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Abstract

Background: Polygenic risk scores (PRS) may enhance risk stratification for coronary heart 

disease (CHD) among young adults. Whether a CHD PRS improves prediction beyond modifiable 

risk factors in this population is not known.

Methods: Genotyped adults aged 18–35 were selected from the Coronary Artery Risk 

Development in Young Adults (CARDIA) study (n=1,132) and Framingham Offspring Study 

(FOS) (n=663). Systolic blood pressure, total and HDL cholesterol, triglycerides, smoking and 

waist circumference or BMI were measured at the visit 1 exam of each study and coronary 

artery calcium (CAC), a measure of coronary atherosclerosis, was assessed at year 15 (CARDIA) 

or year 30 (FOS). A previously validated PRS for CHD was computed for each subject. The 
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C-statistic and integrated discrimination improvement (IDI) were used to compare Improvements 

in prediction of elevated CAC between models containing the PRS, risk factors, or both.

Results: There were 62 (5%) and 93 (14%) participants with a CAC score >20 (CARDIA) and 

>300 (FOS), respectively. At these thresholds, the C-statistic changes of adding the PRS to a risk 

factor-based model were 0.015 (0.004, 0.028) and 0.020 (0.001, 0.039) in CARDIA and FOS, 

respectively. When adding risk factors to a PRS-based model, the respective changes were 0.070 

(0.033, 0.109) and 0.051 (0.017, 0.079). The IDI, when adding the PRS to a risk factor model, was 

0.027 (−0.006, 0.054) in CARDIA and 0.039 (0.0005, 0.072) in FOS.

Conclusions: Among young adults, a PRS improved model discrimination for coronary 

atherosclerosis, but improvements were smaller than those associated with modifiable risk factors.
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INTRODUCTION

Coronary heart disease (CHD) is a major cause of morbidity and mortality.1 Common 

genetic variation contributes to CHD risk, and there is considerable interest in using 

polygenic risk scores (PRS), which measure a portion of this genetic liability, for risk 

stratification.2,3 The added benefit of PRS for risk stratification is modest once individuals 

reach middle-age.4–6 It has been proposed that these scores be used for risk stratification 

earlier in life in young adults, as currently implemented risk factor-based risk assessment 

tools are not well-suited for young individuals who typically manifest few conventional 

risk factors.7,8 Whether a PRS would improve risk stratification in young adults, beyond 

traditional risk factors is not known.

Although 4–6% of CHD cases are early onset, the low absolute risk makes prospective 

studies of overt CHD events in young populations challenging.9 One potential surrogate 

marker for CHD in young individuals is coronary artery calcium (CAC). CAC assessments, 

as measured by computed tomography, identify subclinical atherosclerotic disease among 

both young and older adults10, and the presence of CAC is strongly associated with incident 

CHD risk. For example, a CAC Agatston score >20 in young adults is associated with more 

than a 5 fold increased incident risk of CHD events and an Agatston score >300 in middle­

aged to older adults is associated with 4 to 7-fold increased incident risk.11,12 These data 

have fostered calls for increased surveillance for CAC in an effort to detect (and potentially 

initiate lipid-lowering therapies for) subclinical atherosclerosis.13–15 A CHD PRS has also 

been shown to strongly associate with CAC in young and middle-aged adults, independent 

of traditional cardiovascular risk factors.16–20 However, whether the addition of a PRS to 

conventional risk factors would improve risk stratification for subclinical atherosclerosis, as 

measured by CAC, in young adults remains unresolved.

We evaluated the incremental benefit attributable to a validated CHD PRS 2,21, beyond 

modifiable risk factors, to risk stratify young adults (<35 years of age) in the Coronary 
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Artery Risk Development in Young Adults (CARDIA) study and Framingham Offspring 

Study (FOS) for the presence of CAC in mid-life 22–24.

METHODS

Data and materials used for these analyses are publicly available through the dbGaP resource 

[phs000285 and phs000007] and can be accessed at https://www.ncbi.nlm.nih.gov/gap/. 

Use of de-identified data made available through dbGaP was approved by the Institutional 

Review Board of Vanderbilt University Medical Center. Detailed methods are described in 

the Supplemental Materials.

