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Multiple germline and somatic genomic factors are associated with risk of
coronary artery disease, but there is no single measure of risk that integrates
all information from a DNA sample. To address this gap, we develop an

integrated genomic model that includes six germline and somatic genetic
drivers for coronary artery disease, including polygenic risk score, genetically-
proxied proteomic/metabolomic risk scores, and clonal hematopoiesis

of indeterminate potential. We evaluated its predictive power in the UK

Biobank (N =391,536), and validate it using data from the TOPMed program
(N =34,177). The 10-year coronary artery disease risk based on the integrated
genomic model profile ranges from 1.1% to 15.5% in the UK Biobank and from
3.8% to 33.0% in TOPMed, with a more pronounced gradient in males than
females. The integrated genomic model captures the cumulative effect of
multiple genetic drivers, identifying individuals at high risk for coronary
artery disease despite lacking any single high-risk genetic factor, as well as
individuals at low risk despite carrying known high-risk factors. In middle age,
the integrated genomic model augments the performance of the Pooled
Cohort Equations, a clinical risk calculator for coronary artery disease. While
the integrated genomic model yields only modest incremental predictive
value over polygenic risk score at the population level, it identifies approxi-
mately 13% of high-risk individuals not detected by polygenic risk score alone.

The coronary artery disease (CAD) remains the number one cause of
global mortality and morbidity'. The early identification of individuals
at high risk for CAD is a fundamental strategy in preventing dis-
ease. Utilizing DNA information for CAD risk prediction has gained
traction due to its ability to identify early-onset cases, predict risk
earlier in life, and augment the performance of existing clinical risk
measures>’. Significant progress has been made in understanding
germline genomic risk drivers of CAD. Both monogenic drivers of risk
such as pathogenic variants in familial hypercholesterolemia (FH)-
related genes (LDLR, APOB, and PCSK9) and polygenic risk scores (PRS)
have shown promise in CAD risk stratification, individually and in
combination*’. Moreover, age-related somatic mutations have been
associated with increased CAD risk, attributed to clonal hematopoiesis
of indeterminate potential (CHIP) and shortened leukocyte telomere
length (LTL)* . Even though germline and somatic genomic variations

shape CAD risk, they remain to be studied in aggregate. A single model
leveraging all available information from a single DNA biopsy could
have the potential to improve risk prediction of CAD.

A comprehensive genomic risk model for CAD would integrate
risk from early-life germline mutations with risk from somatic muta-
tions occurring later in life. We previously demonstrated the interplay
between monogenic and polygenic risk, highlighting that polygenic
background alters the penetrance of FH variants®. Thereafter, Zhao et
al. reported that a combination of germline and somatic mutations
augments the risk of CAD, as evidenced by the interaction between
PRS and CHIP®, This mounting evidence underscores that an ensemble
model that integrates all known germline and somatic risk drivers and
their interactions might improve genomic risk prediction of CAD.

As genomic medicine moves towards clinical adoption, it might
be beneficial that a single measure of risk is communicated using the

e-mail: pnatarajan@mgh.harvard.edu; wangmx@big.ac.cn; afahed@mgh.harvard.edu

Nature Communications | (2026)17:4483


http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-70379-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-70379-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-70379-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-70379-2&domain=pdf
mailto:pnatarajan@mgh.harvard.edu
mailto:wangmx@big.ac.cn
mailto:afahed@mgh.harvard.edu
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-70379-2

entirety of the data points available from an individual's genome.
Mixed information about risk is poised to confuse people unless
integrated into a single number. This concept has long been estab-
lished in clinical risk prediction. For example, a single 10-year cardio-
vascular risk is provided by integrating information from factors such
as blood pressure, cholesterol levels, smoking, and diabetes, each of
which might indicate low or high risk for an individual’. Similarly, in
genomic risk prediction, an individual might have a monogenic FH
variant, a low polygenic risk score, no CHIP variant, and a short LTL,
challenged by how to interpret this complex combination of genetic
risk factors. It is only helpful for the individual in this context to
understand the summed effect and risk estimate.

We developed an integrated genomic model (IGM) that combines
multiple genetic drivers into a single score to maximize the precision
of CAD risk prediction. We demonstrated the accuracy, calibration,
and added value of this all-at-once model using half a million people
from the UK Biobank, and validated its performance in studies con-
tributing to the Trans-Omics for Precision Medicine (TOPMed)
program.

Results

Developing an Integrated Genomic Model for CAD

We used the UK Biobank as a discovery cohort, including 391,536
individuals (mean [SD] age, 56.5 [8.1] years; 53.8% women) including
28,346 (7.2%) participants who developed CAD over a median follow-
up of 12.3 (interquartile range [IQR], 1.6) years. In the UK Biobank,
94.1% of participants were White (n=368,296), with smaller propor-
tions identifying as Asian (2.3%, n=9106), Black (1.6%, n=6237), and
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Other ancestry (2.0%, n=7897). In contrast, TOPMed showed greater
diversity, with 68.3% White (n=23,333), 25.9% Black (n=_8858), 2.2%
Asian (n=737), and 3.7% Other ancestry (n=1250). Whole-genome
sequencing data was used to curate and compute features of risk
previously shown to be associated with CAD. Specifically, we included
two somatic features—CHIP and LTL—and four germline features—FH
variants, CAD PRS, a proteome PRS (ProPRS) and a metabolome PRS
(MetPRS). Of note, ProPRS and MetPRS were constructed using a series
of genetic proxies for protein and metabolite levels derived from the
atlas of genetic scores that predict multi-omic traits', rather than
relying on actual measurement of protein and metabolite levels. Using
this feature matrix, we developed a somatic risk score, a germline risk
score, and an integrated genomic model (IGM) (Fig. 1).

We then validated the IGM in 34,177 individuals from the TOPMed
program (mean [SD] age, 62.6 [10.6] years; 66.0% women) (Supple-
mentary Table 3). Incident CAD events occurred in 3972 (14.3%) par-
ticipants who developed CAD over a median follow-up of 10.5 (IQR,
8.6) years. The IGM model provided individual 10-year risk estimates
across percentiles of somatic and germline risk (Fig. 1). Further details
on baseline characteristics by genetic drivers are presented in Sup-
plementary Tables 4-8.

