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Health care scenario:  42yo male with 
dizziness, profuse sweating



42yo male with cardiac arrest due 
to acute myocardial infarction (MI)



Anoxic brain injury
Expired after 10 days in hospital



Total cholesterol  198 mg/dl
LDL cholesterol   124 mg/dl

HDL cholesterol   40 mg/dl

Triglycerides        170 mg/dl

Blood pressure 122/78

Body mass index 26

Non-smoker

No type 2 diabetes

Family history:  father with MI at 54

MI risk factors prior to event

42yo male with fatal, early-onset MI



ACC/AHA10y ASCVD risk calculator typically 
used for statin allocation decision:

1.7% (‘low-risk’)



Model almost entirely 
driven by ‘age’

In population, older you 
are, more likely you are to 

have a heart attack!

Why is the ACC/AHA pooled cohort equation 
not useful in young people?



Health care scenario

What is predicted? Risk for heart attack

Intended target population Men/women < 55yo

How Gene variant(s)

For what purpose Statin initiation at early age

Janssens, Martens, Prediction Research Manual
http://www.cecilejanssens.org/wp-
content/uploads/2018/01/PredictionManual2.0.pdf



For early-onset disease, stratifying individuals 
based on inborn DNA variation an option

Most diseases inherited component

Stratify individuals based on 
inherited DNA variation



Myocardial infarction (MI) or heart attack:  
a classic common, complex disease

Symptoms

EKG change

Elevation in 
cardiac 
biomarkers

Heritable & lifestyle components



Inherited component to early heart attack
(early = those below age 55)

MI at age < 55

Monogenic
Polygenic

Age onset at MI



Traditional approach:
Genetic prediction focuses on rare, monogenic mutations
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Question: Can we identify additional at-risk 
individuals with a polygenic risk model?



Hypothesis: a polygenic score including a genome-
wide set of SNPs can identify individuals with risk 

equivalent to 
a familial hypercholesterolemia mutation
Step 1

Training data set:  
effect sizes for

6.6 million variants 
from genome-wide 
association study

Cases
N = 60K

Controls
N = 120K

Khera*, Chaffin*, Nat Genet (2018)

Genotypes: from arrays + imputation



Step 2
Validation 

Dataset:  ~125K

Cases
N = 4K

Controls
N = 120K

Genotypes: from arrays + imputation

Cases
N = 60K

Controls
N = 120K

Step 1
Training data set:  

effect sizes for
6.6 million variants 
from genome-wide 
association study

Khera*, Chaffin*, Nat Genet (2018)

Hypothesis: a polygenic score including a genome-
wide set of SNPs can identify individuals with risk 

equivalent to 
a familial hypercholesterolemia mutation



Step 2
Validation 

Dataset:  ~125K

Cases
N = 4K

Controls
N = 120K

Step 3
Testing 

Dataset:  ~300K

Cases
N = 8.7K

Controls
N = 288K

Genotypes: from arrays + imputation

Cases
N = 60K

Controls
N = 120K

Step 1
Training data set:  

effect sizes for
6.6 million variants 
from genome-wide 
association study

Khera*, Chaffin*, Nat Genet (2018)

Hypothesis: a polygenic score including a genome-
wide set of SNPs can identify individuals with risk 

equivalent to 
a familial hypercholesterolemia mutation



A new quantitative metric of 
genetic liability to heart attack

Polygenic score of 
6.6 million common variants

Polygenic score of 
6.6 million common variants
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Amit V. Khera



Genome-wide polygenic score: 
little correlation with 

currently measured MI risk factors
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Using polygenic model, can we identify 
group with risk for MI equivalent to a 

familial hypercholesterolemia mutation?



>20-fold gradient in risk across bins of score

●
●●
●
●
●
●
●

●●

●
●
●

●

●

●●
●●

●

●●
●●
●●●●●

●●
●

●

●

●

●

●●●
●
●

●●●●

●

●●
●●
●●
●
●

●●

●●

●

●
●

●

●●
●
●

●
●

●

●
●

●
●
●●●

●

●
●

●

●
●

●

●

●

●●●●

●●
●
●

●

●
●

●

●

●

●

2

4

6

8

10

0 10 20 30 40 50 60 70 80 90 100

percentile of polygenic score

pr
ev

al
en

ce
 o

f c
or

on
ar

y 
ar

te
ry

 d
is

ea
se

 (%
)