RESULTS

Baseline Populations

The final CARDIA sample comprised 1,132 White participants (48% male) with a mean 

age of 25.6 (standard deviation, 3.3) years (Table 1 and Supplemental Tables I and II and 

III). The final FOS sample comprised 663 participants (47% male) with a mean age of 27.8 

(s.d. 4.7) years (Table 1 and Supplemental Tables I and IV). The CHD PRS was positively 

nominally associated with baseline factors in both sets including LDL-C levels (p=0.0004) 

in CARDIA, and LDL-C (p=0.007), BMI (p=0.04) and smoking status (p=0.01) in FOS 

(Table 1).

Associations of CHD PRS with continuous CAC

In CARDIA, the PRS was associated with higher log-transformed Agatston scores 

(increase=0.16 [95% CI, 0.10 – 0.2] per s.d. increase in PRS) at year 15 of follow-up 

(average age 47 [s.d. 4.6] years) (Figure 1A). Larger increases were observed in FOS 

(increase=0.57 [95% CI, 0.40 – 0.74] per s.d. increase in PRS) where CAC was measured 

at a later timepoint (average age 58.7 [s.d. 4.6] years) (Figure 1A). There was a significant 

interaction between age at CAC assessment and the PRS in CARDIA (p=0.02), indicating 

that higher PRS values are associated with larger CAC increases over time (Figure 1B and 

Supplemental Figure I). A significant interaction was not observed in Framingham (Figure 

1C and Supplemental Figure I). In both cohorts, there was a significant interaction between 

LDL-C and age (p<0.05) (Figure 1B and 1C and Supplemental Figure I).

Associations of CHD PRS with CAC thresholds

In both cohorts, the odds-ratio point estimates for the association between the PRS 

and elevated CAC increased at more stringent CAC threshold values (Figure 2A and 

Supplemental Tables V and VI). In CARDIA, 62 (5%) participants had a CAC score >20 

and, in Framingham, 93 (14%) had CAC >300 (Table 1). Approximately 80% of these 

subjects were male. The magnitude of the odds-ratio for the association between the PRS 

and CAC above these thresholds was comparable to those for other risk factors in each 

cohort (Figure 2B). After adjustment for risk factors, the odds-ratios per s.d. increase in the 

PRS were 1.74 (1.29 – 2.36) and 1.90 (1.42 – 2.54) in CARDIA (CAC >20) and FOS (CAC 

>300), respectively.
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Discrimination

Adding the PRS to a minimal model containing age, sex and ancestry (using principal 

components [PCs]) increased the C-statistic from 0.764 to 0.794 (difference=0.030 [0.007, 

0.054]) in CARDIA and 0.759 to 0.804 (difference= 0.045 [0.010, 0.076]) in FOS (Table 

2). By comparison, adding conventional risk factors (baseline waist circumference [or BMI 

in FOS], total cholesterol, HDL-C, triglycerides, SBP and smoking status) to the minimal 

model resulted in larger increases to the C-statistic in both CARDIA (0.764 to 0.849 

(difference = 0.085 [0.036, 0.131]) and FOS (0.759 to 0.835 [difference= 0.076 [0.031, 

0.110]]).

In both cohorts, an increase in the C-statistic was observed after the addition of the PRS 

to the risk factor model (difference= 0.015 [0.004, 0.028] in CARDIA; difference= 0.02 

[0.001, 0.039] in Framingham). The absolute increase to the full model was greater for risk 

factors than for the PRS (i.e. addition of risk factors to the PRS model resulted in larger 

increases to the C-statistic than adding the PRS to risk factor models). In CARDIA, these 

respective changes were 0.070 (0.033, 0.109) and 0.015 (0.004, 0.028), and in Framingham 

they were 0.051 (0.017, 0.079) and 0.020 (0.001, 0.039) (Table 2 and Figures 3A and 3B). 

Similar results were observed when using other CAC cut-off values (Figure 3D and 3C and 

Supplemental Tables V and VI).

In CARDIA, all risk models demonstrated a good fit to the data (slope=1.0) (Supplemental 

Figure II). In FOS, a minimal model that further included only the PRS demonstrated a 

poorer fit than models that also included risk factors (slope=1.1 vs 1.0) (Supplemental 

Figure III).