Germline and somatic genomic drivers of CAD risk

We first estimated the individual risk of prevalent and incident CAD
conferred by each of the two somatic and four germline drivers. When
evaluating the association of the germline drivers with prevalent CAD
in the UK Biobank, FH variant carriers had a three-fold increase in risk—
odds ratio (OR) of 3.08 (95% confidence interval [CI], 2.46-3.85;
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Fig. 1| Overview of development and validation of integrated genomic
model (IGM). Based on sequencing data from UK Biobank (N = 391,536), we curated
6 genomic features that are associated with the risk of CAD. Scores of somatic and

germline risks were ensembled to construct IGM, which was then validated in the
TOPMed cohort (N=34,177).
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A Odds Ratio (UK Biobank) B Odds Ratio (TOPMed)
Drivers OR(95% CI)  P.Value Drivers OR(95% Cl)  P.Value
GermRisk . 2.16(2.12, 2.20) <0.0001 GermRisk . 1.61(1.56, 1.66) <0.0001
PRS o 2.15(2.11, 2.19) <0.0001 PRS . 1.60(1.55, 1.65) <0.0001
MetPRS . 1.27(1.25, 1.29) <0.0001 MetPRS o 1.14(1.11, 1.18) <0.0001
ProPRS . 1.19(1.17, 1.21) <0.0001 ProPRS e 1.07(1.04, 1.10) <0.0001
FH . 3.08(2.46, 3.85) <0.0001 FH . 2.66(1.85,4.29) <0.0001
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c Hazards Ratio (UK Biobank) D Hazards Ratio (TOPMed)
Drivers HR(95% Cl)  P.Value Drivers HR(95% Cl)  P.Value
IGMRisk o 1.58(1.56, 1.59) <0.0001 IGMRisk N 1.46(1.40, 1.53) <0.0001
GermRisk . 1.57(1.55, 1.59) <0.0001 GermRisk . 1.46(1.40, 1.51) <0.0001
PRS . 1.56(1.55, 1.58) <0.0001 PRS . 1.47(1.41, 1.53) <0.0001
MetPRS N 1.18(1.17, 1.19) <0.0001 MetPRS . 1.10(1.09, 1.12) <0.0001
ProPRS . 1.15(1.14, 1.17) <0.0001 ProPRS o 1.05(1.03, 1.07) <0.0001
FH . 1.69(1.41, 2.03) <0.0001 FH . 1.79(1.32, 2.42) <0.0001
SomaRisk . 1.05(1.04, 1.06) <0.0001 SomaRisk . 1.05(1.02, 1.09) 0.0033
E LTL . 0.94(0.92, 0.95) <0.0001 E LTL . 0.94(0.90, 0.98) 0.0053
CHIP . 1.13(1.06, 1.20) 0.0002 CHIP . 1.16(1.00, 1.34) 0.0534
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Fig. 2 | Effect size of genomic drivers in UK Biobank and TOPMed. Effect sizes
based on prevalent coronary artery disease (CAD) in UK Biobank (N =391,536) (A)
and TOPMed (N =34,177) (B), and incident CAD in UK Biobank (N =377,280) (C) and
TOPMed (N =27,520) (D) are presented. Odds ratio and hazard ratio per standard
deviation are shown for all continuous measures (CAD PRS, MetPRS, ProPRS, LTL,
GermRisk, SomaRisk, IGMRisk). Odds ratio and hazard ratio per carrier status are
shown for FH and CHIP. Estimates are derived from logistic regression (A, B) or Cox
proportional hazards model (C, D) with sex, recruitment age, and the first 10
principal components of genetic ancestry as covariates, p-values are calculated
using two-sided Wald tests. GermRisk is a weighted combination of four genetic
drivers (CAD PRS, MetPRS, ProPRS, and FH) as a single predictor, with weights
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estimated by a logistic regression model. SomaRisk is a weighted combination of
two somatic drivers (CHIP and LTL) as a single predictor, with weights estimated by
a Cox proportional hazards model. IGMRisk is a combination of GermRisk and
SomaRisk, weighted from a Cox proportional hazards regression model estimation,
p-values are calculated using two-sided Wald tests. Correlations among the six
genetic drivers are shown for the UK Biobank (E) and TOPMed (F). CI confidence
interval, PRS polygenic risk score for CAD, MetPRS metabolome PRS, ProPRS
proteome PRS, LTL leukocyte telomere length, FH familial hypercholesterolemia
variants, CHIP clonal hematopoiesis of indeterminate potential. Error bars: 95% CI.
Source data are provided as a Source Data file.

p <0.001). The CAD PRS (OR per standard deviation (SD), 2.15; 95% ClI,
2.11-2.19; p<0.001), MetPRS (OR per SD, 1.27; 95% ClI, 1.25-1.29;
p <0.001), and ProPRS (OR per SD, 1.19; 95% CI, 1.17-1.21; p<0.001)
were also significantly associated with CAD (Fig. 2). We combined
these four germline risk factors into a single predictor called Germ-
Risk. The OR per SD for GermRisk was 2.16 (95% CI, 2.12-2.20;
p <0.001), and individuals in the top quintile of GermRisk had 3.6-fold
increase in risk compared to everyone else (95% Cl, 3.47-3.73;
p <0.001) (Supplementary Table 8). The effect sizes of genetic drivers
for prevalent CAD in TOPMed were overall consistent with those of UK
Biobank (Fig. 2B; Supplementary Table 9).

We then evaluated the association of genomic drivers with inci-
dent CAD in the UK Biobank, and demonstrated strong associations of
each of the germline and somatic drivers with incident CAD (Fig. 2C;
Supplementary Table 10). For germline drivers, the HR for FH carriers
was 1.69 (95% CI 1.41-2.03, p<0.001) and HRs per SD for CAD PRS,

MetPRS, and ProPRS were 1.56 (95% CI 1.55-1.58, p < 0.001), 1.18 (95% CI
1.17-1.19, p < 0.001), and 1.15 (95% CI 1.14-1.17, p < 0.001), respectively.
For somatic drivers, CHIP and LTL were associated with CAD with HR
of 113 (95% CI 1.06-1.20, p<0.001) and 0.94 (95% CI 0.92-0.95,
p <0.001), respectively. We combined these two somatic risk factors
into a single predictor called SomaRisk, similar to GermRisk. Both
GermRisk and SomaRisk demonstrated a strong association with
incident CAD—HR per SD of 1.57 (95% CI 1.55-1.59, p < 0.001) and 1.05
(95% CI 1.04-1.06, p<0.001), respectively (Fig. 2C; Supplementary
Table 10). The effect sizes of genetic drivers for incident CAD in
TOPMed were mostly consistent with those of UK Biobank (Fig. 2D;
Supplementary Table 11).

