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Abstract

Background: Polygenic risk scores (PRS) which summarize individuals’ genetic risk profile 

may enhance targeted colorectal cancer (CRC) screening. A critical step towards clinical 

implementation is rigorous external validations in large community-based cohorts. This study 

externally validated a PRS-enhanced CRC risk model comprising 140 known CRC loci to provide 

a comprehensive assessment on prediction performance.

Methods: The model was developed using 20,338 individuals and externally validated in a 

community-based cohort (n=85,221). We validated predicted 5-year absolute CRC risk, including 

calibration using expected-to-observed case ratios (E/O) and calibration plots, and discriminatory 

accuracy using time-dependent AUC. The PRS-related improvement in AUC, sensitivity and 

specificity were assessed in individuals of age 45–74 years (screening-eligible age group) and 

40–49 years with no endoscopy history (younger-age group).

Results: In European-ancestral individuals, the predicted 5-year risk calibrated well (E/O=1.01 

(95%CI 0.91–1.13)) and had high discriminatory accuracy (AUC=0.73 (95%CI 0.71–0.76)). 

Adding the PRS to a model with age, sex, family and endoscopy history improved the 5-year AUC 

by 0.06 (p-value<0.001) and 0.14 (p-value=0.05) in the screening-eligible age and younger-age 
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groups, respectively. Using a risk-threshold of 5-year SEER CRC-incidence rate at age 50 years, 

adding the PRS had a similar sensitivity but improved the specificity by 11% (p-value<0.001) in 

the screening-eligible age group. In the younger-age group it improved the sensitivity by 27% 

(p-value=0.04) with similar specificity.

Conclusions: The proposed PRS-enhanced model provides a well-calibrated 5-year CRC risk 

prediction and improves discriminatory accuracy in the external cohort.

Impact: The proposed model has potential utility in risk-stratified CRC prevention.

Keywords

Colorectal cancer; Cancer risk assessment; Personalized cancer prevention; Discriminatory 
accuracy; Gene polymorphisms; Familial and hereditary cancers

Introduction

Colorectal cancer (CRC) is among the leading causes of cancer death.1 Despite decreasing 

CRC incidence overall, the incidence rate in individuals aged <50 years has been increasing 

over the last decades,2 leading to a recent recommendation by the US Preventive Services 

Task Force (USPSTF) to lower the age at screening initiation to 45 years for individuals at 

average risk.3 However, given the enormous burden of nearly 22 million additional people 

becoming eligible for screening and that CRC remains a rare event in younger individuals, 

targeted screening based on an individual’s risk factors has received much attention and 

may be an appealing alternative to a universal change of the screening age. 4–10 CRC 

risk prediction models summarize individuals’ CRC risk based on their risk profile and 

quantitatively position them on the risk spectrum. There is a growing interest in developing 

accurate and precise CRC risk prediction models to achieve risk stratification and targeted 

screening.

Polygenic risk scores (PRS), which uniquely summarize individuals’ genetic risk profile, 

have shown promising potential in CRC risk prediction.11–20 A PRS-enhanced CRC risk 

model is a model that adds genetic information via a PRS to other known CRC risk 

predictors, such as age and family history. Prior studies investigated the impact of PRS 

(comprising subsets of current known CRC loci) on CRC risk11,12,14 and assessed the 

contribution of these PRS to model discrimination, which is the ability to assign higher 

risk scores to cases than non-cases.11–13,15–17,19,20 However, due to the lack of external 

cohorts with sufficient events and available genetic information, earlier validation studies 

relied on either internal validation in a reserved subgroup or cross-validation, or external 

validation using UK Biobank16,17,20 which has been included in recent GWAS discoveries.21 

Therefore, existing data are not adequate for externally validating a model incorporating the 

CRC loci discovered in these recent GWAS. Despite supportive findings from some of these 

studies, more real-world evidence on the validity of PRS-enhanced CRC risk models in large 

and diverse independent cohorts, particularly those reflecting sociodemographic diversity in 

consensus population, are warranted before the inclusion of PRS to CRC risk stratification 

can be considered at a population scale. In addition, limited consideration has been given to 

risk calibration, the closeness of the predicted and the observed risks. Without this crucial 
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step in validation, it remains unclear if PRS-enhanced models reliably predict CRC risks 

observed in practice.

