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Abstract
Coronary artery disease (CAD) is a pandemic disease and the number one cause of death in the world. 
Predisposition to CAD is about 50% acquired and 50% genetic. CAD prevention has been proven in randomized 
clinical trials with statin therapy. However, primary prevention is limited by the lack of biomarkers to detect 
asymptomatic young individuals at risk. Traditional risk factors (TRFs) such as hypertension or Type 2 Diabetes are 
age-dependent and often not present until the sixth or seventh decade. In contrast, genetic risk determined at 
conception is potentially a biomarker to detect young individuals at risk for CAD. The first genetic risk variant for 
CAD (9p21) was discovered in 2007, and subsequently, over 200 risk variants for CAD were discovered. A genetic 
risk score (GRS) based on the genetic risk variants for CAD was evaluated in over one million individuals. 
Retrospective analysis of clinical trials assessing the effect of statin therapy showed that individuals with the 
highest GRS had the highest risk for cardiac events and also the most benefit from lowering cholesterol. In a recent 
study of 55,685 individuals, those with the highest GRS (20%) had a 91% higher risk for cardiac events. 
Furthermore, those with high genetic risk on a favorable lifestyle had 46% fewer cardiac events than those with an 
unfavorable lifestyle. The GRS is superior and independent of TRFs. Incorporation into clinical practice will be a 
paradigm shift in preventing this pandemic.
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INTRODUCTION
Coronary Artery Disease (CAD) has, for decades, been the number one cause of death in the Western 
World[1]. Furthermore, CAD has now replaced infection as the first cause of death in middle- and low-
income countries[1]. Despite this pandemic spread, the Western World has made remarkable advances in 
both the prevention and treatment of CAD. In the past 30 years, the number of cases of myocardial 
infarction in the United States has gone from over 900,000 to less than 500,000 per year, a reduction of 
about 50%[2]. This reduction has been mediated through primary and secondary prevention as well as 
significant improvement in treatment modalities. Is it possible from the lessons learned in the Western 
World to initiate early primary prevention in high-, middle-, and low-income countries?

This is perhaps a more pivotal time for both global and comprehensive prevention of CAD. Preventive 
measures have had tremendous success; however, they have been less comprehensive than desired. 
Epidemiologists have recognized for several decades that predisposition for CAD is equally divided between 
risk factors due to genetic predisposition and the risk associated with lifestyle and environmental risk 
factors[3]. The discoveries over the last 15 years of genetic risk variants predisposing to CAD enable one to 
determine the risk early in life independent of age and acquired factors[3,4]. Secondly, it is estimated by the 
World Health Organization (WHO) that over 60% of the morbidity and mortality from CAD occurs in low 
and middle-income countries[1]. This review will summarize the discovery of genetic risk variants for CAD, 
the development of a genetic risk score for CAD and its potential to risk stratify for primary prevention of 
CAD [Figure 1].

CHOLESTEROL PIVOTAL TO THE ETIOLOGY AND PATHOGENESIS OF CAD
The development of atherosclerosis in the vasculature of any organ occurs early in life with the tendency to 
slowly and relentlessly progress. Autopsy studies performed on young individuals, such as during the 
Korean War[4], indicate the presence of early coronary atherosclerosis even in the teenage years. This 
process remains subclinical until it reaches a certain threshold which induces clinical manifestations such as 
sudden cardiac death and myocardial infarction. This threshold is usually associated with a 30% to 40% 
reduction in the diameter of the coronary vessel. Despite the adequate coronary flow adequate, 
abnormalities in the vessel wall predispose to the formation of thrombosis, which can completely occlude 
the vessel precipitating myocardial infarction and its clinical sequelae. In males, the peak incidence of heart 
attacks occurs in the sixth decade and in females in the seventh decade. The later onset of clinical 
manifestations in the female is due to hormonal protection which slows the progress of coronary 
atherosclerosis until it is lost with the onset of menopause. Multiple clinical and experimental studies 
strongly indicate that plasma LDL-C is the main culprit inducing atherosclerosis. The genetic, 
epidemiological, and clinical research is well summarized in a consensus document published by the 
European Society of Cardiology summarizing over 200 studies involving over two million participants 
experiencing more than 150,000 cardiovascular events[5]. The authors elucidate a dose-dependent log-linear 
association between the concentration of plasma LDL-C and the incidence of CAD. A cohort recently 
studied from the Framingham Offspring concluded that the risk of CAD from plasma LDL-C, in addition to 
the intensity of the LDL-C concentration, is also related to the duration of exposure to LDL-C, such that the 
risk of CAD doubles for each additional decade of exposure[6]. There is also current evidence from the 
discovery of genetic risk variants predisposing to CAD and the recent randomized placebo-controlled 
clinical trial CANTOS[7] that inflammation also plays a role in the pathogenesis of CAD and its clinical 
manifestations.