Integrated genomic model to predict CAD risk
We assessed pairwise correlations between six genetic variables from
the UK Biobank and TOPMed studies using Pearson correlation
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CAD in UK Biobank (C) and TOPMed (D) are presented. Source data are provided as
a Source Data file.

coefficients to evaluate multicollinearity before combining them in a
Cox proportional hazards model. This allowed us to gauge overlapping
signals, particularly between CAD PRS, MetPRS, and ProPRS. The cor-
relations among six drivers were weak (< 0.3) (Fig. 2E, F), reassuring
that each driver contributes distinct signals.

To obtain a comprehensive assessment of a person’s CAD risk, we
used an integrated genomic model (IGM) to quantify the risk from
both germline and somatic drivers—a combined predictor of GermRisk
and SomaRisk (Supplementary Fig. 4). The IGM risk was significantly
associated with the risk of incident CAD (HR per SD, 1.58; 95% ClI,
1.56-1.59; p < 0.001), and the effect size was consistent when validated
in the TOPMed external data set (HR per SD, 1.46; 95% CI, 1.40-1.53;
p <0.001) (Fig. 2C, D; Supplementary Tables 11 and 12).

Joint modeling of germline and somatic drivers indicated sub-
stantial gradients in risk of CAD, driven by inherited DNA variants,
variation in the rate of LTL shortening, and accumulation of somatic
variants leading to CHIP. For the sex-combined estimation of the 10-
year risk of CAD in UK Biobank, individuals in the lowest germline and
somatic risk percentile have a 10-year risk as low as 1.1%, while those in
the highest germline and somatic risk percentile have a 10-year risk as
high as 15.5% (Fig. 3A). A similar gradient in risk across germline and
somatic variation was observed in TOPMed, ranging from 3.8% to
33.0% (Fig. 3B). For a sex-stratified analysis in the UK Biobank, male
individuals had a 10-year risk that ranged from 1.8% to 23.0% across the
germline and somatic risk spectrum. This was about 2.3 times higher
than the risk spectrum for females, which spanned from 0.7% to 10.3%
(Fig. 3C). Large gradients in 10-year risk were consistently observed in

the TOPMed for the sex-stratified analysis, with males ranging from
4.8% to 39.9% and females ranging from 3.0% and 27.0% (Fig. 3D).

Heterogeneity of genomic risk profiles captured by the inte-
grated genomic model
The IGM effectively captured a range of genetic risk combinations for
CAD, identifying high-risk groups (top 20% overall risk) with diverse
genetic profiles in the UK Biobank (Fig. 4A). High-risk IGM group
included individuals at high risk in both germline and somatic factors
(20.6%), those at high risk for one of the factors (78.6%), and a small
proportion with moderately elevated, yet sub-threshold, risks for both
factors (0.8%) (Fig. 4A). Individuals at high risk for both germline and
somatic factors had the highest 10-year risk (8.8%, 95% CI 8.43-9.19%)
within the high-risk IGM group (Supplementary Table 12). As expected,
the high-risk group identified by the IGM had a larger number of
genetic risk drivers compared to the low-risk group. For example,
63.9% had two or more genetic drivers in the high-risk group, com-
pared to only 3.4 % in the low-risk group in the UK Biobank (Fig. 4B).
Notably, people at low IGM risk were not without genetic risk drivers,
and a non-negligible proportion of 29.3% had one or more genetic risk
drivers (Fig. 4B and Supplementary Table 13); however, mitigating
effects from other genetic variants (e.g., low CAD PRS) seem to offset
the overall risk, thus classifying these individuals as low risk. Similar
proportions of breakdown and distribution patterns were shown in
TOPMed (Fig. 4C, D and Supplementary Table 13).

Table 1 presents the detailed genetic profiles of ten representative
individuals from the high-risk IGM group. Notably, participants
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Fig. 4 | Decomposing integrated genomic risk reveals varied genetic paths to
elevated CAD susceptibility. The integrated genomic model (IGM) captures par-
ticipants with diverse genetic risk profiles contributing to risk in the UK Biobank
(A, B) and TOPMed (C, D). (A) and (C), The ten-year risk of CAD was estimated for
each IGM risk group in the UK Biobank and TOPMed dataset. Categories were
defined as Low-risk (bottom 20%), Intermediate risk (middle 60%), and high-risk
group (top 20%). In the high-risk group, the genetic profile was further partitioned
by the status of carrying a high germline risk or high somatic risk. The high germline
risk was defined as the top 20% with a composite risk estimated from four germline
genetic risk drivers (FH, CAD PRS, MetPRS, and ProPRS). The high somatic risk was

Number of Genetlc Drlvers

defined as the top 20% with a composite risk estimated from two somatic risk
drivers (CHIP and LTL). (B) and (D), the genetic risk profiles for the IGM Low-risk
(bottom 20%) and high-risk (top 20%) groups, respectively. The six drivers are FH,
CAD PRS, MetPRS, ProPRS, CHIP, and LTL. The continuous variables were binarized,
with individuals in the top 20% treated as carriers, except for LTL (the bottom 20%
were treated as carriers). PRS polygenic risk score (PRS) for CAD, MetPRS meta-
bolome PRS, ProPRS proteome PRS, LTL leukocyte telomere length, FH familial
hypercholesterolemia variants, CHIP clonal hematopoiesis of indeterminate
potential. Error bars: 95% CI. Source data are provided as a Source Data file.