The Genetic Epidemiology Research on Adult Health and Aging cohort (GERA) established 

at Kaiser Permanente Northern California (KPNC) provides an opportunity, often rare in the 

era of large GWAS consortia, to externally validate PRS-enhanced CRC risk models as it 

has not been used in any CRC GWAS discoveries. KPNC, one of the large integrated health 

care systems serving 30–40% general population in northern California including Medicare 

and Medicaid patients, has a member cohort broadly representative of the regional consensus 

population’s demographics.22 The GERA, with its large sample size, community-based and 

sociodemographically diverse population, and detailed clinical and genetic information, is 

uniquely positioned for real-world community-based validation on PRS-enhanced CRC risk 

models.

In this study, we extended a PRS-enhanced model15 using individual-level demographic, 

clinical and genetic information, and externally validated the proposed model in the GERA, 

including a comprehensive assessment of absolute risk calibration and discriminatory 

accuracy. Our model includes an updated PRS comprising 140 CRC risk loci (including 

77 additional loci from recent GWAS21,23,24 compared to the PRS validated in Jeon et 

al. 201815) in addition to age, sex, first-degree family history of CRC (hereafter termed 

as family history) and endoscopy (including colonoscopy and sigmoidoscopy) history. We 

conducted a time-dependent validation under a time-to-event framework accounting for 

competing risk of mortality, which is important as the onset of CRC occurs generally later 

in a person’s life. In addition, we evaluated the gain in prediction accuracy of including 

PRS in CRC risk prediction models in screening-eligible individuals with age 45–74 years, 

reflecting a recent USPSTF recommendation on CRC screening age,3 and individuals 

with age 40–49 years and no endoscopy history as the latter group may benefit from a 

risk-stratified screening-initiation strategy using the PRS-enhanced model.

Materials and Methods

Study Population: Model Building

We extended the risk prediction model using a subset of Genetics and Epidemiology 

of Colorectal Cancer Consortium (GECCO) and Colorectal Cancer Transdisciplinary 

Study (CORECT) (9,748 CRC cases and 10,590 controls of European ancestry) with 

detailed harmonized data on age, family history, endoscopy history, and genetic risk 

factors (Supplemental Materials in Jeon et al. (2018)15 and Supplemental Table S1) along 

with CRC-incidence rates in SEER data (https://seer.cancer.gov/, registry18, 2007–2015, 

RRID:SCR_006902).25

Study Population: Model Validation

External validation was carried out in the GERA (Supplemental Methods and Supplemental 

Table S2). Briefly, the cohort is comprised of study participants (survey respondents) from 

the Research Program on Genes, Environment, and Health (RPGEH) and California Men’s 

Health Study (CMHS), both nested within the member population of KPNC.26,27 In total, 
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110,266 consenting participants who provided saliva samples were selected for genotyping. 

All racial and ethnic minority participants who provided saliva samples (n=20,935, 19%) 

were selected for genotyping to maximize diversity and a random subset were selected from 

the approximately 140,000 available non-Hispanic White participants with biospecimens. 

94,938 participants passed genotype quality control and had a valid PRS. The demographic 

characteristics of the GERA are generally representative of the RPGEH and CMHS survey 

respondents; compared with the KPNC member population, the GERA participants are on 

average older (average age at time of sample collection: 63 years), have a slightly greater 

proportion of non-Hispanic whites, and have higher levels of education and income. In 

the validation dataset, prevalent CRC cases were excluded from the analyses (n=865). 

