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Abstract
Coronary artery disease accounts for one-third of all deaths in the world and it is estimated that 50% of the American population will have a cardiac event in a normal 
lifespan. Prevention of CAD has been successful, particularly for secondary prevention. Determining who is at risk for primary prevention based on traditional risk 
factors (TRFs) is inadequate because the TRFs are often not present until the 6th or 7th decade. Sensitivity based on TRFs is further compromised by the recent 
observation that early primary prevention, based on results of Mendelian Randomization Studies, is threefold more effective. Genetic risk stratification has been 
assessed in multiple studies involving over one million participants and found to be superior and complementary to methods based on TRS. The upper 20% of the 
genetic risk score exhibits one to threefold increased risk of CAD. Stratification based on the 10-year risk, as determined by the Pooled Cohort Equation in the current 
guidelines, would recommend only about 45% of these individuals to receive statin therapy. Results of randomized clinical trials show genetic risk is markedly reduced 
by statin therapy, lifestyle changes, and physical activity. Genetic risk score has a major advantage over risk stratification based on TRFs, since it is independent of 
age and provides the same risk at birth as anytime later in life since one’s DNA does not change in one’s lifetime. The test, performed on blood, saliva, or tissue, is 
inexpensive and is available throughout the world. Statin (those off-patent), the number one drug for prevention, is inexpensive and available worldwide. Genetic risk 
stratification will enable the implementation of primary prevention of CAD early in life throughout the world.
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Introduction
Coronary Artery Disease (CAD) accounts for one-third of all of 

the deaths in the world, which includes high, low, and middle-income 
countries. Despite CAD being in large part preventable, it has continued 
to increase and is now pandemic, affecting not only low income but 
high-income countries. Over 60% of the global burden of CAD occurs 
in low and middle-income countries [1]. Application of prevention, 
particularly secondary, has been very successful in the western world 
with over 50% reduction in cardiac mortality in the past 30 years [2]. In 
the meantime, CAD has increased in the developing world in large part 
because of living longer, adoption of a western-style diet, and improved 
the treatment of communicable diseases such as malaria. The reduced 
incidence in western countries has been mediated in large by reducing 
the risk associated with Traditional Risk Factors (TRF): age, obesity, 
hypertension, diabetes, smoking, sedentary way of life, and plasma 
hypercholesterolemia.

Secondary prevention, by definition, follows a cardiac event that 
triggers the need for modification of the TRFs to reduce future cardiac 
events. Primary prevention, though paramount to halting the spread 
of CAD, is silent and difficult to detect. This review summarizes recent 
data showing the risk of CAD from plasma LDL-C is accumulative 
and the benefit from lowering of plasma LDL-C early in life is also 
accumulative with a threefold greater effect than intervening later in 
life. The core problem is how to select asymptomatic individuals early 
in life that is at risk since only 50% will experience a cardiac event in 
a normal lifespan [2]. The clinical guidelines based on TRS are age-
dependent, making them less than adequate for primary prevention. 
Results of recent genetic risk stratification will be discussed as a means 
complementary to the TRFs for the detection of those at high risk for 

CAD. The genetic risk score is accessible and inexpensive. A statin off-
patent is inexpensive making this approach applicable to high, middle, 
and low-income countries.