Reclassification, as measured continuously by the IDI, was not significantly improved using 

the full model compared to models incorporating either risks factors or PRS. For example, 

when the PRS was added to the risk factor model (difference in IDI=0.027 [−0.006, 0.054] 

or when risk factors were added to the PRS model (difference in IDI=0.070 [−0.005, 0.111]) 

in CARDIA. In FOS, there were significant improvements in both instances: 0.039 (0.0005, 

0.072) and 0.111 (0.036, 0.158), respectively. Similar results were seen at lower CAC 

cut-offs, except that the IDI was significant in CARDIA when risk factors were added to the 

PRS model at CAC>10 (IDI=0.070 [0.0001, 0.106], but not vice versa (IDI=0.016 [−0.009, 

0.0373]) (Supplemental Table V). Overall, changes in predicted risk estimates were modest 

when the PRS was added to the risk factor models in both cohorts (Figure 4).

PRS thresholds

It has been proposed that young adults whose PRS value falls within the upper tail of the 

CHD PRS distribution be identified as high risk.21 The point estimates for performance 

characteristics of such a PRS-based classifier at different risk thresholds is shown in Table 3. 

For instance, among CARDIA participants whose PRS value fell within the top 10% of the 

distribution, 11% had CAC>20, which accounted for 19% of all individuals with CAC>20. 

By comparison, among participants whose measured LDL-C fell within the top 10% of the 

distribution, 15% had CAC>20, and this accounted for 29% of all individuals with CAC>20. 

Similar results are seen in the FOS (Table 3).
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DISCUSSION

Consistent with observations from prior studies, higher CHD PRS scores were associated 

with increased burden of coronary atherosclerosis, as measured by CAC scoring, in early 

and later adulthood.16–19 Addition of the PRS to a model comprising modifiable CHD 

risk factors improved discrimination for CAC elevations across a range of thresholds, 

comparable to changes in studies that have examined CHD as the primary outcome.25 

The magnitude of these improvements was less than those seen when adding modifiable 

risk factors to a PRS-based model. Collectively, these results suggest that a PRS-based risk 

stratification approach in a young adult population would not be superior to a risk-factor 

based strategy, but addition of the PRS to a risk factor-based risk model may modestly 

improve risk stratification in young adults.

Recent studies have shown that a PRS may offer only modest improvements in CHD 

risk stratification among Whites over 40 years old, as compared to measuring traditional 

cardiovascular risk factors including smoking, blood pressure, cholesterol and diabetes.4,5 

Thus, by age 40, risk may be better characterized by direct assessment of modifiable risk 

factors, which has the secondary benefit of providing specific targets for risk reduction. An 

important question is whether the performance of a PRS would be significantly improved if 

implemented prior to age 40.

Our results extend the current literature by evaluating the performance of a PRS in 

younger adults. Whether a PRS-based or PRS-augmented strategy would improve risk 

stratification in this group has been of considerable interest, in part due to the poor 

performance of current risk models in young populations and the potential to target high-risk 

individuals for preventive therapies. One challenge of evaluating CHD risk prediction in 

younger populations is the overall low event rate. Accordingly, we examined CAC, a well 

validated marker of early coronary atherosclerosis, as a surrogate outcome. Thus, while our 

analysis does not directly address the ability of PRS to predict hard CHD events in young 

individuals, the use of a validated biomarker of atherosclerosis and CHD risk provides 

important insight into an otherwise difficult to study phenotype.

We observed that among young adults, a model incorporating risk factors demonstrated 

better discrimination (measured by C-statistic) with respect to the presence of CAC in mid­

life compared to a model incorporating PRS. Moreover, the magnitude of the improvements 

in the C-statistic (0.015 to 0.02) when a PRS was added to risk factors were modest 

and comparable to those that have been reported when CHD is the outcome in older 

adults.6,25–27 Overall, a change in C-statistic of 0.02 is small though, in large data sets, 

this change may be associated with a very low p-values. Changes of this magnitude are 

seen with other validated CHD risk factors not used in clinical practice, such as B-type 

natriuretic peptide and high-sensitivity C-reactive protein levels.28,29 These results suggest 

that the discriminative performance of a PRS may not be better among young adults than in 

middle-aged adults. Furthermore, risk stratification based on modifiable risk factors is apt to 

perform better in this population than a stand-alone PRS-based predictor.
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One proposed clinical implementation strategy for a PRS is to identify individuals whose 