Table 1| Genetic profiles for individuals in high-risk IGM group

PRS (%) MetPRS (%)° ProPRS (%)* FH carrier’ CHIP variant carrier®  LTL (%)* Overall CAD risk
(IGM %)
Participant 1 34.4 75.6 73.0 1 0 14.5 83.4
Participant 2 44.4 91.3 79.3 1 0 54.8 89.6
Participant 3 51.6 93.8 91.7 (0] 1 28.6 84.9
Participant 4 75.3 23.7 25.8 0 1 96.7 81.5
Participant 5 77.9 30.5 62.7 1 0] 93.8 95.1
Participant 6 65.6 94.1 93.6 (0] (0] 0.0 86.2
Participant 7 73.3 3.9 87.4 (6] 1 7.9 85.8
Participant 8 95.9 26.4 85.4 1 0 83.8 99.7
Participant 9 46.4 21.0 64.4 1 o] 56.1 83.8
Participant 10 88.5 99.3 97.9 (0] 0 63.4 94.1

A higher percentile corresponds to a greater risk level of the genetic driver.

PA value of 1 indicates a carrier, and O indicates a non-carrier; High-risk IGM group indicate top 20% in IGM score.
PRS polygenic risk score (PRS) for CAD, MetPRS metabolome PRS, ProPRS proteome PRS, LTL leukocyte telomere length, FH familial hypercholesterolemia variants, CHIP clonal hematopoiesis of

indeterminate potential.
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Fig. 5 | The integrated genomic model provides additional risk discrimination
within clinically defined risk groups. Stratification (A, B) and reclassification (C)
of 10-year predicted CAD risk based on IGM in UK Biobank (N =377,280).

A Stratification by IGM risk within PCE risk stratum, error bars: 95% CI. B Predicted
10-year CAD risk gradient by genetic risk percentile. C Reclassification of 10-year
predicted CAD risk. Columns and rows indicate categories of 10-year predicted risk,
with the number of individuals in each risk category shown. The number of cor-
rectly and incorrectly reclassified samples are highlighted in dark and light blue,

respectively. A continuous net reclassification index was 33.45% (95% Cl,
32.11-34.76%). IGM categories were defined as Low-risk (bottom 20%), Intermediate
risk (middle 60%), and high-risk group (top 20%), respectively. PCE categories were
defined as low (estimated risk less than 5%), borderline (risk between 5% to 7.5%),
intermediate (risk between 7.5% and 20%), and high (risk greater than 20%),
respectively. IGM integrated genomic model, PCE pooled cohort equations. Source
data are provided as a Source Data file.

demonstrate diverse combinations of genetic risk factors contributing
to their elevated CAD risk. For instance, Participant 1 exhibited below
average PRS levels (34.4%) but had substantially elevated MetPRS
(75.6%), ProPRS (73.0%), and carried an FH variant, culminating in a
high overall CAD risk (83.4%). Conversely, Participant 9 had relatively
modest or average genetic risk profiles in PRS (46.4%), MetPRS (21.0%),
and LTL (56.1%), and this individual’s high CAD risk was primarily
influenced by positive FH carrier status. These individual-level exam-
ples underscore how the cumulative and multidimensional nature of
the IGM can capture high-risk individuals who might otherwise remain
unrecognized when considering single genetic factors.

Integrated genomic model and clinical risk

The American College of Cardiology/American Heart Association,
Pooled Cohort Equations (PCE) are a guideline-recommended clinical-
risk calculator that uses clinical risk factors to identify high-risk people
for initiation of preventive treatments (i.e., statin)"'. Within each of the
guideline-defined strata of the PCE risk, the IGM score was a strong
predictor of coronary artery disease events and showed a consistent
risk gradient by IGM score category (Fig. 5A, B). Among participants at
high PCE risk, the 10-year CAD event rates were 5.4%, 9.5%, and 16.4%,

for low, intermediate, and high IGM risk groups (Fig. 5A). Remarkably,
a 10-year CAD risk threshold of 7.5% for initiating statin therapy as
guideline recommended was reached even among individuals in the
borderline (5.0-7.4% 10-year risk) PCE category when stratified by IGM
percentiles (Fig. 5B). A close match of the model predicted and actual
observed 10-year disease risk shows the models were well calibrated
(Supplementary Fig. 5). When disaggregated to individual genetic risk
drivers, the FH variants and CAD PRS most prominently re-stratified
the CAD risk across PCE categories, but other risk factors also have
significant stratification ability (Supplementary Fig. 6).

By combining the conventional clinical risk of PCE with the
genetic risk of IGM, the model showed the most potent risk stratifi-
cation ability. When 20,624 individuals who experienced CAD events in
the UK Biobank were used to determine reclassification by adding IGM
to PCE compared to PCE alone, 1858 were correctly classified at a
higher risk, while 1452 were incorrectly placed at a lower risk (Fig. 5C),
leading to a net proportion of accurate reclassifications for events is
1.97% (406/20,624). For nonevents, 22,954 individuals were correctly
down-classified, and 16,708 were incorrectly up-classified, leading to a
net reclassification proportion of 1.75% (6246/356,656) for nonevents.
The overall NRI combines the events and nonevents, resulting in 3.72%
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(95% CI, 3.15-4.26%). Continuous NRI was 33.45% (95% ClI,
32.11-34.76%). As shown in the full stratification table, there was a
lower event rate in the Low-risk category for the combined model than
in the PCE-alone model (1.9% versus 2.3%), however, a higher event rate
was observed for the High-risk category (27.1% versus 23.5%), demon-
strating the prominent risk stratification ability of the IGM model with
guideline-recommended PCE risk estimator (Supplementary Table 14).

We evaluated the discrimination of PCE, IGM, and combined
model compared to a baseline model with age, sex and genetic
ancestry. The C-statistic for the base model was 0.701 (95% ClI,
0.698-0.704), PCE was 0.725 (95% CI 0.722-0.728), and the combi-
nation of base and IGM model was 0.734 (95% CI 0.731-0.737),
respectively, in UK Biobank (Supplementary Fig. 7, Supplementary
Table 15). The performance was highest when combining PCE and IGM
(C-statistic, 0.750; 95% Cl, 0.747-0.753). In the TOPMed data, the dis-
crimination with IGM was further improved when limiting prediction
to younger individuals (aged < 45 years) (C-statistic 0.805, 95% ClI,
0.699-0.913) (Supplementary Fig. 7 and Supplementary Table 15).