The risk of LDL-C for CAD accumulates with increasing 
duration of exposure

Coronary atherosclerosis is known to initiate early in life and 
gradually progresses to plaque formation with possible clinical 
manifestation. The young men, averaging 22 years of age, who died in 
the Korean War [3] or Vietnam War [4], had fatty streaks which are 
thought to be the forerunners of coronary atheroma. In the Pathological 
Determinants of Atherosclerosis, in Youth Biopsies [5] performed on 
2,876 individuals 15 to 34 years of age who died from non-vascular 
causes, had fatty streaks and more advanced lesions which increased 
with age and were associated with increased plasma cholesterol 
[6,7]. This study showed slow progression until 29 years of age, then 
increased twofold in women and threefold in men from 30-34 years [5]. 
Pencina et al. [8] in a longitudinal Framingham study observed that 
most individuals who have high plasma cholesterol during adolescence 
tend to sustain high plasma cholesterol into their 50s or 60s unless they 
undergo therapeutic intervention. Navar-Boggan et al. [9], also based 
on longitudinal Framingham studies, observed increased duration 
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ACC [20]. These guidelines recommend who should receive lifestyle 
changes and specific therapies for primary prevention based on their 
risk from traditional risk factors. They have had a remarkable influence 
on how we practice cardiology and have contributed greatly to the 
50% reduction in morbidity and mortality from CAD over the past 
30 years [21,22]. These CPGs for cardiology are targeted for the age 
group between 40 and 75-years. The TRFs for CAD are age-dependent 
and are mostly manifested from the sixth decade onwards in men and 
a decade later in women. To identify those at highest risk from TRFs 
the CPG recommends using the Pooled Cohort Equations to calculate 
the 10-year risk of a cardiac event and if ≥ 7.5, primary prevention is 
appropriate including statins. To have a 10-year risk of 7.5 at middle age 
usually requires at least 2 risk factors. This is illustrated by the following 
case: A 40-year-old male or female with a plasma LDL-C of 180 mg/dL, 
and no other traditional risk factors, has a ten-year risk of 2.0%, which 
would put them into the category of no specific treatment. Today some 
would argue this is a missed opportunity to prevent the development of 
CAD and its clinical sequelae. 

The recommendations developed by the CPG committee were 
developed thoughtfully in an attempt to maximize efficacy and safety 
based on the known observation that preventive measures are most 
effective for those at the highest risk. The average plasma LDL-C in 
a 40-year-old American male is 147 mg/dL, and in a female, it is 121 
mg/dL [23], which is roughly twice the current recommended plasma 
LDL-C of ≤ 70 mg/dL. Thus, if plasma cholesterol is worthy of treatment 
as a sole risk factor for CAD, then everyone, of middle age or older, at 
least in the U.S. and probably most of the world, would be a candidate 
for the treatment of statin therapy if diet alone is inadequate. However, 
if everyone with plasma LDL-C > 70 mg/dl were treated which is every 
male and female over 30 years, 50% would get therapy unnecessarily 
since only 50% of the population is expected to experience a cardiac 
event during a normal life span in the U.S [2]. To implement primary 
prevention for those who would benefit most could be an opportunity 
for risk stratification using the genetic risk score as discussed in 
subsequent sections. 

Genetic predisposition for CAD

The genetic predisposition for common, chronic, polygenic 
disorders, such as CAD, has been claimed for decades by 
epidemiologists to account for 50-60% of susceptibility [24-26]. The 
first genetic risk variant, 9p21, for CAD was discovered simultaneously 
by two independent groups [27,28]. This was followed by confirmation 
of 9p21 as a risk factor by several groups throughout the world [29]. 
This stimulated the formation of international consortiums with large 
sample sizes of over 80,000 and its amalgamation with CARDIoGRAM 
with The Coronary Artery Disease (C4D) Genetics Consortium 
into CARDIoGRAMPlusC4D has been a leading force. The public 
availability of the data collected by CARDIoGRAMPlusC4D and the 
recent availability of data from the UK Biobank has further enhanced 
the pursuit of genetic predisposition of CAD [30]. The collected efforts 
of these consortiums and other investigators have discovered 173 
genetic risk variants predisposing to CAD and have been the subject of 
several recent reviews [29,31-33]. These variants are said to be genome-
wide significant meaning they satisfied a Bonferroni correction 
having a P-value of 5×10-8 and have been replicated in an independent 
population. There were many more associated genetic risks variants 
predisposing to CAD but did not fulfill the stringent Bonferroni 
correction. The discovery of genetic variants predisposing to CAD has 
provided a unique insight into its pathogenesis. Over one-half of the 
risk variants do not mediate their risk through traditional risk factors 

of exposure to plasma LDL-C increased the risk of CAD. This was 
approximated by the relationship showing CAD risk doubled for every 
additional 10 years of exposure. A similar log-linear relationship was 
observed with respect to clinical cardiac events. At age 40 the incidence 
of myocardial infarction is about 1%, at age 50 it is 2%, at age 60 it is 4%, 
at age 70 it is 8%, and at age 80 it is 16% [10,11]. 