PRS value falls within the high-risk tail of the distribution, as these individuals are at 

increased relative risk of disease compared to those with lower PRS scores.30,31 This is 

similar to what is done for disease mediators such LDL-C and systolic blood pressure. One 

reason a PRS may not be optimally suited for this purpose is that it is a calculated value 

that partially captures an individual’s genetic potential to manifest risk. Its value is constant 

and does not modulate when risk has been attenuated. This can lead to misclassification 

for individuals who have attenuated their genetic risk by optimizing risk factors through 

lifestyle measures or other approaches.18

An important consideration when identifying young adults at elevated polygenic risk for 

CHD is what prevention strategies should be offered, especially in the absence of levels 

of traditional risk factors currently regarded as warranting intervention. Retrospective 

studies have shown that adherence to a healthy lifestyle is associated with larger risk 

reductions among individuals at elevated polygenic risk.18 Lifestyle interventions are safe 

to implement, so targeting high polygenic risk individuals to lifestyle interventions is 

appropriate. Whether high genetic risk populations sustain healthy behavioral changes 

is not clear.32,33 However, low-risk interventions (smoking cessation, healthy lifestyle 

behaviors) benefit all individuals, regardless of genetic risk, and would have a greater 

epidemiological impact if targeted broadly.18 Furthermore, the value of knowing PRS risk 

with respect to motivating cardiovascular risk modification or behavioral changes is not 

well-established.33–35

Re-analyses of statin treatment trials have shown that individuals in the top 20% of the 

PRS distribution have larger decreases in absolute risk of incident CHD associated with 

statin therapy, as compared to the lower PRS percentiles.17 For instance, in a re-analysis 

of the JUPITER trial, which randomized individuals with LCL-C<130 mg/dl, there was 

a nonsignificant 32% risk reduction associated with rosuvastatin in the lower genetic risk 

group versus a nonsignificant 59% risk reduction in the higher genetic risk (top 20%) 

group.36 Based on these observations, some have suggested treating individuals with high 

PRS scores with lipid-lowering statin medications even in the absence of conventional risk 

factors. However, it is notable that in the re-analysis of the JUPITER trial statin treatment 

actually prevented larger numbers of events in the lower genetic risk groups, which 

represented the majority of the study participants. This would suggest that ubiquitous statin 

therapy would have been a more effective primary prevention strategy than a PRS-based 

strategy in that patient population. At present, it is unknown whether statins meaningfully 

reduce CHD events among young individuals with high PRS scores, and whether treatment 

benefits outweigh risks (such as increased risk of type 2 diabetes). Determining treatment 

efficacy would be important, as implementing statin therapy at a young age will result in 

individuals taking medications for up to half a century or more, with associated increased 

costs and adverse drug events.

In our analyses, the PRS was associated with some baseline measures including LDL-C and 

smoking, indicating that a portion of its predictive ability derives from capturing variation 

in these risk factors. Consistently, the association with CAC was attenuated when adjusting 

for these risk factors, confirming the shared risk mechanisms. However, it is important to 
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highlight that the PRS remained strongly associated with higher CAC scores, even after 

adjusting for risk factors. This indicates that the PRS is capturing risk mechanisms not 

measured by traditional risk factors. These additional mechanisms must be identified so that 

biomarkers that capture the fuller genetic and environmental influences modulating them 

can be measured in order to further improve risk stratification and potentially identify new 

therapeutic targets.

Some limitations should also be acknowledged. The study populations were relatively small, 

which decreased the precision of performance estimates for the PRS and can lead to wide 

confidence intervals. However, the performance estimates reported here were consistent 

across cohorts and are similar to those observed in other studies of CHD.3,37 The FOS 

also contributed cases and controls to the CARDIOGRAM-C4D GWAS, which could lead 

to overestimation of the performance of the PRS in that cohort. As would be expected 

in a young population, there were low numbers of hard CHD events which prohibited an 

examination of that end-point. While CAC is a measure of coronary atherosclerosis and is 

associated with elevated CHD risk, these results may not inform how well the PRS predicts 

early onset CHD. There were also few women with marked CAC score elevations, which 

limits inferences about the PRS in this group. There were modest differences among the 

excluded subjects in CARDIA who did not have CAC measurements, which may have 

biased these findings. In CARDIA, analyses were not adjusted for field center, which 

may have biased results. All participants included in this analysis were of white European 

ancestry, and it is unknown whether findings would be similar in other ancestral groups.