Finally, we compared IGM directly against a clinical biomarker
model, which included clinical biomarkers—Lp(a), CRP, and creatinine.
We deliberately excluded LDL cholesterol from the clinical biomarker
model, as total cholesterol and HDL cholesterol are already integral
components of the PCE, which served as our primary benchmark
comparator for the IGM. The result demonstrated that the clinical
biomarker model (Lp(a), CRP, and creatinine; C-statistic 0.708) did not
outperform the IGM (C-statistic 0.734), underscoring the incremental
predictive value provided by genomic information (Supplemen-
tary Fig. 8).

Comparison of genetically proxied and measurement based
risk scores

To compare CAD risk score based on genetically proxied and mea-
sured proteomic/metabolomic scores, we further constructed pro-
teome risk score (ProRS) and metabolome risk score (MetRS) using
large-scale proteomic data from UK Biobank. The ProRs and MetRS
were strongly associated with CAD risk (ProRS: OR per SD, 2.77; 95% Cl,
2.64-2.91; MetRS: OR per SD, 2.05; 95% ClI, 2.01-2.10), recapitulated
finding from Helgason et al.”” that demonstrated the effectiveness of
proteomic risk scores in predicting CAD risk. We next compared the
correlation between measured and genetically proxied levels for the
124 proteins that were used to develop ProPRS. The correlations were
generally variable (Supplementary Fig. 9), likely influenced by several
factors. Proteomic and metabolomic measurements rely on a single
time point and can fluctuate according to current disease status or
other temporary conditions at the time of collection. In contrast,
genetically proxied scores, derived from personal genetic data, more
closely reflect baseline levels that are less confounded by disease or
lifestyle factors (ie, diet). Moreover, as acknowledged elsewhere',
technical elements (serum versus plasma, batch effects, fasting state),
demographic variables, and environmental factors (for example, diet)
all played a role in the observed variability in proteomic measurement.
While comparing measured and genetically proxied molecular levels
represents an interesting approach, it is essential to recognize that
these measurements derive from different biological contexts, which
introduces complexity to direct comparison. The genetically proxied
scores may offer unique insights into CAD risk compared to mea-
surement based scores, as they reflect an individual’s baseline levels of
key molecules linked to CAD risk. Notably, the genetically proxied
scores exhibited effect sizes comparable to CHIP—a well-known CAD
risk factor—suggesting their potential utility as strong risk factors of
CAD risk.

Discussion
We developed an integrated genomic model for CAD prediction that
combines multiple known germline and somatic risk drivers that can

be measured using a single DNA biopsy. The model demonstrated
value in improving the precision of risk estimation and capturing
people at risk due to diverse genetic risk profiles. Based on the IGM,
the 10-year CAD risk varied from 1.1% to 15.5% among UK Biobank
participants and 3.8% to 33.0% in TOPMed study participants, with a
more pronounced gradient in males than females for both cohorts.
The integrated genomic model showed a high discrimination when
combined with clinical risk score or used in younger age groups. The
integrated genomic model captured cumulative and comprehensive
effects of multiple genetic drivers, identifying high-risk individuals
who may otherwise be overlooked when using conventional risk
models relying on a single genomic driver (i.e., PRS or FH).

Conventional genomic risk models for CAD that focused on
monogenic (FH) or polygenic (PRS) drivers were limited in their uni-
axial approach, falling short of encompassing the wide range of
genetic combinations present in real-world populations”. For instance,
individuals carrying FH or CHIP variants might still have a low overall
risk of CAD if their effects are offset by protective PRS and low MetPRS.
Other individuals may present with different combinations of risk and
protective genetic factors that collectively indicate a high CAD risk.
Such dynamics complicate CAD risk assessment using standard
genomic approaches that rely on stratification by a single genetic
driver. Our IGM captured such dynamics by integrating all known
genomic risk drivers for CAD, including germline, somatic, and
genetically predicted proteomic/metabolomic drivers in a single
model, without compromising the population-level performance
represented by C-statistic and OR/SD. We successfully demonstrated
that IGM captures cumulative and comprehensive effects of multiple
genetic drivers, identifying high-risk individuals who do not have
obvious germline and somatic risk but whose aggregate genetic risk
escalates to a high overall CAD risk (Fig. 4; Table 1). Conversely, a
subset of individuals classified in the low risk group by IGM possessed
one or more high-risk genetic drivers (Fig. 4), indicating other drivers
may confer protective benefits and thus reduce the overall risk. Such a
dynamic profile of personal genomics should be considered to fully
achieve the goals of precision prevention and personalized care.

The PRS emerged clearly as the primary driver of IGM perfor-
mance, with additional genetic factors such as FH variants, MetPRS,
and ProPRS contributing relatively modest incremental benefits in
population-level metrics (i.e., C statistics, OR/SD). Yet, integrating
these supplementary genetic elements notably enriched the diversity
and inclusivity of CAD risk prediction. Specifically, about 13% of indi-
viduals identified by the IGM as high-risk did not exhibit elevated PRS
levels (Supplementary Table 16). This indicates that 13% of high-risk
individuals would have gone unnoticed if only PRS was used, as their
risk is attributed to a buildup of various other genetic risk components.
A detailed individual-level inspection (Table 1) underscores how
combined genetic influences—beyond PRS alone—drive CAD risk.
Notably, the IGM pinpointed individuals with elevated CAD risk
through FH variants or increased MetPRS/ProPRS scores, even in the
absence of high PRS values. Considering individual-level perspectives
alongside population-level metrics provides a clearer understanding of
IGM’s ability to represent diverse genetic profiles including non-PRS
genetic factors. We envision IGM can facilitate a nuanced approach to
CAD risk stratification and identify at-risk individuals who would have
otherwise been overlooked by conventional genomic models (ie, PRS)
that are not designed to capture totality of the genetic combinations.

The integrated genomic model based on comprehensive DNA
information is a strong predictor of CAD in young adults, enabling
primordial prevention prior to the onset of clinical risk factors. While
IGM had modestly higher discriminative capacity for incident CAD
compared with the clinical risk score, its predictive accuracy was
substantially higher in younger individuals (aged <45 years) in the
TOPMed program studies (C-statistic 0.805) (Supplementary Table 15).
Our findings imply that the use of genetic information to predict future
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CAD risk might be more profound for young adults, consistent with
previous findings'*”. In contrast to clinical risk models, the IGM is
available even before clinical risk factors manifest, providing an addi-
tional benefit to young adults who often remain undetected on the
radar of traditional assessments.