CAD HAS BEEN PROVEN TO BE PREVENTABLE
CAD is a pandemic disease that has increased rapidly in low- and mid-income countries as they have 
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Figure 1. Illustration of the pathway from genetic discovery to clinical application. The Human Genome Project and the HapMap Project 
made available SNPs that could be used as markers to span the human genome (leading to Genome-Wide Association Studies). 
Multiple genetic risk variants were discovered and the total risk was summarized in a single number referred to as the Genetic Risk 
Score (GRS). The GRS was evaluated as a means to risk-stratify for CAD in several studies with an overall sample size of over one 
million. Genetic risk for CAD was reduced by 40%-50% due to lifestyle changes and drug therapy. Genetic risk is determined at 
conception and does not change in one’s lifetime. GRS is superior because it enables risk stratification for CAD at an early age prior to 
the development of conventional risk factors in males or females.

adopted more and more of the western diet and lifestyles. CAD has been studied extensively since the 1950s 
and much has been learned about its prevention and management. In the western world, the identification 
of conventional risk factors for CAD, commonly referred to as traditional risk factors (TRFs) including age, 
cholesterol, smoking, diabetes, obesity, hypertension, and family history, has enabled the application of 
primary and secondary prevention. Multiple studies have documented that decreasing the risk associated 
with these factors has had a major impact on the western world[8,9]. In the United States, despite CAD 
remaining the most common cause of death, cardiac mortality has decreased by 50% in the past 30 years due 
to a combination of prevention and improved management[2]. Secondary prevention of CAD has been 
accepted widely and the most successful, while primary prevention is expected to be even more fruitful.

Lifestyle changes such as smoking cessation is very effective in reducing the risk for CAD and drug therapy 
can reduce the plasma LDL-C. The drugs are primarily statins since they were the only class of drugs until 
recently shown to be safe and efficacious for reducing cholesterol. The first placebo-controlled clinical trial 
published in 1994 confirmed that a reduction in plasma LDL-C by simvastatin was associated with a 
significant reduction in cardiac morbidity and mortality[10]. Afterward, multiple clinical trials are performed, 
all of which consistently confirm that lowering plasma LDL-C by a variety of statins is associated with a 
30%-40% reduction in cardiac morbidity and mortality. Additionally, all of the statins administered in these 
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trials are also consistently shown to be of high safety. Mainly skeletal muscular side effects are in the range 
of 1%-2% and are reversible. There is also evidence that statins may increase one’s predisposition to diabetes 
and cataracts. The safety and efficacy of statin therapy in the prevention of CAD are well summarized in a 
meta-analysis by the Cholesterol Treatment Trialist Analysis of more than 170,000 individuals[9]. Many of 
the statins proven to be safe and efficacious are now off-patent and available through generic providers 
enabling them to be inexpensive and available for management around the world. Statin therapy is no 
longer a therapy available only to high-income but also accessible and financially feasible for middle- and 
low-income countries.

The drug armamentarium to decrease plasma LDL-C has been significantly enriched in the past decade. 
Randomized placebo-controlled clinical trials utilizing PCSK9 inhibitors have shown marked reductions in 
cardiac morbidity and mortality[11-14]. Furthermore, their mechanism of action is distinct from that of statins 
and thus complementary. Statins inhibit the rate-limiting enzyme responsible for the synthesis of 
cholesterol, while PCSK9 inhibition prevents the breakdown of the LDL-C receptor. Inhibiting the 
degradation of the LDL-C receptor, the main mechanism whereby the liver removes LDL-C from the blood, 
leads to faster and more extensive removal of plasma LDL-C.

The recent discovery of Angiopoietin-like 3[15,16] added yet another potential class of drugs with a distinctly 
different mechanism to lower plasma cholesterol. Evinacumab was used as an antibody to inhibit 
Angiopoietin-like 3 and was shown to reduce plasma LDL-C by 41%[17]. This drug inhibits endothelial lipase, 
which leads to decreased plasma triglycerides and other lipids[18,19].