In summary, a CHD PRS improved discrimination for coronary atherosclerosis beyond 

traditional cardiovascular risk measures. These improvements were smaller than the 

collective effects of modifiable risk factors. These results suggest that PRS-based risk 

stratification approach in a young adult population would be not be superior to a risk-factor 

based strategy, but addition of the PRS to a risk factor-based predictor may improve risk 

stratification. The clinical and translational utility of inclusion of a PRS for CHD risk 

stratification among young adults remains undefined.
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Nonstandard Abbreviations and Acronyms

PRS Polygenic risk scores

CHD Coronary heart disease

CAC Coronary artery calcium

CARDIA Coronary Artery Risk Development in Young Adults

FOS Framingham Offspring Study

PCs Principal components

IDI Integrated discrimination improvement
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Figure 1: Change in Agatston scores associated with a CHD PRS.
Shown is the difference (95% CI) in Agatston score per standard deviation increase 

in the PRS in the CARDIA and Framingham cohorts. Differences were determined 

by multivariable regression using Log(Agatston score+1) as the dependent variable and 

adjusting for age, sex and PCs. The PRS difference was also calculated after additionally 

adjusting for risk factors (baseline waist circumference [or BMI in Framingham], 

total cholesterol, HDL-C, log-transformed triglycerides, SBP and smoking status) (PRS, 

adjusted). Changes associated with LDL-C are shown for comparison. (B & C) Mean 
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log(Agatston score +1) levels stratified by age (<40 or ≥40 years) and Low (bottom 50%) or 

high (top 50%) levels of the PRS or LDL-C in (B) CARDIA and (C) Framingham.
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Figure 2: Association of the PRS and baseline characteristics with CAC.
(A) Shown are the adjusted odds ratio (OR) for a CAC score above the indicated thresholds 

per standard deviation change in the PRS. Odd ratios were adjusted for risk factors (baseline 

waist circumference [or BMI in Framingham], total cholesterol, HDL-C, log-transformed 

triglycerides, SBP and smoking status), age, sex and PCs. (B) Association of the PRS and 

baseline risk factors with CAC scores>20 (CARDIA) or CAC scores>300 (Framingham). 

For continuous variables, odds ratios are per standard deviation change in the risk factor. All 

models were adjusted for age, sex and PCs.
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Figure 3. Discrimination characteristics for the PRS and risk factors.
Receiver Operating Characteristic curves for risk models in (A) CARDIA for CAC 

scores>20 and (B) Framingham for CAC scores>300. Logistic regression models included 

the PRS, risk factors (baseline waist circumference [or BMI in Framingham], total 

cholesterol, HDL-C, log-transformed triglycerides, SBP and smoking status) or both. (C) 

C-statistics associated with logistic regression models adjusted for: age and sex (Base); Base 

+ PRS (PRS); Base + risk factors (RF); and Base + PRS + risk factors (Full). Models 

using multiple CAC score cut-offs are shown. 95% CI were computed by bootstrapping. D) 
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Change in C-statistics when: the PRS was added to logistic model with age, sex and risk 

factors; the risk factors were added to a model that included age and the PRS.
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Figure 4. Scatterplot of predicted probabilities for prediction models in CAC in CARDIA and 
Framingham.
Predicted probabilities are based on logistic regression models for CAC>20 (CARDIA) or 

CAC>300 (Framingham) that include either: risk factors (baseline waist circumference [or 

BMI in Framingham], total cholesterol, HDL-C, log-transformed triglycerides, SBP and 

smoking status) (RF); or risk factors + PRS. All models were adjusted for age, sex and PCs. 

Predicted probability scatterplots are shown separately for Framingham (A) cases and (B) 

controls and CARDIA (C) cases and (D) controls. Blue and red dots highlight participants 

for whom addition of the PRS causes their probability estimates to cross the 10% or 
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20% probability thresholds (shown by dotted lines). Blue dots highlight individuals whose 

probability is correctly reclassified (i.e. is higher for cases or lower for controls) across the 

thresholds and red dots highlight incorrect reclassifications across the thresholds.
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Table 1.

Characteristics of the CARDIA and Framingham Offspring Cohort participants.