The highest prediction was achieved by combining IGM with
clinical risk score, highlighting the value of genetics in complementing
clinical risk prediction. The IGM showed ability to further stratify risk
within each clinical risk stratum, suggesting it could provide additional
information for risk assessment beyond clinical factors alone. Low
genetic risk individuals in the high PCE group demonstrated equivalent
10-year CAD risk with average genetic risk individuals in the inter-
mediate PCE group, and a consistent downward trend was observed
across all clinical risk strata (Fig. 5A). Conversely, an upward trend was
observed for individuals with high genetic risk identified by IGM.
Current guidelines recommend initiating statin therapy for individuals
predicted to have a 10-year CAD risk of 7.5% or higher'®. However, our
findings indicate that individuals in the borderline PCE category who
have a high genetic risk may also warrant targeted interventions, as
their 10-year CAD risk is comparable (Fig. 5A). It is noteworthy that
individuals at the 33rd, 72nd, and 95th percentiles of integrated
genomic model all exhibited an equivalent 10-year CAD risk of 7.5%
(Fig. 5B), despite being categorized in high, intermediate, and bor-
derline PCE groups, respectively. This further indicated that existing
clinical-focused models might not adequately encompass the multi-
faceted nature of CAD risk, warranting the consideration of the inter-
play between genetic and clinical factors in risk evaluations.

While monogenic and polygenic drivers of risk have become well-
established, emerging models based on proteomic data are now being
developed to predict cardiovascular risk, expanding beyond tradi-
tional clinical and genomic models'". Helgason et al. recently devel-
oped a protein risk score based on 4963 plasma proteins from 13,540
Icelanders and demonstrated its reliable predictability for major car-
diovascular risk””. Nevertheless, implementation of proteome mea-
surement in clinical practice remains challenging due to the cost and
feasibility constraints. To make the most of proteomic and metabo-
lomic insights in settings without their direct measurements, we
developed proteome and metabolome PRSs, leveraging genetically-
predicted protein and metabolite levels instead of actual serum pro-
tein levels based on the genetic score atlas for multi-omic traits'. We
calculated genetic score for 2692 proteins and 876 metabolites levels,
with 124 proteins and 142 metabolites comprising the final ProPRS and
MetPRS models after Lasso penalty was applied, respectively (Sup-
plementary Fig. 2; Supplementary Data 2-3). Although some correla-
tion was present among the MetPRS, ProPRS and CAD PRS, the
magnitude was weak (<0.3) (Fig. 2), implicating that each driver
contributes a distinct, non-overlapping signals. We have developed
genetically-predicted protein and metabolite risk scores for CAD that
leverage readily available genetic data from standard DNA microarray
or sequencing platforms, offering a potentially more cost-effective
approach than direct serum protein measurements. Our purpose was
to make the most out of a single DNA biopsy, which is becoming
increasingly feasible through adoption of genomic medicine and large
biobanking efforts.

This study has several limitations. First, we have not provided
ancestry-specific results given the majority composition with Eur-
opean and smaller sample size for non-European ancestries. However,
to promote inclusion and equity, we used multi-ancestry cohorts from
UK Biobank and TOPMed in the primary analysis, as well as multi-
ancestry PRS that has been demonstrated to perform well for both
European and non-European ancestries'. Second, this study evaluated
CAD as the primary outcome whereas PCE was developed to predict
cardiovascular disease which includes CAD and stroke. Nevertheless,
previous studies have shown that the PCE is effective in predicting
CAD'®"_ Third, the CAD PRS used in this study included low frequency

and common variants, but did not incorporate rare high-impact
genetic variants associated with CAD risk. However, based on whole
genome sequencing data from half a million populations, we sepa-
rately identified somatic mutations and curated significant rare var-
iants such as those linked to FH to develop a comprehensive genomic
model. This approach allowed us to comprehensively capture the
diverse spectrum of genetic variant frequencies linked to CAD. Fourth,
baseline CAD risk is different in the UK Biobank and TOPMed because
UK Biobank consists of healthier individuals compared to TOPMed.
The incidence of CAD was 7.2% and 12.7% respectively for UK Biobank
and TOPMed (Supplementary Table 3), and this was reflected in the
risk gradient captured by IGM the 10-year CAD risk ranged from 1.1% to
15.5% among UK Biobank participants, and 3.8% to 33.0% in TOPMed
study participants (Fig. 3). Fifth, the evolving CHIP status over time
might affect the model’s predictive accuracy during prolonged follow-
up. Nevertheless, the low incidence of CHIP in younger and middle-
aged individuals® indicates that this limitation is unlikely to influence
the performance of the model in this population for whom IGM offers
the greatest potential benefit. Lastly, while our integrated genomic
model was developed using data from UK Biobank and externally
validated in TOPMed, its clinical implementation and actionability
have not yet been explored. Future prospective validation studies and
trialsshould focus on understanding how the integrated geno-
mic model can be effectively incorporated into clinical practice and
assessing its practical benefits.

As clinical genomics increasingly informs precision medicine, the
emphasis is shifting from population-level performance metrics to
individual-level interpretability. Although its incremental predictive gain
over PRS was modest at the population level, the IGM identified 13% of
high-risk individuals who would otherwise remain unrecognized in a
PRS-only model, illustrating the potential utility of individualized geno-
mic profiling in the era of precision medicine. Importantly, this work
represents an early, proof-of-concept framework that integrates multi-
ple genomic risk drivers into a single risk estimate. Future studies are
warranted to establish analytic validity and clinical utility. Beyond CAD,
this approach may be extended to other complex disorders where
multiple genetic pathways converge on shared phenotypic outcomes.

Methods

Ethics

The UK Biobank was approved by the UK Biobank Research Ethics
Committee (ref. 11/NW/0382). All UK Biobank participants provided
written informed consent. Use of UK Biobank (application number
89885) data was approved by the Beijing Institute of Genomics review
board. All contributing studies in TOPMed consortium obtained ethics
approval from their respective local institutional review boards or
ethics committees, with written informed consent from participants.
Use of the TOPMed data was approved by the Massachusetts General
Hospital institutional review board and TOPMed Atherosclerosis
Working Group.