Participants who entered the cohort at ages <40 years (n=6,622) and ≥85 years (n=2,230) 

were excluded since few CRC cases were diagnosed at ages <40 years and aggregated 

SEER CRC rates for ages ≥85 years hindered a reliable estimation of CRC risk in this age 

group. The number of participants after exclusion was 85,221. Due to the relatively small 

number of CRC cases in non-European ancestry groups, we restricted our primary analysis 

to European-ancestry participants and secondarily evaluated the calibration of relative risk of 

PRS in other racial and ethnic groups. A comparison on risk factors between the GERA and 

GECCO/CORECT was shown in Supplemental Table S3. All study participants provided 

written informed consent and the study was approved by the KPNC and Fred Hutchinson 

Cancer Research Center Institutional Review Board.

Developing Risk Prediction Models in GECCO and CORECT

We estimated sex-specific odds ratios (ORs) of PRS, family history and endoscopy 

history associated with CRC risk using logistic regression models, adjusting for study and 

age, using pooled GECCO and CORECT data. The PRS was calculated as a weighted 

sum of numbers of the effective alleles of the 140 known CRC loci (Supplemental 

Table S4 and S4a) with the marginal log-odds ratios estimated from >125,000 samples, 

predominantly of European ancestry, as weights.21 Baseline CRC hazard rates were derived 

using CRC-incidence rates in SEER18 (2007–2015). The absolute risk estimates for CRC 

were calculated based on estimated sex-specific baseline CRC hazard rates and ORs 

(Supplemental Table S5), while accounting for competing risks from death (Supplemental 

Methods).25,28

Projecting Risk in the GERA

The 5- and 10-year absolute CRC risks for each GERA participant were estimated from the 

model based on age, sex, family history, endoscopy history, and PRS of the 140 known loci 

(Supplemental Methods). To account for the diminishing protective impact of endoscopy 

over time, we classified patients who had received their last endoscopy greater than 10 

years ago as no endoscopy. We chose 10 years based on the current recommended screening 

interval following a colonoscopy.

Statistical Analysis

We primarily focused on the predicted 5-year risk and secondarily on the 10-year risk 

given that both family history and endoscopy history in our model varied over time, and 

risk prediction every 5 years was likely more accurate. All analyses were conducted under 
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survival analysis framework to account for varying follow-up duration across participants, 

with the observed time-to-event defined as the time from study entry to the earliest of the 

following events: CRC diagnosis, death, last follow-up, or 6-months after first colonoscopy 

post study entry (Supplemental Methods).

Calibration29—We compared model-based expected CRC cases (E) to observed CRC 

cases in the GERA (O) within t years (t=5 and 10) following study entry, where E was the 

sum of individuals’ absolute risk predictions at either the observed time-to-event or t-year, 

whichever comes first. The 95% confidence interval (CI) was calculated by using a normal 

approximation to Poisson distribution as E/O × exp ± 1.96 1/O . We assessed t-year E/O 

ratios overall and in clinically meaningful subgroups defined by age (age 40–49, 50–59 and 

≥60), sex (men, women), endoscopy history within 10 years prior to study entry (yes, no), 

and family history (yes, no). We further evaluated the consistency between E and O across 

10 risk-based deciles based on the predicted 5- and 10-year CRC risks using calibration 

plots (Supplemental Methods). O in the jth decile for the t-year risk was estimated by 

1 − Sj t , where Sj t  is the Kaplan-Meier estimator for CRC-free probability accounting 

for right-censoring and competing risk.30,31 As a secondary analysis, we evaluated how 

the relative risk (RR) of PRS calibrates in African American, Asian, European-ancestry, 

and Latinx groups by comparing the predicted and observed RR in 7 PRS-based strata in 

individual ancestral groups (Supplemental Methods). The stratum that included the sample 

medium of the PRS was set as the reference group in the RR calculation. The observed RR 

of a PRS stratum was estimated by fitting a Cox model with a 0–1 stratum indicator as the 

covariate using individuals included in this specific stratum and the reference stratum.