Benefit from early reduction of Plasma LDL-C is accumulative

The accumulative risk for CAD associated with increased exposure 
to LDL-C prompted Ference et al. [12] to ask the question of whether 
the benefit from the early lowering of plasma LDL-C would also be 
accumulative. To answer this question, they employed the Mendelian 
Randomization method utilizing several DNA variants known to be 
associated with decreased plasma LDL-C and a lower risk for CAD. 
These variants are randomly assorted at the time of conception and 
are not confounded by other factors affecting CAD. Individuals with 
these genetic variants have been exposed consistently throughout their 
lifetime to a lower risk for CAD. The effect of these DNA variants on 
cardiac events can be compared to individuals without these variants. 
A meta-analysis was performed for nine DNA variants associated with 
lower plasma LDL-C and a lower risk for CAD. The results of the long-
term exposure to lower plasma LDL-C resulted in a 54% reduction 
in the risk of CAD for each 39 mg/dl reduction in LDL-C [12]. These 
results were confirmed by two other Mendelian Randomization studies 
showing a 57% reduction of risk for CAD per 39 mg/dL reduction in 
plasma LDL-C using 13 DNA variants associated with reduced LDL-C 
[13]. Another Mendelian Randomization study utilized 12 DNA 
variants associated with reduced LDL-C showed a 53% reduction in the 
risk of CAD for each 39 mg/dl reduction of LDL-C [14]. These results 
confirmed reducing plasma LDL-C early in life reduces the risk of CAD 
by about threefold more than observed when plasma LDL-C is reduced 
later in life. The lesser benefit from starting later in life is confirmed in 
a recent meta-analysis of 170,000 individuals involving 27 randomized 
clinical trials. The average exposure during these clinical trials was 
three to five years, and therapy was initiated in the 6th and 7th decades in 
a population with the mean age of 63 years. The Cholesterol Treatment 
Trialists’ (CTT) [15,16] collaboration concluded that reduction in 
plasma LDL-C by any means was associated with a 22% reduction 
in CAD morbidity and mortality per 39 mg/dL reduction in plasma 
LDL-C. This is about one-third of the benefit observed per one unit of 
lowering of plasma LDL-C when initiated early in life. 

Ference et al. from the results of the Mendelian Randomization 
Studies concluded the benefit from the early lowering of plasma LDL-C 
on CAD risk is accumulative and follows a log-linear relationship 
[17,18]. This might be expected as a corollary to the accumulative 
increase in risk for CAD associated with increased exposure to 
plasma LDL-C. The earlier in life one initiates primary prevention, the 
greater the reduction in risk for CAD. These results offer greater hope 
indicating that lowering plasma LDL-C earlier in life by 77 mg/dl could 
potentially lower the risk of CAD by 80%. One may also conclude that 
to have a similar reduction later in life would require a threefold further 
reduction in plasma LDL-C. In the female, since CAD is delayed during 
the premenopausal period [19], primary prevention may be effective 
even if initiated in the 40s, but for males, such benefit might require 
initiation of therapy in the 20s or 30s.

Current ACC/AHA guidelines less-than desirable for primary 
prevention of CAD

Today, the prevention and treatment of CAD have been codified 
into the Current Practice Guidelines (CPG) sponsored by AHA and 
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[29,34]. This would indicate that some of the factors causing coronary 
atherosclerosis are yet to be discovered. One new pathway indicated 
by the genetic risk variants is that of inflammation. The Interleukins 
[31] and the MHC risk variant [32] for CAD were presumed to mediate 
their risk through inflammation. This was recently confirmed by the 
randomized placebo-controlled clinical trial CANTOS [35,36]. This 
study showed inhibition of interleukin (IL-1B) was associated with 
a 15% reduction in cardiac events. The pursuit of the mechanism 
mediating the risk of the remaining genetic risk variants will offer 
many more surprises, and more importantly, targets will unfold for the 
development of novel drugs [37].