Dataset and quality control
Access to the UK Biobank data was approved with application ID
89885. Samples with discordance between self-reported sex (Field 31)
and genetically inferred sex (Field 22001) were removed. Additionally,
samples with individual-level genotype missing rates (Field 22005)
greater than 5%, outliers for heterozygosity or missing rate (Field
22027), or sex chromosome aneuploidy (Field 22019) were excluded.
To remove close relatives in the samples, we excluded one of the
samples whose pairwise kinship value is greater than or equal to
0.0884 (threshold of the second-degree close relatives™) but also tried
to keep as many samples as possible. Finally, 391,536 individuals were
included in the final analysis (Supplementary Fig. 1A).

A total of 80,588 participants from the NHLBI's TOPMed program
with available whole genome sequencing data were considered. These
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studies primarily consist of observational cohorts that have been
described in detail previously’. Among 80,588 participants, we exclu-
ded 49 samples with conflicting sex information, 1 sample without
principal components, and 17,237 samples with excess kinship, defined
as a second-degree relationship or closer, indicated by a KING coeffi-
cient greater than 0.0884. Finally, 34,177 participants remained for
analysis after excluding an additional 29,124 participants without CAD
phenotype (Supplementary Fig. 1B). Cohorts contributed to this
population are Amish, Atherosclerosis Risk in Communities Study[A-
RIC], Cardiovascular Health Study[CHS], Genetic epidemiology of
COPDI[COPDGene], Diabetes Heart Study[DHS], Framingham Heart
Study[FHS], Genetic Study of Atherosclerosis Risk[GeneSTAR],
Genetic Epidemiology Network of Arteriopathy[GENOA], Jackson
Heart Study[JHS], Multi-Ethnic Study of Atherosclerosis[MESA], and
Women’s Health Initiative[WHI].

Curation of FH, CHIP, and LTL

To determine the carrier status of familial hypercholesterolemia (FH)
for samples with available whole-exome sequencing data, a combina-
tion of variant selection criteria was applied: 1) Variants from previous
publications which were manually curated by clinical geneticists****;
2) Variants in LDLR, APOB and PCSK9 from the ClinVar database
(downloaded February 27th, 2023, GRCh38) annotated as pathogenic,
likely pathogenic, or pathogenic/likely pathogenic without conflicts.
For APOB and PCSK9 gene, only variants associated with hypercho-
lesterolemia but not hypobetalipoproteinemia were included; 3) Var-
iants in LDLR annotated as high-confidence loss-of-function by the VEP
Loss-Of-Function Transcript Effect Estimator (LOFTEE) plugin were
also included”?°. Only variants with a net positive association with LDL
cholesterol level accessed by an iterative conditional regression ana-
lysis were included in the final variant list for subsequent analysis
(Supplementary Data 1)”.

The carrier status of clonal hematopoiesis of indeterminate
potential (CHIP) was detected following a similar procedure described
in Yu Zhi et al. and others®™°, Specifically, carrier status was deter-
mined by carrying CHIP variants from one of the genes TET2, ASXL1,
JAK2, PPMID, TP53, SRSF2, and SF3BI. Leukocyte telomere length (LTL)
was log-transformed to obtain a normal distribution and then
Z-standardized using the distribution of all individuals with a
telomere length measurement (Field 22192). Details of processing
were described in V. Codd et al.”. Unless otherwise specified, genetic
drivers have been curated comparably for UK Biobank and TOPMed.
More details on the curation of CHIP and LTL for TOPMed are
described elsewhere®.

Development of CAD polygenic risk score and genetically
proxied risk scores for metabolome and proteome

In the UK Biobank, CAD PRS was calculated using the imputed geno-
type data and variant weights from the multi-ancestry and multi-trait
polygenic risk score for CAD described in A. P. Patel et al.”?, imple-
mented with PLINK2*. Instead of relying on direct measurement of
metabolite and protein levels of the limited number of samples, we
utilized previously identified genetic proxies for these traits'®, allowing
us to leverage the vast amounts of genomic data available for large
cohorts. Variant weights for the genetic proxies were downloaded
from OMICSPRED resource which derived from the INTERVAL study
cohort (https://www.omicspred.org/Scores/Somalogic/INTERVAL)™,
including 867 metabolites (726 Metabolon, and 141 Nightingale), and
2692 proteins (2384 Somalogic, and 308 Olink), respectively. The 867
predicted metabolite levels and 2692 protein levels were calculated
using the imputed genotype data by PLINK2*. Then we randomly
sampled 200,000 individuals from UK Biobank as the training set, and
alasso penalty was applied to the Cox proportional hazards regression
model with age, sex, and the top 10 principal components (PCs) as
covariates and incident CAD as an outcome to develop the proxy risk

scores for metabolome (MetPRS) and proteome (ProPRS). Five-fold
cross-validation was employed to select the optimal penalization
strength for hyperparameters, similar to the process described
elsewhere”. The number of genetically predicted metabolome and
proteome scores retained in the MetPRS and ProPRS lasso models
were 142 and 124, respectively (Supplementary Data 2-3). Variant
weights were further adjusted with the weights of genetic proxies
determined by the cross-validation procedures, and finally applied to
calculate the MetPRS and ProPRS for all the UK Biobank samples and
the TOPMed cohort samples accordingly for subsequent analysis.

CAD definition

In the UK Biobank, CAD was defined based on self-report at enroll-
ment, hospitalization records, or death registry records as previously
described (Supplementary Table 1)*. In the TOPMed studies, CAD was
defined as ischemic heart disease events, including myocardial
infarction and coronary revascularization®. Incident CAD cases were
defined as those diagnosed after recruitment. The survival year was
defined as the years between recruitment and diagnosis for incident
CAD cases, or between the time of the recruitment and the last cen-
soring for controls.

Covariates and adjustment

Untreated blood pressure was estimated by adjusting the raw value for
anti-hypertensive medication intake by adding 15 mmHg to the systolic
blood pressure and 10 mmHg to the diastolic blood pressure®?*,
Untreated lipid levels were estimated by adjusting the raw lab-tested
value according to lipid-lowering medication intake® and detailed in
Supplementary Table 2. To eliminate potential confounding effects of
covariates, PRS, MetPRS, ProPRS, and LTL were regressed on recruit-
ment age, sex, and the first 10 principal components of genetic
ancestry (Supplementary Fig. 2). The scaled residuals with mean zero
and standard deviation of one were then used in the subsequent
analyses.