Discriminatory Accuracy—We evaluated the discriminatory accuracy of 5- and 10-year 

risk predictions by time-dependent AUC, accommodating time-varying CRC status and 

predictors during follow-up. We accounted for competing risks of death32 since 8.2% of 

participants experienced death without prior CRC diagnosis.

We compared the AUC of the proposed PRS-enhanced model with two reduced models that 

excluded PRS, Model 1 (age and first-degree family history; Supplemental Methods) as this 

is currently used to inform screening and Model 2 (age, first-degree family history, sex, 

and endoscopy history; Supplemental Methods) in all European-ancestry individuals and 

those aged 45–74 years eligible for screening (termed screening-eligible group hereafter). 

We also compared the AUC in individuals aged 40–49 years without endoscopy history 

(termed younger-age group hereafter) to explore whether the proposed PRS-enhanced model 

can better inform strategic screening initiation. Additionally, we compared the 5-year risk 

prediction of these models in terms of two clinically relevant measures, sensitivity and 

specificity of identifying a high 5-year risk group with a risk threshold of 0.29%, the SEER 

5-year CRC incidence rate at age 50 when CRC screening initiation was recommended 

conventionally for people at average CRC risk in the US.

We obtained the 95% confidence intervals (CI) and p-values by bootstrapping with 500 

resamples. A two-sided p-value ≤0.05 was considered statistically significant. All analyses 

were performed using R 3.633 and plots were generated using the R package ‘ggplot2’.34
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Data availability

Access to GERA data used in this study may be obtained by application to the 

Kaiser Permanente Research Bank (KPRB) via ResearchBankAccess@kp.org. A subset 

of the GERA consented for public use can be found at NlH/dbGaP: phs000674. 

Genotype data from CORECT and GECCO are deposited at NIH/dbGaP: phs001415.v1.p1, 

phs001315.v1.p1, phs001078.v1.p1, phs001499.v1.p1, phs001903.v1.p1, phs001856.v1.p1, 

phs001045.v1.p1, and phs001499.v1.p1.

Results

Our primary analysis was restricted to GERA participants of European ancestry (n=66,282, 

78%). Among them, 57.7% were women, 57.5% underwent endoscopy before study entry, 

and 9.9% had a positive family history. The mean age at study entry was 63.2 years 

(Supplemental Table S2). 30% of men were enrolled in 2002–2003, earlier than the rest 

of the GERA. However, no appreciable difference in CRC rate was observed between this 

subgroup and the rest of the GERA. Overall, men and women were comparable in age, 

family history, endoscopy history and PRS (Supplemental Table S2). The sex-specific odds 

ratio estimates of these risk factors are provided in Supplemental Table S5.

Calibration

The PRS-enhanced model accurately predicted the number of CRC cases in a 5-year 

window. The overall E/O ratio for 5-year risk was 1.01 (95% CI 0.91–1.13); the subgroup 

E/O ratios were close to 1 with 95% CIs including 1 (Table 1). The calibration for 10-year 

risk performed generally well (overall E/O ratio 1.00, 95% CI 0.92–1.09, Supplemental 

Table S6), except for an underestimation in individuals with a positive family history (E/O 

ratio 0.77, 95% CI 0.61–0.98), and an overestimation in the age subgroup of 50 to 59 years 

(E/O ratio 1.42, 95% CI 1.11–1.83). The risk calibration stratified by the risk-based deciles 

(Figure 1 left panel, Supplemental Figures S1–S5) demonstrated the same patterns of good 

calibration.

The model-based relative risks (RR) of PRS calibrated well across the PRS range in the 

European-ancestry group (Figure 1 right panel). For the non-European ancestry groups, the 

model-based RR of PRS were generally lower than the observed RR (Supplemental Figure 

S6). However, the 95% confidence intervals of the observed RR were wide due to the limited 

non-European ancestry CRC cases and covered the model-based RR.