Development of a genetic risk score

The relative increased risk per genetic risk variants for CAD is 
less than 10 percent [29]. The overall genetic risk burden of CAD is 
proportional to the number of risk variants inherited rather than any 
single variant and can be summarized in a single number. Utilizing 
blood, saliva, or tissue, one can genotype the DNA for the number of 
genetic variants inherited by each individual. The number of copies 
for each single genetic risk variant can only vary from 0 to 2. It is 0 
if neither of the parents has transmitted the genetic variant, 1 if only 
one of the parents transmits the genetic variant and 2 if both parents 
transmit the genetic variant. The risk of each variant is the odds ratio 
determined previously for each variant in a Genome-Wide Association 
Study (GWAS). The risk is usually weighted by the product of the 
number of copies of each genetic risk variant times the natural log of 
the odds ratio [38]. The number resulting from the summation of all of 
these products is the numerical Genetic Risk Score.

Risk stratification of CAD based on the genetic risk score

The interest to use genetic variants to risk stratify for CAD 
increased as the number of risk variants increased. These studies were 
accelerated by the availability of blood samples collected from patients 
enrolled in large clinical trials such as Jupiter which assessed the effect 
of statins on cardiac morbidity and mortality. The other available 
specimens and phenotype data were from recently developed biobanks 
such as UK Biobank. An initial attempt utilizing just 12 genetic risk 
variants showed the additional benefit over that of risk stratifying based 
on traditional risk factors was small [39]. Mega et al. [40], utilizing 27 
genetic risk variants for CAD, retrospectively genotyped a population 
of 48,421 individuals who participated previously in primary and 
secondary prevention clinical trials assessing efficacy and safety of 
statin therapy. Individuals with the highest GRS (the high genetic risk 
group) received the most benefit from statin therapy. It offered increased 
discriminatory power of that of TRFs. The number to treat with a statin 
was only 25 to prevent one cardiac event in the high genetic risk group. 
Retrospective genotyping of the 4,910 individuals who participated in 
the West of Scotland Coronary Prevention Study (WOSCOP) provided 
similar encouraging results. The group with the high GRS score had 
a relative risk reduction of 44% compared to 24% in others [41]. In 
the GRS high-risk group, the number to treat to prevent one cardiac 
event was only 13, as opposed to 50 individuals based on stratification 
with TRFs, [42]. Abraham et al. [43] genotyped 16,082 individuals 
utilizing a microarray with 49,310 SNPs, which confirmed genetic risk 
stratification has greater discriminatory power than methods based 
on TRFs stratification. It was also relatively independent of TRS and 
complementary. Inouye et al. [44] using a microchip with 1.7 million 
risk variants for CAD, genotyped nearly 500,000 individuals obtained 
from the UK Biobank. They observed that in the top 20% risk group 
of the GRS, there was a fourfold increased risk for CAD. Khera et al. 
[30] utilized a computerized algorithm, LDpred, to predict genetic 

variants associated with a predisposition for CAD. This resulted in a 
microchip with 6.6 million variants which were used to genotype a 
sample size of 288,278, also from the UK Biobank. They observed that 
8% of the population inherited a threefold increased risk for CAD, and 
0.5% inherited a fivefold risk for CAD. Investigators from both studies 
indicate those at high risk for CAD would not have been identified 
using TRFs to risk stratification for CAD. Genetic risk stratification 
using either 1.7 million genetic variants, or 6.6 million increased the 
predictive power over that of previous efforts using either 27, 50, or 
49,000 genetic risk variants [30,44]. 

The FOURIER trial, [45] used two microchips, one containing 
27, the other 6.6 million variants predisposing to CAD to genotype 
14,298 individuals. Patients with the highest genetic risk score had 
the greatest risk and the greater benefit from the lowering of plasma 
cholesterol. Individuals classified at high or intermediate genetic risk 
for CAD had 1.23- and 1.65-fold increased hazard for major coronary 
events, respectively. Patients receiving Evolocumab had a 13% relative 
risk reduction in the group with traditional risk factors, but without 
high genetic risk, and 31% relative risk reduction in patients with high 
genetic risk regardless of traditional clinical risk factors. Retrospective 
genotyping of the ODYSSEY trial [46], with a sample size of 11,953, 
used a microarray with over 6 million SNPs. The group with the highest 
GRS had the highest risk for CAD and the relative reduction of cardiac 
events by Alirocumab was 37% in the high GRS, versus a 13% reduction 
in the low GRS group.