GENETIC PREDISPOSITION ACCOUNTS FOR 50% OF THE RISK FOR CAD
For decades epidemiologists have estimated that genetic predisposition accounts for about 50% of the risk 
for CAD[3] based on studies on identical twins and family histories. Results of the Danish Twin Registry 
Study showed monozygotic twins compared with dizygotic twins experienced a frequency of CAD of 44% 
vs. 14%, respectively[20]. Studies out of Utah emphasized the importance of genetic risk to predisposition to 
CAD. It was observed that 14% of the population has a family history of CAD which accounts for 72% of the 
cases of premature CAD[21] and 48% of all CAD. Similarly, 11% of the population has a family history of 
stroke and 80% of strokes occur in this cohort. Studies from the town of Framingham show men with a 
family history of CAD had a 2.6-fold increased risk of CAD, and women a 2.3-fold increased risk[22]. Recent 
studies such as Interheart[23] and Procam[24] show a similar increased risk for CAD in members with a family 
history.

DEVELOPMENT OF A GENOME-WIDE SEARCH FOR GENETIC RISK VARIANTS
In the 90s, geneticists hypothesized that, unlike rare Mendelian disorders, CAD, like any common disorder 
(diabetes), is polygenic and transmitted by common variants[25-28]. Furthermore, it was postulated that these 
common variants would be single nucleotide polymorphisms distributed throughout the genome[28]. These 
disorders, different from single gene Mendelian disorders (e.g., Familial Hypertrophic Cardiomyopathy), 
are not due to a predominant gene and do not manifest a phenotype exhibiting a Mendelian dominant or 
recessive pattern. Thus, linkage analysis of pedigrees, the preferred method to pursue genes responsible for 
single gene disorders, would not be appropriate for polygenic disorders[27-29]. Furthermore, single gene 
disorders require only a few hundred DNA markers spaced at intervals of 10,000,000 bases to perform 
linkage analysis of pedigrees[30]. The preferred approach for polygenic disorders is the Case-Control 
Association Study (CCAS)[28,29], which in design may utilize the direct or the indirect approach. The CCAS 
compares the frequency of a potential risk sequence in individuals with the disease to that of unrelated 
controls. If the frequency is significantly greater in cases than in controls, it would indicate the sequence is 
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in a region of DNA that predisposes to the disease. The direct approach referred to as the candidate gene 
approach selects potential candidate genes. These candidates are selected based on features such as function 
which are likely to be associated with increased risk for the disease. The frequency of the candidate in the 
cases is compared to that of controls. This, by definition, is a biased approach and limited to known 
candidate genes. The more appropriate and less biased approach is that of the indirect CCAS, in which one 
compares the frequency of a DNA marker in cases to that of controls. If the frequency of a DNA marker in 
the cases is greater than that of controls, it would indicate that the marker is in a DNA region associated 
with increased predisposition to the disease. This approach requires no presupposition of which marker or 
gene is more likely to be the candidate risk gene. Sensitivity would be greatly increased if the DNA markers 
were analyzed for association distributed throughout the genome. Kruglyak et al. predicted one would need 
hundreds of thousands of DNA markers spaced at intervals of not more than 3000 bases[31].

In 1998 Wang et al. estimated there were only a few thousand single-nucleotide polymorphisms (SNPs) 
available, which were not enough to span the human genome, so the candidate gene approach was adopted 
in large part because of the lack of DNA markers to perform the indirect CCAS[29]. Multiple studies utilizing 
the indirect approach were performed. These results were flawed, and none of the more than 100 genes 
claimed to be associated with CAD were subsequently confirmed[32,33].

