patients with early-

onset myocardial infarction as compared with controls, with median polygenic score among 

patients in the 72nd percentile (p < 0.0001); Figure 4. To permit direct comparison to 

traditional carrier versus non-carrier analyses of monogenic mutations, we analyzed a 

‘carrier’ group with high polygenic score (top 5%) versus a reference ‘non-carrier’ group 

comprised of the remaining 95% of the population. A high polygenic score was present in 

359 of 2081 (17.3%) of patients with early-onset myocardial infarction as compared with 

188 of 3,761 (5.0%) of controls. In a logistic regression model adjusted for principal 

components of ancestry, high polygenic score was associated with a 3.73-fold (95%CI 3.06 

– 4.56; p < 0.0001) increased odds of early-onset myocardial infarction.

High polygenic score was associated with increased risk within each racial subgroup of 

patients with early-onset myocardial infarction, but the effect was most pronounced in white 

participants (p-heterogeneity = 0.008). For example, high polygenic score was associated 

with a 5.1-fold increased odds among white participants as compared with a 2.0, 3.4, and 

3.3-fold increased odds among black, Hispanic, and Asian participants respectively (Figure 

3C).

Traditional risk factor assessment would not allow early-onset myocardial infarction patients 

with high polygenic score to be distinguished from the remainder of the patients (Table IV in 

the online-only Data Supplement). For example, hypertension was prevalent in 69% of those 

with high polygenic score versus 64% of the remainder of the distribution (p = 0.13). 

Diabetes had been diagnosed in 38% of those with high polygenic score as compared with 

35% of the remainder of the distribution (p = 0.32). As compared with the remainder of the 

distribution, individuals with high polygenic score had slightly higher LDL cholesterol 

(Mean 132 versus 124 mg dl; p = 0.007) and triglycerides (Median 155 versus 133 mg/dl; p 

= 0.001). The impact of high polygenic score on risk of early-onset myocardial infarction 
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did not vary with respect to age, sex, hypertension, diabetes, current smoking, or circulating 

lipid levels (p-heterogeneity > 0.05 for each).

Integrated assessment of monogenic and polygenic contributions to early-onset 
myocardial infarction

We examined the quantitative importance and interplay of monogenic and polygenic risk 

pathways as they related to inherited risk of myocardial infarction. Among the 2,081 patients 

with myocardial infarction, 32 (1.5%) carried a familial hypercholesterolemia mutation but 

did not have high polygenic score, 355 (17.1%) carried high polygenic score but had no 

familial hypercholesterolemia mutation, and 4 (0.2%) carried both a familial 

hypercholesterolemia mutation and a high polygenic score.

Assessment of the baseline characteristics of patients with early-onset myocardial infarction 

across strata of monogenic and polygenic risk was most notable for differences in observed 

LDL cholesterol levels (Table 2 & Figure 5). Mean estimated untreated values of LDL 

cholesterol levels were 202 mg/dl in those with only a familial hypercholesterolemia 

mutation, 130 mg/dl in those with only a high polygenic score, 235 mg/dl in those with both 

a familial hypercholesterolemia mutation and a high polygenic score, and 122 mg/dl in those 

with neither.

Discussion

We performed whole genome sequencing in 2,081 patients hospitalized for an early-onset 

myocardial infarction to assess the prevalence and clinical importance of familial 

hypercholesterolemia mutations and a high polygenic score. We observed a familial 

hypercholesterolemia mutation in 1.7% of patients and a high polygenic score in 17% of 

patients, each of which were associated with a more than three-fold increased odds of early-

onset myocardial infarction.

These findings may have important clinical implications for the prevention and treatment of 

early-onset myocardial infarction. High polygenic score was ten times as common as 

familial hypercholesterolemia mutations among afflicted individuals yet conferred a similar 

increase in risk. LDL cholesterol levels are available as a biomarker, albeit imperfect, to 

identify individuals most severely affected by familial hypercholesterolemia mutations 

without genetic testing. By contrast, no available clinical risk factor or circulating biomarker 

can reliably identify individuals with a high polygenic score. Moreover, although whole 

genome sequencing was used to ascertain polygenic scores in the present study, we 

previously demonstrated that the polygenic scores for a range of diseases can be readily 

calculated using data from a standard genotyping array – available at a cost of less than 100 

U.S dollars.11

If individuals with high polygenic scores were identified prior to suffering a myocardial 

infarction, the increased risk is modifiable – individuals with high polygenic score derive the 

greatest absolute risk reduction from adherence to a healthy lifestyle or treatment with statin 

medications.12, 23, 24 Despite this evidence for increased benefit, only 32% of the patients 
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presenting with an early-onset myocardial infarction and high polygenic score in our study 

had been prescribed a statin within routine clinical practice prior to hospitalization.