Discriminatory Accuracy

The overall 5-year AUC of the PRS-enhanced risk model was 0.73 (95%CI, 0.71–0.76, 

Table 2). The AUC did not vary by sex or endoscopy history. The AUC among individuals 

with a positive family history was 0.78 (95%CI 0.70–0.86), 5% (95%CI −3%–13%) higher 

than the AUC in those without (0.73, 95%CI 0.70–0.75). The AUC was 0.77 (95%CI 0.70–

0.84) in individuals aged 40–49 years and 0.72 (95%CI 0.67–0.77) in 50–59 years, 10% 

(95%CI 2%–17%) and 5% (95%CI −1%–11%) higher than in those aged 60 years or older 

(0.67, 95%CI, 0.64–0.71), respectively. The 10-year AUCs generally followed a similar 

pattern (Supplemental Table S7).
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The 5-year AUC of the PRS-enhanced model in the screening-eligible group was 0.70 

(95%CI 0.67–0.74), which was 6% (p-value<0.001) higher than Model 2 (AUC 0.64; when 

including age and family history sex, endoscopy history; Table 3). An improvement was also 

observed in those aged 40–49 years without endoscopy history (0.76 vs. 0.62, p-value=0.04) 

and in all European-ancestry participants (0.73 vs. 0.71, p-value=0.04). The comparison of 

the PRS-enhanced model to Model 1 of age and family history showed very similar results. 

The 10-year AUC (Supplemental Table S8) also showed a similar pattern, except that the 

AUC improvements were not significant in the younger-age group.

Using a risk threshold of 0.29% to identify a high 5-year risk group in the screening-eligible 

group, no appreciable difference in sensitivity was observed across models, but specificity of 

the proposed PRS-enhanced model was 31.0% (95%CI: 30.6% – 31.4%), which was 15% 

(p-value<0.001) and 11% (p-value<0.001) higher than Model 1 and Model 2, respectively 

(Table 4). A similar pattern was observed in all European-ancestry individuals. In the 

younger-age group, using the PRS-enhanced model to define a high 5-year risk group 

demonstrated a sensitivity of 64% (95%CI 35%–92%), which was 55% (p-value<0.001) 

and 27% (p-value=0.04) higher than Models 1 and 2, respectively, and had a specificity 

of 80% (95%CI 79%–81%), which was 17% (p-value<0.001) lower than Model 1 and 1% 

(p-value=0.05) higher than Model 2.

Discussion

The current analysis, using large training and validation datasets, substantially extends 

existing CRC risk prediction knowledge by incorporating an updated PRS and conducting 

a comprehensive external validation in a community-based cohort. The predicted 5- and 

10-year CRC risks from the proposed PRS-enhanced risk model calibrated well overall 

in European-ancestry participants. The model accurately discriminated CRC cases and 

controls. In addition, the inclusion of the PRS in CRC risk models significantly improved 

the discriminatory accuracy of 5-year predicted risk in the screening-eligible group and 

the younger-age group. Using the average 5-year CRC risk at age 50 years as a threshold, 

adding the PRS leads to significant improvement in the specificity in the screening-eligible 

age group and the sensitivity in the younger-age group. The latter group with its low 

prevalence of CRC would likely benefit substantially from risk-stratified screening. Our 

study provides empirical support to warrant future studies on the evaluation of PRS-

enhanced risk models focusing on younger population.

The PRS-enhanced model calibrated well overall and in subgroups defined by sex, family 

history, endoscopy history and age, with some overestimation of the 10-year risk in 

participants aged 50 to 59 years and underestimation among those with a family history 

of CRC. A possible explanation for the overestimation in those aged 50 to 59 years is 

that there were two spikes in the SEER CRC incidence rates around ages 50 and 65 years 