Several scientific contributions made possible the application of the indirect Case-Control Association 
approach based on markers distributed throughout the human genome referred to as a Genome-Wide 
Association Study (GWAS). The initial contribution was the sequencing of the human genome in 2000[34], 
followed by the HapMap Project in 2005[35]. The HapMap project annotated over a million DNA markers. 
The markers identified by HapMap were SNPs distributed throughout the genome. This made it possible to 
analyze SNPs as DNA markers spanning the genome. The number of SNPs in the human genome is fairly 
constant at about five million. These SNPs account for over 80% of the unique features of the human 
phenotype including predisposition to disease[36]. These contributions in 2005 coincided with the 
development of computerized platforms enabling one to genotype and analyze microarrays containing 
millions of SNPs as DNA markers[37]. A microarray with one million markers made it possible to genotype 
markers at intervals of 3000 bases. However, it became evident there was a statistical concern. Utilizing one 
million SNPs to genotype the human genome was similar to analyzing one million endpoints. If one used a 
P value of 0.05 for statistical significance, it would be associated with 50,000 false positives. This required a 
statistical correction. Risch et al. proposed the Bonferroni correction consisting of dividing one million into 
0.05, giving a P value of 0.00000005, which is usually referred to as 5 × 10-8 and now is referred to as the 
genome-wide significant P value[25]. At the time, it was recognized that a Bonferroni correction might be 
overly stringent, but it provided a standardized method for statistical interpretation and comparison across 
studies. Additionally[38,39], it was proposed that all risk variants for CAD reaching genome-wide significance 
should be replicated in an independent population. The SNPs selected for the GWAS are commonly 
occurring SNPs and are unlikely to detect rare genetic risk variants with a population frequency of less than 
5%.

DISCOVERY OF 9P21, THE FIRST GENETIC RISK VARIANT FOR CAD
The components to perform a GWAS were now available, and the challenge was to obtain adequate samples 
for rapid high-throughput genotyping. In 2007 we[40] in Ottawa and our collaborators in Texas, Huston and 
Denmark and the deCODE Group[41] in Iceland simultaneously and independently discovered 9p21 as the 
first genetic risk variant for CAD. The initial microarray had only 10,000 SNPs, followed by an expansion to 
500,000 SNPs. The Ottawa Heart Study-1 recruited cases with premature CAD (< 60 years). To increase the 
sensitivity, we did sequential screening with case-control comparisons at a minimal significance threshold 
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of < 0.02. Initial analysis of the genotypes identified 50 SNPs significantly associated with CAD, but only 
two SNPs were replicated in an independent cohort of the Atherosclerosis Risk Community Study (ARIC). 
Both of these SNPs were situated within 20,000 bases of each other on chromosome 9p21. These SNPs were 
validated in three independent populations: The Copenhagen City Heart Study (CCHS), The Dallas Heart 
Study (DHS), and the Ottawa Heart Study-3 (OHS-3). The total number of cases and controls was 24,425. 
The group in Iceland, under the leadership of Helgadottir, utilized a sample size of 17,354. Their 
independent and simultaneous effort led to the discovery of 9p21 as a risk variant for CAD and was 
published in the same issue of Science. The Wellcome Trust Group shortly after that confirmed 9p21 as a 
risk variant for CAD in a sample size of 17,000[42]. The results of all three groups, although independent, 
concluded that 9p21 is a risk variant for CAD.

The features of the 9p21 risk variant further enhanced and confirmed the hypothesis that CAD was due to 
multiple common DNA risk variants, with each transferring only minimal risk for CAD. The 9p21 risk 
variant was associated with the increased relative risk for CAD of only 25% per copy. The 9p21 risk variant 
is estimated to occur in about 75% of the world’s population. The risk mediated by 9p21 was independent of 
all known conventional risk factors and was not located in a protein coding region. It signified that even 
larger sample sizes would be required to identify most of these risk variants. Within two years, 9p21 was 
confirmed throughout the world by multiple investigators in multiple populations, including Caucasians[43], 
Chinese[44], Koreans[45], Italians[46],  Japanese[47], South East Asians in Pakistan[48], India[48], and multiple ethnic 
groups in South America[49]. A study on  African Americans, while limited in sample size, suggested 9p21 
was not a risk factor for CAD in this cohort[50].

DISCOVERY OF GENETIC RISK VARIANTS
The search for genetic risk variants predisposing to CAD stimulated the need for an international 
collaboration, which would pool resources and expertise and provide the required large sample size. This 
leads to the formation of an international consortium, Coronary Artery Disease Genome-Wide Replication 
and Meta Analysis (CARDIoGRAM), with an initial sample size of 82,000 cases and controls[51]. The initial 
effort was the discovery of thirteen novel genetic risk variants for CAD[52],  followed by many others[53,54]. 
CARDIoGRAM was joined by Coronary Artery Disease (C4D) Genetics and became CardioGram Plus 
C4D[48]. While CARDIOoGRAMplusC4D remained the dominant group, several other groups contributed 
significantly to the pursuit[54-56]. These efforts led to the discovery of more than 200 genetic risk variants, 
each with genome-wide significance and confirmed in independent populations. The discovery of these 
genetic risk variants for CAD has been comprehensively covered in several reviews[57-61].