Characteristic* CARDIA CAC≤20 CARDIA CAC>20 Framingham CAC≤300 Framingham CAC>300

Total 1070 62 570 93

Males 494 (46.2%) 51 (82.3%) 236 (41.4%) 72 (77.4%)

Age (years) 25.5 (3.3) 27.2 (2.9) 27.5 (4.7) 30 (4)

Systolic blood pressure (mmHg) 108.4 (10.8) 115.4 (12) 115.3 (11.3) 122.4 (13)

Diastolic blood pressure (mmHg) 67.8 (8.9) 71.1 (11.4) 74.8 (8.4) 79.3 (8.8)

Body mass index (kg/m)
†,‡ 23.5 (3.7) 25.5 (4.6) 23.9 (3.7) 26.7 (4.6)

Waist circumference (cm) 76.8 (10.1) 85.5 (10.2) n/a n/a

Total cholesterol (mg/dl) 
† 175 (30.8) 197.1 (39.5) 178.6 (32.3) 197.3 (32.4)

Triglycerides (mg/dl) 64 (47 – 88) 87 (54 – 118) 207.5 (146 – 305) 325 (224 – 492)

HDL cholesterol (mg/dl) 
‡ 52.1 (13) 45.3 (10.6) 51.7 (13) 42.4 (11.5)

LDL cholesterol (mg/dl) 
†,‡ 107.5 (28.5) 131.3 (34.3) 111.3 (29.3) 131.2 (31.5)

Glucose (mg/dl) 82 (77 – 86) 85 (79 – 90) 97 (91 – 103) 100 (95 – 108)

Current smoker
‡ 270 (25.2%) 28 (45.2%) 225 (39.5%) 55 (59.1%)

Anti-hypertensive medications 6 (0.6%) 3 (4.8%) 3 (0.5%) 0 (0%)

Type 2 diabetes 3 (0.3%) 1 (1.6%) 2 (0.4%) 1 (1.1%)

Mother MI Prior to Age 60 or 55
§ 24 (2.2%) 0 (0%) 14 (2.5%) 3 (3.2%)

Father MI Prior to Age 60 or 55
§ 111 (10.4%) 11 (17.7%) 65 (11.4%) 11 (11.8%)

Footnotes

*
For continuous variables, values shown are mean (standard deviation). For glucose and triglycerides, values are median (interquartile range).

†
Denotes a nominal association (p<0.05) between the PRS and the characteristic in CARDIA, tested by either a logistic or linear regression model 

adjusting for age, sex and 5 principal components.

‡
Denotes a nominal association (p<0.05) in the Framingham Offspring cohort.

§
Age 60 for CARDIA and 55 for Framingham.
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Table 2.

C-statistics from logistic regression models for associations with elevated CAC.

Model CARDIA (CAC>20) C-statistic (95% CI) Framingham (CAC>300) C-statistic (95% CI)

Base* 0.764 (0.692, 0.816) 0.759 (0.702, 0.808)

Base* + PRS 0.794 (0.728, 0.840) 0.804 (0.751, 0.845)

Base* + risk factors
† 0.849 (0.789, 0.889) 0.835 (0.781, 0.871)

Base* + risk factors
†
 + PRS 0.864 (0.807, 0.904) 0.855 (0.805, 0.887)

Footnotes

*
The base model comprised age, sex and 5 principal components.

†
The risk factors were SBP, total cholesterol, HDL-C, triglycerides, current smoker and either waist circumference (CARDIA) or BMI 

(Framingham).
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Table 3.

Performance features of a PRS or measured LDL-C risk classifier.

Classifier
Top risk 

percentile*
CARDIA Sensitivity 

for CAC>20 (%)
†

CARDIA Positive 
predictive value for 

CAC>20 (%)
‡

Framingham 
Sensitivity for 

CAC>300 (%)
†

Framingham Positive 
predictive value for 

CAC>300 (%)
‡

PRS

5 13 14 13 35

10 19 11 17 24

15 27 10 25 23

20 37 10 30 21

LDL-C

5 19 20 14 38

10 29 15 24 33

15 39 14 30 28

20 45 12 39 27

Footnotes

*
The percentile threshold used to select high risk individuals based on the upper tails of the distribution for either the PRS or LDL-C.

†
Proportion of individuals with CAC>cut-off whose value above the risk threshold.

‡
Proportion of individuals classified as high risk who have CAC>cut-off.
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