(Supplemental Figure S7), which were used to calculated baseline risk. These possibly result 

from increased screen-detected CRC as people tend to undergo screening at these ages, 

which include the historical initiation of screening at age 50 and the beginning of insurance 

coverage with Medicare at age 65. The underestimation of the 10-year risk among those 

with a family history is likely due to the underestimated effect of family history on CRC 
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risk in GECCO/CORECT compared to that in the GERA. By fitting a Cox proportional 

hazards model on CRC with endoscopy history, family history and PRS in the GERA, 

we observed that positive family history is associated with 2.2- and 1.6-times higher CRC 

hazard ratios, in men and women, respectively, greater than the observed increased risk of 

1.3 and 1.2 in men and women in GECCO/CORECT. Since it is difficult to reliably predict 

long-term (such as 10-year or lifetime) risk, one may consider updating risk prediction 

periodically using predicted 5-year risk based on one’s most recent risk profiles, which is 

more accurate35 and reflective of the clinical needs of a risk model36 when recommendation 

on screening/intervention for the near future is needed.

Prior studies have validated other CRC risk models incorporating genetic 

components.11–13,15–17,19,37–39 The AUCs of our model in external validation are 

comparable to or better than the best AUCs in these studies, especially considering 

that internal validation as used in prior studies tends to yield more optimistic results.40 

Calibration of CRC absolute risk predicted by PRS-enhanced models has been given little 

emphasis in the literature and yet is crucial for determining if a model provides reliable 

predictions at an individual level. This study examined the absolute risk calibration of the 

proposed PRS-enhanced risk model among European-ancestry participants, overall and in 

several subgroups, and demonstrated that it provides accurate predictions. We also noted in 

an exploratory analysis comparing a risk model including endoscopy history versus not, that 

the endoscopy history does not show a strong predictive value in terms of AUC improvement 

(Supplemental Table S9) despite its significant association with CRC risk observed in the 

GERA [hazard rate 0.69 (p=0.004) in men and 0.73 (p=0.009) in women estimated from a 

Cox model] and an earlier study.41 This observation reflects a phenomenon that significant 

variables do not guarantee improvement in prediction, as discussed in Lo et al. (2015).42

The improved discrimination using the PRS-enhanced model in the younger-age group, 

although there are only 11 CRC cases in this group in our study, demonstrates the model’s 

potential in risk stratification and supports the warrant for a further evaluation in this 

cohort with a sufficient sample size and number of CRC cases to assess the model-based 

triage of screening initiation. The result also supports our prior finding of a stronger 

predictive value at younger ages for PRS comprising of 95 known loci.43 Recently the 

USPSTF recommended to lower the starting age for screening to 45 years,3 addressing 

rising incidence rates of early onset CRC over the last two decades.44 However, concerns 

remain with this new recommendation, including the lack of outcome data supporting earlier 

screening and whether existing screening resources can absorb the nearly 22 million newly 

screening-eligible adults. As such, this risk model could be a starting point for identifying 

young individuals of higher CRC risk for earlier screening.

Advances in PRS development have invigorated the interest in using PRS-enhanced models 

for risk stratification to facilitate targeted screening or intervention. The decreasing genome-

wide genotyping cost has made it affordable to implement PRS broadly. However, barriers 

of implementation of PRS in healthcare remain and need further study, including PRS 

tailored for different ancestries, education of clinicians and public, and adaptation of health 

care systems to manage and utilize continuously improved PRS.45 For the first barrier, the 

PRS developed in cohorts predominately of European-ancestry individuals may not predict 
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well in non-European ancestral groups, due to different linkage disequilibrium patterns 

resulting likely attenuated genetic associations.46–49 We anticipate an expansion of PRS 

development and validation to include more ancestrally diverse populations to ensure equity 

in targeted screening across all populations. The second barrier will require more promotion 

and education to enhance clinician and public awareness of utilizing genetic profile to 

inform complex disease risks. The last barrier is related to the continuous discovery of more 

CRC-associated loci and updates on scoring algorithms for the PRS. However, it does not 

require genome-wide genotyping on an individual multiple times since one’s genetic profile 

is time-invariant and genome-wide information can be stored digitally once it is collected.45 

Prior to updating the PRS in healthcare implementation, a cost-benefit evaluation to weigh 

the cost of a system update to adapt a new scoring algorithm and the improvement in 

predictive performance of the updated PRS may be needed.