Several features of the genetic risk variants are listed in Table 1. They occur commonly and are located 
throughout the genome with only minimal risk associated with each variant. The increased relative risk for 
CAD per variant is about 10%. Over 80% of the variants are located in non-protein-coding regions, 
indicating the mechanism for mediating risk for CAD is indirect through altering the expression of protein-
coding regions. Significantly, the mechanism whereby these risk variants mediate their risk for CAD is 
unknown in over 50%. This observation implies that other unknown factors are contributing to the etiology 
and pathogenesis of CAD, which, when discovered, could provide targets for the development of novel 
drugs. The features of DNA risk variants for CAD typify the risk variants predisposing to other common 
polygenic disorders such as diabetes or traits such as height[62].

GENETIC RISK SCORE IS INDEPENDENT OF THE RISK ASSOCIATED WITH A FAMILY 
HISTORY OF CAD
There is abundant evidence that a family history of CAD is associated with an increased risk of CAD[20-24]. 
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Table 1. Features of genetic risk variants for CAD

1. Genetic risk variants for CAD are due to common DNA variants 3. More than 75% of genetic risk variants for CAD occur in nonprotein 
coding regions

2. Each genetic risk variant for CAD imparts minimal risk (average 
increased relative risk of less than 10%)

4. More than two-thirds of the genetic risk variants for CAD mediate risk 
independent of traditional risk factors

How does family history compare with the recently developed Genetic Risk Score (GRS) based on the 
number of CAD risk variants inherited? This was directly addressed in a study by Tada et al. performed on 
a population of 23,595 from Malmo, Sweden. The GRS was calculated based on either 27 or 50 genetic risk 
variants[63]. The CAD risk determined by the genetic risk variants was independent of the risk associated 
with a family history of CAD. The study showed that self-reported family history and the objectively 
measured GRS are not redundant but complementary; thus, they cannot be substituted for each other. It 
was also observed in this study by Tada et al. that individuals with premature CAD with a high incidence of 
family history and a high GRS are at a greater risk of CAD than those with a family history and low GRS[63]. 
These results indicate that the GRS would be particularly helpful in detecting young asymptomatic 
individuals at risk for CAD who would benefit most from primary prevention. Recent studies confirm that 
the risk for CAD based on stratification by the GRS is independent of family history[64-66].

It is somewhat surprising that the family history and the GRS are not redundant, which could relate to 
several factors: (1) The family history is self-reported and not objective; (2) the family history is related to 
both environmental (smoking, diet) and hereditary factors; (3) there is usually no restriction on age for 
family history. Since 30% of all deaths are cardiovascular, a family history of heart disease is expected in 
those who live the expected average lifespan. A strong association between family history of heart disease 
and heart disease in the offspring is observed when parents die from premature CAD.