Khera*, Chaffin*, Nat Genet (2018)



0.0

0.1

0.2

0.3

0.4

−4 −2 0 2 4

Polygenic Score

D
en

si
ty

What if we label top 5% tail of distribution as 
‘carriers’ and remainder as ‘non-carriers’?
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Khera*, Chaffin*, Nat Genet (2018)
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Polygenic score of 
6.6 million common variants

High 
polygenic 
score 
definition

Odds 
ratio 

Top 5% 3.3

Top 1% 4.7

Top 
5%

Remainder of 
distribution

Top 5% of polygenic MI score: 
risk equivalent to monogenic mutations

Khera*, Chaffin*, Nat Genet (2018)



Putting it all together: 

External generalizability outside UK?

Extension to those of non-European ancestry? 



Simultaneously evaluate 
monogenic & polygenic models

2,081 Early-onset MI patients | 3,761 Controls
United States

30X whole genome sequences

MI Cases:
• VIRGO: Patients 

hospitalized across US with 
first MI at age ≤ 55 years 

Controls:
• MESA: Multiethnic 

population free of 
cardiovascular disease

NHGRI Centers for 
Common Disease 

Genomics



Monogenic familial hypercholesterolemia mutation 
identified in 1.7% patients -> 3.8-fold increased risk

100 patients with 
myocardial 
infarction

à Risk

Monogenic 3.8-fold

Khera*, Chaffin*, Circulation 2019



High polygenic score identified in 17% of 
patients and confers a 3.7-fold increase in risk

100 patients with 
myocardial 
infarction

à Risk

Monogenic 3.8-fold

High polygenic 3.7-fold

Khera*, Chaffin*, Circulation 2019



What about extension to those 
of non-European ancestry? 

Khera*, Chaffin*, Circulation 2019



Mode of detection

Odd ratio for MI

Intervention

Monogenic Polygenic

3.8

↑ LDL cholesterol

Lifestyle
Medications

3.7

Currently
UNAWARE

?

Prevalence among 
early MI cases

1.7% 17%

Mechanism of risk apoB lipoproteins ‘Gemish’

Comparison



Lifestyle Medicines

Is polygenic risk for MI modifiable? 
Yes

↓48% ↓44%

Khera, N Engl J Med (2016)
Mega*, Stitziel*, Lancet (2015)
Natarajan, Circulation (2017)



Heart attack risk assessment today

Khera, Kathiresan, Nat Rev Genet (2017)



Khera, Kathiresan, Nat Rev Genet (2017)

Polygenic Score

Heart attack risk assessment next 5y:
incorporation of polygenic score 



Polygenic risk for other common diseases . . . 
including those without monogenic risk factors
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Potential for impact on clinical practice



Conclusions

• Now possible to score polygenic component to any 
complex trait (from genotyping array data, simultaneous 
for many diseases, at birth)

• Those in extremes of score:  at risk for disease 
approaching monogenic mutations

• Use scores to 
– guide prevention, treatment, or screening strategies
– gain new biologic understanding of common diseases



Predicting Genetic Risk for Diverse 
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From Fisher to Visscher

“The Correlation between 
Relatives on the Supposition of 
Mendelian Inheritance” by R.A. 
Fisher was published in 
the Transactions of the Royal 
Society of Edinburgh (1918)

Hickey, J.M., et al (2017). Nature Genetics. 49, 1297-1303

“Complex Trait Prediction from 
Genome Data: Contrasting EBV 
in Livestock to PRS in Humans” 
by N.R. Wray, K.E. Kemper, B.J. 
Hayes, M.E. Goddard, P.M. 
Visscher was published in 
Genetics (2019)



GWAS are increasing in size and scope

Martin, et al. (2019) Clinical use of current polygenic risk scores may exacerbate health disparities. Nat Genet



Sample size is the key factor for maximizing accuracy

4

N.R. Wray, K.E. Kemper, B.J. Hayes, M.E. Goddard, P.M. Visscher (2019) Complex Trait 
Prediction from Genome Data: Contrasting EBV in Livestock to PRS in Humans. 
Genetics



Applications of polygenic risk prediction

5

• Evolutionary genetics
• Social sciences
• Disease risk
• Preventive Health

Slide adapted from Alicia Martin



What is a Polygenic Risk Score? 