The preceding studies consistently show the GRS is superior to risk 
stratifying programs based on TRFs, namely, Framingham Risk Score, 
Pooled Cohort equations, and Reynolds score. However, two studies 
have shown less favorable results, Elliot et al genotyped a UK Biobank 
population [47] of 352,660, and Mosley et al., a U.S. population [48] 
of 7,237. Both studies utilized a microarray having 6 million genetic 
risk variants for CAD. These studies concluded the GRS as a tool to 
risk stratify for CAD was statistically better than traditional risk factors, 
but the difference was small. Reconciliation of the results of these two 
studies with the previous studies appears difficult. Nevertheless, the 
investigators concluded the GRS would be more applicable than TRFs 
to risk stratify for CAD in the young. 

A recent study by Aragam et al. [49] brings the application of genetic 
risk stratification for CAD a step closer to the bedside. The genetic risk 
score was used to risk-stratified for CAD in 47,108 individuals. They 
were selected from three independent healthcare systems, operating 
in three separate geographic locations in the US. The mean age of 
participants was 60 years. The genetic risk score, based on 6.6 million 
genetic variants, strongly associated with CAD. Based on the GRS, the 
group was divided into high, intermediate, and low risks. The high-risk 
group, which is approximately 20% of the population, had a 1.9-fold 
increased risk of CAD compared to the remaining 80%. The top 5% 
had a 2.3-fold increased risk of CAD. The important observation with 
respect to primary prevention of CAD is shown in Figure 1. Only 46% 
of the patients classified with high genetic risk would qualify for statin 
therapy based on the 10-year risk calculated by PCE of the current 
AHA/ACC guidelines and only 44 % according to the 2016 United 
States Preventive Services Task Force (USPSTF) recommendations. It is 
perhaps somewhat surprising that PCE stratification of the top genetic 
risk group and the bottom 80% into low, borderline, intermediate, and 
high risk gave no stratification differences. 

These results strongly suggest the PCE method is less-than-
adequate in stratifying risk of CAD, even in those individuals of the 
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age group of the 50s and 60s. This study confirmed the observed of 
multiple studies, namely, the GRS is relatively independent of the 
TRFs and complementary. This study showed utilizing the GRS 
would significantly increase the number of individuals qualifying for 
statin therapy as part of primary prevention in younger and older 
asymptomatic individuals. A particularly encouraging result of this 
study was showing genetic risk stratification was, as expected, effective 
in identifying the high-risk group in people of European descent, but 
also effective in Hispanics and African Americans. The odds ratio was 
greater for those of European descent, but still significant in Hispanic 
and African Americans. 

Lifestyle changes and drug therapy reduce genetic risk for 
CAD

It has long been considered, even among healthcare providers that 
what is in your genes is off-limits to treatment. This, of course, is a myth 
and decreasing genetic risk is the same as decreasing those resulting 
from lifestyle or environmental risk factors. Genes themselves live a 
very provincial life, is restricted to the nucleus. The plebiscites that carry 
out the functions of genes are the proteins. The mRNA template leaves 
the nucleus and attaches to the ribosomes to direct the synthesis of the 
proteins in the cytoplasm. Statin therapy, which inhibits the activity 
of the rate-limiting enzyme 3-hydroxy-3-methylglutaryl coenzyme A 
(HMG-CoA), inhibits synthesis of cholesterol and indirectly blocks 
the function of the gene encoding for this enzyme. We have previously 
discussed several trials that show statin therapy significantly reduces 
genetic risk. 

A randomized clinical trial performed by Khera et al. [50] consisted 
of 55,685 participants who genotyped prospectively with a microarray 
of 50 genetic risk variants predisposing to CAD. The endpoint was 
comparing a favorable lifestyle with that of an unfavorable lifestyle. 
A favorable lifestyle consisted of a healthy diet, frequent exercise, no 
current smoking, and a lack of obesity. An unfavorable lifestyle had at 
least two of these unfavorable components. Genetic risk stratification 
showed the top 20% of the GRS had a 91% higher risk of cardiac events 
than those with a low GRS. Individuals with a favorable lifestyle, in the 
top 20% of genetic risk, had a 40% lower risk for cardiac events than an 
unfavorable lifestyle.