DEVELOPMENT AND EVALUATION OF THE POLYGENIC RISK SCORE
The genetic risk for CAD, now referred to as polygenic risk score (PRS), can be expressed as a single 
number based on the sum of the number of copies inherited from each genetic risk variant times the hazard 
ratio associated with that variant previously determined by a GWAS. The genetic risk variants, encrypted 
onto a microarray, can be used to genotype an individual’s DNA using a blood sample[67]. An initial attempt 
to predict CAD using only twelve genetic risk variants was less predictive than expected[68]. The additional 
discovery of more genetic risk variants significantly improved the power to risk-stratify for CAD events[65]. 
Retrospective genotyping for genetic risk variants predisposing to CAD of several large randomized 
placebo-controlled clinical trials assessing the effect of lowering plasma cholesterol with statin therapy has 
consistently shown that individuals with the higher polygenic risk score are at the highest risk for CAD and 
receive the most benefit from statin therapy. Mega et al. in 2015 used 27 genetic risk variants to 
retrospectively genotype previous randomized placebo controlled for clinic trials[69]. Stratification was based 
on the PRS and categorized into high, intermediate, and low genetic risk. The trials were performed to 
assess the effect of decreasing plasma cholesterol using statin therapy. The total sample size was 48,421 
individuals. It consisted of two trials of primary prevention: JUPITER (Justification for the Use of Statins in 
Primary Prevention: an Intervention Trial Evaluating Rosuvastatin), ASCOT (Anglo-Scandinavian Cardiac 
Outcomes Trial); and two secondary prevention trials: CARE (the Cholesterol and Recurrent Events), 
PROVE-IT-TIMI 22 (The Pravastatin or Atorvastatin Evaluation and Infection Therapy-Thrombolysis in 
Myocardial Infarction 22).  The individuals with the highest PRS were at the greatest risk, but also received 
the greatest benefit from statin therapy, whether as primary or secondary prevention. The genetic risk 
stratification was independent of TRFs. The number needed to treat to prevent one cardiac event in the 
group with high PRS was 25, versus 42 for the intermediate PRS, and 66 for the lowest PRS. In a similar 
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clinical trial termed WOSCOPS[70] (West of Scottland Coronary Prevention Study), blood samples were 
genotyped with 57 genetic risk variants in a sample size of 10,456. The group with the highest PRS had a 
44% reduction in cardiac events versus 24% in the remainder. The number needed to treat to prevent one 
cardiac event in the high PRS group was only 13 vs. 38 in all other groups. These results indicated that 
genetic risk stratification of CAD based on the PRS is superior and independent of TRFs.

Two recent clinical trials assessed the effect of PCSK9 inhibitors on plasma cholesterol: Further 
Cardiovascular Outcomes Research With PCSK9 Inhibitors in Subjects With Elevated Risk (FOURIER)[71], 
and Evaluation of Cardiovascular Outcomes After an Acute Coronary Syndrome During Treatment With 
Alirocumab (ODESSEY)[72]. Genetic risk stratification in both trials shows the greatest benefit from 
decreasing plasma cholesterol was in the high genetic risk group. In FOURIER, with a sample size of 11,953 
individuals receiving Evalocumab, had a 13% relative reduction in the group with conventional risk factors 
without high genetic risk, and a 31% reduction in the group with high genetic risk with or without 
conventional risk factors. In ODESSEY, with a sample size of 18,924, the group with the highest risk had the 
highest risk reduction of 37% vs. 13% reduction in the group with the lowest genetic risk.

To further evaluate the potential clinical application of PRS for CAD risk stratification, investigators took 
advantage of cohorts available in various Biobanks that are already phenotyped and genotyped for CAD. 
Abraham et al. risk-stratified five prospective cohorts, which included three from a large Finnish population 
survey (FINRISK) and two from the Framingham Heart Study for a combined sample size of 16,082[65]. In 
this study, the 10-year risk was also assessed using the Framingham Risk Score or ACC/AHA PCE which 
was added to the PRS and improved the 10-year risk prediction for cardiac events. In a study by 
Inouye et al. using a population of 500,000 from the UK biobank, they observed that the top 20% with the 
highest PRS had a 4-fold increased risk for CAD[73]. Khera et al. risk-stratified a population of 288,798 also 
from the UK biobank based on the PRS in[74]. They observed that the top 8% with the highest PRS had a 3-
fold increased risk for CAD. The top 0.5% had a 5-fold increased risk for CAD. These investigators noted 
that phenotypic analysis with conventional risk factors would not have detected most individuals with high 
genetic risk for CAD. In the cohort of high genetic risk, only 20% had hypercholesterolemia, 35% with a 
family history, and 28% with hypertension. In the studies described above, genetic risk stratification for 
CAD based on the PRS was found to be superior and relatively independent of conventional risk factors.