There are several strengths of our study. First, the proposed model includes an updated 

PRS comprising 140 known CRC loci. Since the publication of earlier studies on CRC 

risk models with PRS,11–16,19 a sizable number of CRC risk loci have been discovered in 

large-scale GWAS.21,23,24 Our work provides empirical evidence supporting that adding this 

updated PRS to a risk model improves risk stratification. Second, this is the first external 

validation for the updated PRS-enhanced CRC risk model. Assessing model performance 

in an independent validation cohort as shown in our study minimizes the impact of 

optimism which is usually a concern in internal validation.40 Third, the GERA provides 

a unique and rare opportunity with detailed demographics, clinical and genetic information 

to externally validate the proposed PRS-enhanced model in a community-based setting. 

The comprehensive assessment shown in this study, including absolute risk calibration and 

model discrimination, are more generalizable to census population compared to assessment 

obtained in typical research cohorts. Overall, our study supplies warranted evidence for 

moving the inclusion of PRS in CRC screening further toward clinical consideration.

Our study has some limitations. First, the GERA included participants from two large 

cohorts of KPNC members recruited in 2002–2003 and 2007–2008. As the baseline CRC 

hazard was derived using SEER18 2007–2015, the prediction of participants in the earlier 

cohort may be less accurate. However, there was no appreciable difference between the 

empirical CRC incidence rates in these two cohorts. Second, the GERA was drawn from 

a single US geographic region and may not reflect the overall US population. Additional 

validations are needed to comprehensively assess the model performance in the overall 

US population and more globally. Third, only 11 European-ancestry individuals in the 

younger-age group developed CRC within 5 years since study entry. Our findings of greater 

AUC improvement in this subgroup may not be robust and generalizable to other cohorts 

due to the limited number of CRC cases. Further study focusing on individuals of age 40–49 

years is warranted to confirm these results. Fourth, our model did not include lifestyle and 

environmental risk factors such as smoking, dietary, and non-steroidal anti-inflammatory 

drugs use. These factors are difficult to measure precisely in clinical practice, as they 

are commonly obtained using questionnaires, hence prone to recall bias and measurement 

errors.12 Further research is needed before incorporating these factors in risk prediction 

models to ensure accuracy.
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Conclusion

We externally validated that the PRS-enhanced CRC risk model was calibrated well 

and had high predictive performance among European-ancestral individuals in a large, 

community-based cohort. Our findings demonstrated improvement in risk discrimination 

and classification accuracy with the addition of the updated PRS in individuals eligible for 

screening and potentially in those aged <50 years. The proposed PRS-enhanced model may 

aid in developing targeted screening strategy to improve screening efficiency and further 

enhance CRC prevention.
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Figure 1. 
Calibration plots of 5-year absolute risk and relative risk of PRS with risk-based and 

PRS-based stratification. We demonstrated the calibration of 5-year absolute risk based on 

the PRS-enhanced model (1(a); left panel) and relative risk of PRS (1(b); right panel) 

stratified by deciles of predicted risk (left) and PRS (right) in GERA participants of 

European-ancestry. The x-axis is the average of predicted absolute (left) and relative (right) 

risk values by deciles. The y-axis is the average observed absolute (left) and relative (right) 

risks by deciles of predicted absolute risk (left) and PRS (right), along with their 95% CIs 

indicated by the vertical error bars.
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Table 1.

5-year E/O CRC case ratio in the GERA European-ancestry participants. We presented the comparison of 

expected (E) and observed (O) CRC cases based on the PRS-enhanced model (including age, first-degree CRC 

family history, sex, endoscopy history and polygenic risk score) in the 5 years follow-up via E/O ratio and the 

corresponding 95% confidence intervals in GERA participants of European ancestry. The number of expected 

cases was calculated based on age, first-degree family history, sex, endoscopy history and polygenic risk score 

(PRS); The number of observed cases was based on diagnosed cases in the cohort.