To determine the effect of physical activity on genetic risk for 
CAD, Tikkanen et al. [51] genotyped 468,095 individuals. This 
population was provided by the UK Biobank. Physical activity was 
quantified on the basis of performing handgrip for three seconds, 
and a cardiorespiratory test of exercise on a stationary bicycle, during 
which oxygen consumption was quantified. Based on the genetic risk 
stratification, the population was dived into low, intermediate, or 
high. The individuals with the highest GRS had the most benefit from 
exercise, with a 49% lower risk for CAD.

Limitations of the current GRS

Multiple studies indicate that risk stratification for CAD based on 
genetic risk variants predisposing to CAD is superior to those based on 
traditional risk factors. There are limitations to routine applications of 
the GRS. (1) It has been assessed primarily in individuals of European 
descent. (2) The test and validation population in most of these studies 
have been the same. (3) While more and more genetic risk variants are 
included to derive the GRS, it is likely that more are yet to be discovered. 
(4) The genetic risk variants are primarily tags, rather than the causal 
mutations.

Genetic risk stratification for primary prevention of CAD 
should be considered for clinical application 

Primary prevention currently depends on methods utilizing 
traditional risk factors, which are age-dependent and often not present 
until the 6th or 7th decade of life. Based on considerable data, including 
the recent Mendelian Randomization studies, early intervention such 
as lowering of plasma LDL-C is at least three times more effective than 
the same intervention later in life. Intervening in males should probably 
occur in the 20s or 30s, whereas females may get a similar benefit even 
if initiated in the 5th decade. Genetic risk stratification for CAD has now 
been evaluated in multiple studies involving over a million individuals. 
Genetic risk stratification is independent of age and provides the same 
risk at birth as anytime later in life since the risk is innate in one’s DNA 
and does not change in one’s lifetime. The risk determined by the genetic 
risk score has been shown to markedly decrease with statin therapy and 
lifestyle changes. The sensitivity of the GRS to differentiate between 
high and lower risk was shown to be equally applicable for primary 
and secondary prevention. In the recent genetic risk stratification study 
involving three clinical groups, over 50% of individuals in the genetic 
high-risk group were not recommended for statin therapy by the PCE 
method of the clinical guidelines of AHA/ACC. A potential solution is 
genetic screening followed by risk stratification based on the genetic 
risk score, as shown in Figure 2. 

The GRS is a simple test available throughout the world and can 
be performed on blood, saliva, or tissue sample. The test is relatively 
inexpensive, and its commercial cost is expected to be in the range 
of any simple blood test (100-200$). The sample can be transported 
across countries or continents, if necessary, to perform the genotyping 
from which the GRS is estimated. Therapy, such as off-patent statins, 
is inexpensive and available throughout the world. CAD is pandemic 
and continues to increase in low-income countries. In a high-income 
country, such as the US, one-third of all deaths are due to CAD and 
it is predicted that 50% of the population will have a cardiac event in 
their normal lifespan. The data available strongly indicates primary 
prevention for CAD is threefold more effective when initiated early 
in life. Genetic risk stratification for early primary prevention offers 
several advantages over screening based on TRFs. It is time for the 
Cardiology Clinical Guidelines to consider the incorporation of genetic 
risk screening for primary prevention so that those at risk can available 
therapy to halt the spread of CAD.

Figure 1. Shown here is a comparison of the percentage of patients that qualify for statin 
therapy based on the top 20% genetic risk score (PRS) versus that based on the Pooled 
Cohort Equation of the ACC/AHA 2018 guidelines. A similar comparison is shown 
between the genetic risk score and the U.S. Preventive Services Task Force (USPSTF). 
Among patients eligible by genetic stratification for statin therapy, whether in the top 20% 
or the bottom 80%, only 40% would qualify for statin therapy based on the ACC/AHA 
guidelines, or those by the USPSTF
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