POLYGENIC RISK SCORE REDUCED BY DRUGS AND LIFESTYLE CHANGES
It is necessary to know that the genetic risk for CAD can be appropriately treated. It has been shown for 
decades that the genetic risk for CAD can be reduced by drug therapy. The target is usually the protein that 
mediates the risk designated by the gene. For example, statin therapy inhibits the rate-limiting enzyme 
necessary for the synthesis of cholesterol and thus specifically reduces the genetic risk associated with LDL-
C. It is well known that about 65%-70% of the plasma concentration of cholesterol is under genetic control 
through the various enzymes required to synthesize cholesterol[75-77]. The previously mentioned studies that 
were retrospectively genotyped confirmed the beneficial effect of statin therapy in those at high genetic risk 
for CAD. Two prospective studies have also been performed assessing the effect of lifestyle changes on 
genetic risk following stratification based on the PRS. Khera et al. genotyped 55,685 participants[78]. A 
favorable lifestyle consisted of no obesity, a healthy diet, frequent exercise, and no current smoking. 
Conversely, an unfavorable lifestyle must include at least two of these unfavorable factors. Results of this 
study showed that the top 20% with the highest PRS had a 91% higher risk of cardiac events than those with 
a low PRS. A favorable lifestyle in the group with a high PRS exhibited a 46% lower risk for cardiac events 
than those with an unfavorable lifestyle. Tikkanen et al. collected a sample of 468,095 individuals provided 
by the UK biobank[79]. Risk stratification for CAD based on the PRS categorized the groups into low, 
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intermediate, or high risk for CAD. This study showed that individuals with the highest PRS had the most 
benefit from physical fitness, with a 49% reduced risk for CAD.

ADVANTAGES OF THE PRS OVER CONVENTIONAL RISK FACTORS TO RISK STRATIFY 
FOR PRIMARY PREVENTION
One approach to significantly reduce the prevalence of CAD is early primary prevention. Current therapy, if 
administered early, can be expected to reduce the prevalence by 30% to 40%. The bottleneck is the lack of 
available markers in young asymptomatic individuals to select those at risk for CAD who would benefit 
most from primary prevention. The well-established conventional risk factors, except LDL-cholesterol, are 
age-dependent and often not present until the sixth or seventh decade[80].

One may ask why not treat everyone with increased plasma LDL-C. In the western world, this would be 
applied to most of this population. Plasma LDL-C, the main culprit in the pathogenesis of CAD, increases 
with age; the average plasma concentration of LDL-C in females in their 40s is 121 mg/dL, and in males 147 
mg/dL[81] which is approximately twice the concentration recommended by the guidelines[82]. It is also 
known that only about 50%[1] of the population will experience a cardiac event, so 50% would not benefit 
from such therapy. The Cardiology Practice Guidelines introduced the Pooled Cohort Equation (PCE) to 
calculate the 10-year risk for CAD. They arbitrarily selected a 10-year risk of ≥ 7.5% as the minimal 
requirement to initiate primary prevention. To reach 7.5% risk, it usually requires at least two conventional 
risk factors, which are usually not present in individuals in their 40s or 50 s. This was an attempt by the 
authors of the Guidelines to select those at higher risk for CAD who would benefit most from prevention. 
In contrast, the PRS for CAD is established at conception and is age-independent; and it should be used to 
identify those at greater risk regardless of age since one’s DNA does not change throughout a lifetime.

ONGOING CLINICAL TRIAL TO TREAT THE INDIVIDUAL BASED ON GENETIC RISK 
SCORE 
Evaluations of genetic risk for CAD have all been performed in large groups that are primarily pre-enrolled 
such as BioBanks. It remains to be determined whether the PRS would enable adequate separation of risk in 
an individual on whom prevention could be implemented. There has been no attempt to treat these 
individuals based on the results of the PRS. The study [Figure 2], referred to as the Genetic Risk Score for 
CAD (GRSC), was initiated in 2021 at the Dignity Health Care System in Phoenix, Arizona. Enrollment 
consists of all individuals (males and females) from age 30 years to 60 years with no known cardiac events. 
The genotyping is performed by the Baylor Human Genome Sequencing Center in Houston. The PRS is 
determined; and based on the results, the individuals are categorized into high, intermediate, and low 
genetic risk, as previously outlined by Roberts[83]. The genetic risk variants occur commonly such that most 
of the population will have 150 to 180 genetic risk variants. The categories of low, intermediate, and high are 
determined relative to the normal distribution of risk variants, as illustrated by the histogram in Figure 3. 
The histogram TRFs based on the PCE were also scored to provide a comprehensive risk assessment for 
CAD. The patient is counseled for the specific treatment depending on their total risk for CAD, and 
followed annually for 10 years.