6



How to calculate a Polygenic Risk Score

7

S.W. Choi, T.S. Heng Mak, P.F. O’Reilly (2018) A guide to performing Polygenic Risk 
Score analysis. BioRxiv



Building and evaluating 
absolute risk models for 
general population 
(Chatterjee et al, 2016)

Slide adapted from Gen Wojcik

Model development and evaluation



GWAS are increasing in size and scope …

Martin, et al. (2019) Clinical use of current polygenic risk scores may exacerbate health disparities. Nat Genet



…. but genomics is failing on diversity

Martin, et al. (2019) Clinical use of current polygenic risk scores may exacerbate health disparities. Nat Genet



Martin et al., Population genetic history and polygenic risk 
biases in 1000 Genomes populations, AJHG 2017

European 
ascertainment of 
GWAS signals yield 
unpredictably biased 
risk scores in other 
populations

Alicia Martin

What effect does ancestry have on prediction? 



Alicia Martin

Gravel et al 2011

Martin et al., Population genetic history and polygenic risk 
biases in 1000 Genomes populations, AJHG 2017

What effect does ancestry have on prediction? 



Alicia Martin Martin et al., Population genetic history and polygenic risk 
biases in 1000 Genomes populations, AJHG 2017

What effect does ancestry have on prediction? 



The PAGE Network
Population Architecture using Genomics and Epidemiology

▶ Goal: Investigate 
ancestrally diverse 
populations to gain a 
better understanding of 
how genetic factors 
influence susceptibility to 
disease.

▶ Focus on US minority 
populations.

African-
American

17,328

Asian
4,696Hispanic/Latino

22,250

Native 
American

653

Native 
Hawaiian

3,944
Others
1,056

Wojcik GL#, Graff M#, Nishimura KK#, Tao R#, Haessler J#, Gignoux CR#, Highland HM#, Patel YM#, … Kenny EE$, 
Carlson CS$. Genetic diversity improves our understanding of complex traits. BioRxiv (2019) 

Genetic diversity improves our understanding of complex traits 

Gen Wojcik



All PAGE Populations PC7 vs PC8, PAGE Hispanic/Latino variation

EAST ASIA

EUROPE

AMERICAS

AFRICA

CARIBBEAN

CONTINENTAL
AMERICAS

Challenge defining population groups

Wojcik GL#, Graff M#, Nishimura KK#, Tao R#, Haessler J#, Gignoux CR#, Highland HM#, Patel YM#, … Kenny EE$, 
Carlson CS$. Genetic diversity improves our understanding of complex traits. BioRxiv (2019) 

Gen Wojcik
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European effect sizes are weaker in non-European populations 

Wojcik GL#, Graff M#, Nishimura KK#, Tao R#, Haessler J#, Gignoux CR#, Highland HM#, Patel YM#, … Kenny EE$, 
Carlson CS$. Genetic diversity improves our understanding of complex traits. BioRxiv (2019) 

Biology and causal 
variants mostly shared, 
but estimates of effect 
size differ

Gen Wojcik
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Diversity increases confidence in potential causal variants

Wojcik GL#, Graff M#, Nishimura KK#, Tao R#, Haessler J#, Gignoux CR#, Highland HM#, Patel YM#, … Kenny EE$, 
Carlson CS$. Genetic diversity improves our understanding of complex traits. BioRxiv (2019) 

Gen Wojcik
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LD differences across populations can pinpoint causal variants

Wojcik GL#, Graff M#, Nishimura KK#, Tao R#, Haessler J#, Gignoux CR#, Highland HM#, Patel YM#, … Kenny EE$, 
Carlson CS$. Genetic diversity improves our understanding of complex traits. BioRxiv (2019) 

Gen Wojcik



Environmental, selection and other factors impact PRS

19



PRS can be affected in unpredictable ways by unexpected or 
hidden factors

20

H Mostafavi*,  A Harpak*,  D Conley, J.K. Pritchard and M Przeworski (2019) Variable prediction accuracy of 
polygenic scores within an ancestry group. BioRxiv



Future directions

▶ PRS are gaining in accuracy, but the path to 
demonstrate robustness and utility is not 
straightforward

▶ Complex disease is complex, need to deepen 
diversity (ancestral, SES, age, etc) to 
understand range of genetic and 
environmental factors involved.

Mount Sinai / Presentation Slide / December 5, 2012 21
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