We believe the identification of individuals with high polygenic score at a young age has the 

potential to facilitate preventive interventions, but several outstanding issues remain. First, 

polygenic scores are a normally distributed quantitative trait and designation of a threshold 

for ‘high’ is necessarily arbitrary. For example, if we designated the top 10% of the 

population distribution as high in our study, high polygenic score would be present in 560 of 

2,081 (27%) of patients and associate with a 3.2-fold increase in odds of myocardial 

infarction. Furthermore, ongoing efforts will seek to seamlessly integrate an individual’s 

polygenic score with other clinical and lifestyle factors to help guide patient treatment.

Second, additional efforts are needed to optimize polygenic scores in individuals of non-

European ancestry.25 We provide a framework for correcting the observed polygenic score 

for genetic ancestry, effectively creating a uniform distribution across races. Our study 

additionally demonstrates that high polygenic score has predictive utility across all races 

(Figure 3), but the prognostic importance remains highest among white individuals. This is a 

natural consequence of a polygenic score derived from a genome-wide association study 

performed in primarily white individuals.9 Moving forward, inclusion of a more diverse set 

of participants in genetic analyses and new computational approaches will enable improved 

race-specific risk estimates.

Third, we anticipate increased study of how to best disclose polygenic score testing results 

to healthy individuals. A 2011 landmark paper outlined a framework for genomic medicine 

and highlighted practical systems for assessment and disclosure of polygenic scores as a key 

scientific imperative.26 A survey designed to assess interest in the AllofUs Research 

Program of the Precision Medicine Initiative noted that 90% of people deemed learning 

about their health as a primary incentive to participate and 74% wanted to receive results 

from genetic testing.27 However, a robust evidence-base that such disclosure can motivate 

lifestyle change or facilitate more efficient use of pharmacologic therapies does not exist at 

present.

Beyond clinical risk stratification, the polygenic score may additionally foster insights into 

the mechanistic underpinnings of myocardial infarction. This risk associated with a high 

polygenic score is not the result of a discrete underlying mechanism, but rather a quantitative 

blend of numerous risk pathways.28 Nevertheless, the relative contributions of gene 

pathways related to lipid metabolism, inflammation, cellular proliferation, vascular tone, or 

other as yet undiscovered pathways may provide important insights.10 Moreover, individuals 

who manifest myocardial infarction despite a favorable polygenic score warrant further 

study in larger populations. The discordance between the polygenic score and clinical 

phenotype in these individuals could result from a disproportionate influence of 

environment, the effect of a rare, large-effect mutation not captured by the polygenic score, 

or other undetermined factors.

In conclusion, we performed whole genome sequencing in a multiethnic cohort and 

demonstrate that both familial hypercholesterolemia mutations and a high polygenic score 
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are associated with a 3- to 4-fold increased risk of early-onset myocardial infarction, but a 

high polygenic score is 10-fold more prevalent.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspectives:

What is new?

• Whole genome sequencing performed and analyzed in 2,081 patients 

presenting to a U.S. hospital with early-onset (age ≤ 55 years) myocardial 

infarction.

• A monogenic mutation – a single mutation that significantly increases risk – 

related to familial hypercholesterolemia identified in 1.7% of the patients and 

associated with a 3.8-fold increased odds of myocardial infarction.

• High polygenic score – reflective of the cumulative impact of many common 

variants and defined as the top 5% of the control population distribution – was 

identified in ten times as many patients (17%), and associated with a similar 

3.7-fold increased odds of myocardial Infarction.

What are the clinical implications?

• A polygenic score comprised of 6.6 million common DNA variants can 

identify 5% of the population who inherit risk equivalent to that of a familial 

hypercholesterolemia mutation.

• Unlike familial hypercholesterolemia mutation carriers, who typically have 

high LDL cholesterol levels, ‘carriers’ of a high polygenic score cannot be 

identified using conventional risk factors or biomarkers.