THE CAD PANDEMIC BECKONS EMBRACING GENETIC RISK STRATIFICATION
The search for more genetic risk variants continues and more will be discovered that will be expected to 
further improve the power of prediction. Most of the GWAS studies have been on individuals of European 
descent[59]. There is the concern that the application of these risk variants to other ethnic groups will be less 
accurate; however, a review[84] of 299 GWAS for 28 different diseases showed the disease-related genetic risk 
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Figure 2. The population to be recruited are individuals from age 30 to 60 without known heart disease. DNA samples can be obtained 
from blood specimens. The DNA will be isolated and genotyped for the genetic risk variants predisposing to CAD. The genetic risk score 
(GRS) is calculated as a single number. Based on the GRS, the patients are stratified into three groups: high, intermediate, and low risk. 
Those in the high-risk group will be counseled and appropriate preventative measures will be recommended. The population will be 
followed annually for 10 years.

variants across the Asian and European populations were similar. This is to be expected since these variants 
are very common. Nevertheless, the greatest need for further GWAS is in ethnic groups and isolated 
populations. A recent study in East Indians by Wang et al. showed risk variants specific to this group 
improved genetic risk stratification for CAD based on the PRS[85]. The results of shared CAD risk variants 
across African and European were much less; however, the sample size was inadequate. In a study[49] 
comparing genetic risk variants for CAD across 2089 African Americans and 4349 Hispanics, the results 
were much more similar between European and Hispanics than between African American and European 
populations. Riveros-Mckay et al. proposed a method that combines conventional and genetic risk 
stratification, which was more effective than the genetic alone[86].

Several studies have confirmed the strong relationship between the intensity of the concentration[5] of 
plasma LDL-C and CAD. Secondly, the duration of exposure to plasma LDL-C also increases the risk such 
that it doubles for each additional 10 years of exposure[6]. The corollary to this observation is that early 
prevention is even more effective in preventing this enhancing chain of events. The proven efficacy and 
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Figure 3. Binned Polygenic Risk Scores are shown on the x-axis and the frequency of occurrence in the population is shown on the y-
axis. This was determined by summing the product of the number of copies of each genetic risk variant with the hazard risk ratio for 
CAD. Shown in blue is the distribution of the Genetic Risk Score for CAD as determined from a reference population using the same 
genotyping array technology and bioinformatics pipeline. Shown in orange is the distribution of the PRS scores in 205 patients 
genotyped as part of the ongoing clinical study, Genetic Risk Score for CAD. The risk cutoff of 18.15 was determined using the reference 
population and setting a threshold at the top 20%. Given the observation that these risk variants frequently occur throughout the 
population, it is not surprising that most of the population has many of these risk variants.

safety of decreasing plasma LDL-C, together with the accessibility of inexpensive therapy such as statins, 
should be embraced by the Current Clinical Guidelines. The cost of determining the PRS is expected to be 
similar to that of most conventional blood tests and centers capable of performing the analysis are 
widespread. Saliva, blood, or tissue specimens can be collected and shipped worldwide to an appropriate 
center for genotyping and analysis. Risk stratification for CAD based on the PRS would enable primary 
prevention at an early age. Initiating primary prevention in individuals with high genetic risk for CAD in 
males in their 20s or women in their 30s or 40s would be a paradigm shift in the prevention and treatment 
of this pandemic disease. Knowledge and technology are rapidly approaching to enable comprehensive early 
primary prevention of CAD, based on genetic and acquired risk, to be a worldwide endeavor.

CONCLUSION
CAD is a slowly developing disease starting in the teenage years and not manifested clinically until the sixth 
or seventh decade. CAD has been shown to be preventable in clinical trials primarily by decreasing 
traditional acquired risk factors such as hypertension. Primary prevention, which by definition is initiated 
early in the asymptomatic individual, is limited because it has no biomarkers to risk-stratify for CAD. This 
requires early prevention (30-40 years of age), but TRFs such as hypertension are age-dependent and often 
do not develop until the sixth or seventh decade. Genetic risk variants predisposing to CAD were first 
discovered in 2007 and have now increased to over 200. The genetic risk score derived from these genetic 
risk variants for CAD was evaluated in over one million individuals, and the prediction of cardiac risk was 
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superior and independent of TRFs. Patients with the highest GRS had the highest risk for cardiac events and 
benefited most from statin therapy. Genetic risk determined at conception is not age-dependent since one’s 
DNA does not change in one’s lifetime. This means that the GRS can be determined at birth and used to 
determine primary prevention early in life. A favorable lifestyle and physical fitness in individuals with high 
genetic risk were shown to decrease the genetic risk for CAD by approximately 50%. The GRS, if used 
clinically, should significantly reduce cardiac morbidity and mortality of CAD.
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