Developing the integrated genomic model

We evaluated pairwise correlations between six genetic variables from
the UK Biobank and TOPMed studies to assess potential multi-
collinearity before including these variables in a regression model. The
correlation matrix was computed using Pearson correlation coeffi-
cients. As germline genetic risk drivers (FH, PRS, MetPRS, and ProPRS)
remain constant from birth, while CHIP accumulates and LTL shortens
with age (somatic risk drivers), we systematically characterized and
investigated the joint effects of germline and somatic risk drivers on
CAD. Germline risks were combined into a single value termed
GermRisk, and somatic risks were combined into a single value termed
SomaRisk, the combination weights were estimated by a joint regres-
sion model. Specifically, for prevalent CAD, the germline risk drivers
(FH, PRS, MetPRS, and ProPRS) were fitted into a logistic regression
model, and the coefficients were used as weights to combine the
values of the drivers into GermRisk linearly. For incident CAD, the
germline risk drivers were fitted to a Cox proportional hazards model,
and GermRisk was calculated as a weighted summation of germline
variables and their corresponding Cox coefficients, and similar pro-
cedures were performed to obtain SomaRisk.

Next, GermRisk and SomaRisk were regressed on recruitment age,
seX, and the top 10 PCs, and the residuals were scaled to have zero
mean and unit standard deviation, respectively. The standardized
residuals of GermRisk and SomaRisk were then fitted to a Cox pro-
portional hazards model. A final predictor, termed IGM (integrated
genomic model), was a linear summation of GermRisk and SomaRisk
residual according to the Cox coefficient estimation. The weights were
fixed and applied to TOPMed data for independent validation. The
overall framework for developing and validating the integrated geno-
mic model is shown in Fig. 1.
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Estimating effect sizes

To investigate the genomic factors driving the risk of prevalent and
incident CAD, a logistic regression model and Cox proportional
hazards regression model were employed respectively to estimate the
effect sizes for individual genetic drivers. Additionally, PRS, MetPRS,
ProPRS, LTL, and the ensembled ones (IGMRisk, GermRisk and
SomaRisk) were binarized, with individuals in the top 20% treated as
carriers (hPRS, hMetPRS, hProPRS, hIGMRisk, hGermRisk and hSo-
maRisk) or bottom 20% treated as a carrier (SLTL) for telomere length.

Interplay between genomic drivers and clinical risk score

To investigate the interplay between genomic risk and PCE, partici-
pants in the UK Biobank were divided into four groups based on
guideline-defined categories of the PCE—low (estimated risk less than
5%), borderline (risk between 5% to 7.5%), intermediate (risk between
7.5% and 20%), and high (risk greater than 20%)". For the IGM, we
divide samples into three risk groups as standard in genomic analyses
—high genomic risk (top quintile of the distribution), intermediate
genomic risk (middle three quintiles), and low risk (bottom quintile).

Estimating 10-year risk of CAD

The 10-year risk of CAD was estimated by Cox proportional hazards
regression with GermRisk and SomaRisk as predictors and the age, sex,
and first 10 principal components of genetic ancestry as covariates. To
investigate the stratification capacity of different models, the
C-statistic from 1) a base model (sex, age, and first 10 PCs), 2) a log-
transformed value of PCE, 3) a base model and IGM, and 4) a base
model, IGM and log(PCE), was estimated by a Cox proportional
hazards model, respectively.

To evaluate the improvement of prediction by adding the IGM to
PCE, the net reclassification improvement was calculated based on a
10-year risk threshold of 7.5% for categorical reclassification and
threshold O for continuous reclassification as demonstrated
elsewhere'®. Confidence intervals were estimated by 100 times
bootstrap. All statistical analyses were done using R v4.2.2 (R Foun-
dation, Vienna, Austria), including the following packages: survival
(v3.5-7), survminer (v0.4.9), tableone (v0.13.2), pROC(v1.18.5), nri-
cens(vl.6), rms(v6.7-1) and glmnet (v4.1-8).

Development of metabolome and proteome risk scores based
on measured levels

We developed the risk scores using measured metabolomic and pro-
teomic data from 270k and 50 K UK Biobank participants, respectively.
We used 251 NMR metabolic biomarkers from Nightingale Health to
create a metabolome risk score for CAD. After excluding participants
with missing data, the remaining cohort (V=212,154) was randomly
split into equal training and test sets. Using the training set, we per-
formed five-fold cross-validated least absolute shrinkage and selection
operator (LASSO) regression to select metabolite features associated
with CAD, adjusting for age, sex, and the top 10 PCs of genetic
ancestry, similar to our development of the genetically proxied pro-
teomic and metabolomic risk scores (ProPRS and MetPRS). The
metabolome risk score was then evaluated in the independent test set
for its association with CAD risk. We used similar procedures to
develop a proteome risk score with 2923 protein measures via Olink
(N=45,574).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

De-identified participant data, including genotyping array, sequen-
cing, and phenotype data were obtained from the UK Biobank [https://
www.ukbiobank.ac.uk/]. All data are made available from the UK

Biobank (https://www.ukbiobank.ac.uk/enable-your-research/apply-
for-access) to researchers from universities and other institutions
with genuine research inquiries following institutional review board
and UK Biobank approval. The weights of MetPRS and ProPRS are
available in the Polygenic Score Catalog (IDs: PGS005093 and
PGS005094). This paper used the TOPMed whole genome sequencing
(WGS) data and cardiovascular disease phenotype data. Genotype and
phenotype data are both available in database of Genotypes and
Phenotypes (dbGaP [https://dbgap.ncbi.nlm.nih.gov/]). The TOPMed
WGS data were from the following eleven study cohorts: Amish,
Atherosclerosis Risk in Communities Study (ARIC), Cardiovascular
Health Study (CHS), Genetic epidemiology of COPD (COPDGene),
Diabetes Heart Study (DHS), Framingham Heart Study (FHS), Genetic
Study of Atherosclerosis Risk (GeneSTAR), Genetic Epidemiology
Network of Arteriopathy (GENOA), Jackson Heart Study (JHS), Multi-
Ethnic Study of Atherosclerosis (MESA), and Women'’s Health Initiative
(WHI). Source data for figures are provided with this paper. All the data
used in this study was previously published and we have not produced
new experimental data. Source data are provided with this paper.
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