• These findings lay the scientific foundation for the systematic identification of 

individuals born with a substantially increased risk of myocardial infarction – 

due to either a familial hypercholesterolemia mutation or high polygenic 

score – and delivery of a lifestyle or pharmacologic intervention to attenuate 

inherited risk.
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Figure 1. 
Principal Components of Ancestry According to Race and Myocardial Infarction Status

The first two principal components of ancestry are plotted according to race (A) and patient 

versus control status (B), confirming that the population were well matched with respect to 

genetic background. Additional details on principal components calculation are provided in 

the Supplementary Appendix.
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Figure 2. A four-exon deletion of LDLR identified by structural variant analysis of whole genome 
sequencing.
Visualization of copy-number estimates in 100 base pair sequential bins for 5,842 

individuals with whole genome sequencing data available. Background shading represents 

the range of copy-number estimates from whole genome sequencing for the middle 50% and 

90% of samples for the darker and lighter shades of gray, respectively. Points represent 

copy-number estimates per 100 base pair bin in the individual in whom a 7,889 base pair 

deletion encompassing four exons of LDLR was noted. The solid black line represents the 

rolling mean copy-number estimate in 1 kb windows. This variant is predicted to result in 

loss of function of the low-density lipoprotein receptor gene (LDLR) gene resulting in 

heterozygous familial hypercholesterolemia.
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Figure 3. 
Variation in Polygenic Score Distribution and Clinical Importance According to Race

The distributions of the polygenic score across racial groups within 3,761 control 

participants are displayed based on raw values (A) and after adjustment for genetic ancestry 

using the first four principal components (B). Values were scaled to a mean of 0 and 

standard deviation of 1 to facilitate interpretation. We next determined the relationship 

between high polygenic score (top 5% of the distribution) and risk of early-onset myocardial 

infarction (C). Odds ratios were calculated using a logistic regression model adjusted for the 

first four principal components of ancestry. The clinical importance of high polygenic score 

varied across racial groupings (p-heterogeneity = 0.008).

MI – myocardial infarction; OR – odds ratio; CI – confidence interval
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Figure 4. 
Polygenic Score Percentile Among Early-onset Myocardial Infarction Patients Versus 

Controls

A reference distribution for polygenic score percentiles adjusted for genetic ancestry was 

constructed in the control population. Median polygenic score percentile among patients 

with early-onset myocardial infarction was in the 72nd percentile of the distribution. Violin 

plots display the polygenic score percentile distribution in patients versus controls. Within 
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the white boxplot insets, the horizontal line in each box indicates the median score, and the 

top and bottom of the boxes indicate the 75th and 25th percentiles, respectively.
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Figure 5. 
LDL Cholesterol according to Monogenic and Polygenic Risk Strata

Among patients presenting with early-onset myocardial infarction, violin plots display the 

low-density lipoprotein (LDL) cholesterol distribution according to genetic risk category – 

only high polygenic score, only familial hypercholesterolemia (FH) mutation, both high 

polygenic score and familial hypercholesterolemia, or neither. Within the white boxplot 
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insets, the horizontal line in each box indicates the median score, and the top and bottom of 

the boxes indicate the 75th and 25th percentiles, respectively.
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Table 1.

Baseline characteristics of patient with early-onset myocardial infarction and controls

Early-Onset MI Patients N = 2081 Controls N = 3761

Race, N (%)

 White 1537 (74%) 1544 (41%)

 Black 336 (16%) 962 (26%)

 Hispanic 168 ( 8%) 751 (20%)

 Asian 40 ( 1.9%) 504 (13%)

Male sex, N (%) 709 (34%) 1731 (46%)

Age, years; Mean (SD) 47.6 (5.9) 60.3 (9.7)

Hypertension, N (%) 1345 (65%) 1467 (39%)

Diabetes, N (%) 735 (36%) 358 ( 9.5%)

Current Smoking, N (%) 1055 (51%) 437 (12%)

Statin Use, N (%) 575 (28%) 527 (14%)

Lipid Levels, mg/dl

 LDL Cholesterol; Mean (SD)* 125 (49) 123 (34)

 HDL Cholesterol; Mean (SD) 40 (14) 53 (15)

 Triglycerides; Median (Q1—Q3) 136 [93, 210] 110 [77, 159]

MI – myocardial infarction; N – number; SD – standard deviation; LDL – low density lipoprotein; HDL – high density lipoprotein; Q1 – quartile 1; 
Q3 – quartile 3

*
In order to estimate untreated values for low-density lipoprotein cholesterole, measured values for those reporting use of statin medications were 

divided by 0.7.
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