Stratum E O E/O ratio (95% CI)

Overall 313.56 309 1.01 (0.91, 1.13)

Age at study entry, years

 40–49 13.96 11 1.27 (0.70, 2.29)

 50–59 48.40 37 1.31 (0.95, 1.81)

 >=60 251.19 261 0.96 (0.85, 1.09)

First-degree CRC family history a 

 Negative 279.24 270 1.03 (0.92, 1.17)

 Positive 34.32 39 0.88 (0.64, 1.20)

Sex

 Women 160.66 173 0.93 (0.80, 1.08)

 Men 152.90 136 1.12 (0.95, 1.33)

Endoscopy history b 

 No 136.55 139 0.98 (0.83, 1.16)

 Yes 177.01 170 1.04 (0.90, 1.21)

a.
First-degree family history of ascertained from study survey questionnaires and electronic health records.

b.
Endoscopy history in 10 years prior to study entry.
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Table 2.

5-year time-dependent AUC estimates of the PRS-enhanced model in the GERA European-ancestry 

participants. The time-dependent AUC estimates (95% confidence interval) of predicted 5-year absolute risk 

are based on the PRS-enhanced model including age, first-degree CRC family history, sex, endoscopy history 

and polygenic risk score.

Stratum AUC (95% CI) Difference to the lowest AUC in each stratification (95% CI)

Overall 0.73 (0.71, 0.76) Not available

Age at study entry, years

 40–49 0.77 (0.70, 0.84) 10% (2%, 17%)

 50–59 0.72 (0.67, 0.77) 5% (−1%, 11%)

 >=60 0.67 (0.64, 0.71) Reference

First-degree CRC family History

 Negative 0.73 (0.70, 0.75) Reference

 Positive 0.78 (0.70, 0.86) 5% (−3%, 13%)

Sex

 Women 0.73 (0.70, 0.76) Reference

 Men 0.74 (0.70, 0.79) 1% (−4%, 6%)

Endoscopy history

 No 0.73 (0.69, 0.77) Reference

 Yes 0.73 (0.70, 0.77) 0% (−5%, 5%)
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Table 3.

Sequential model comparison using 5-year time-dependent AUC in the GERA European-ancestry participants. 

We compared time-dependent AUCs of 5-year absolute risks based on Model 1 (age and first-degree CRC 

family history) and Model 2 (age, first-degree CRC family history, sex, and endoscopy history) to the 

proposed PRS-enhanced model (age, first-degree CRC family history, sex, endoscopy history and polygenic 

risk score) in GERA European-ancestry participants.

Model AUC P-value
a

All participants eligible for screening with age
b
45–74 years

Model 1 0.64 <0.001

Model 2 0.64 <0.001

PRS-enhanced model 0.70 Reference

All participants with age
b
40–49 years and having no endoscopy history

Model 1 0.60 0.04

Model 2 0.62 0.05

PRS-enhanced model 0.76 Reference

All participants

Model 1 0.71 0.04

Model 2 0.71 0.01

PRS enhanced model 0.73 Reference

a.
P-value for comparing the AUC estimates of a reduced model to the PRS-enhanced model.

b.
Age at study entry.
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Table 4.

Sequential model comparison using 5-year sensitivity/specificity in the GERA European-ancestry participants. 

We presented the comparison across Model 1 (age and first-degree CRC family history), Model 2 (age, 

first-degree CRC family history, sex, and endoscopy history) and the PRS-enhanced model (age, first-degree 

CRC family history, sex, endoscopy history and polygenic risk score) on sensitivity and specificity with a risk 

threshold of 0.29% among GERA participants of European ancestry.

Measure estimate
a
 (95% CI) Difference to PRS-enhanced model (95% CI

b
) P-value

b

All participants eligible for screening with age
c
45–74 years

Sensitivity (177 individuals)

Model 1 93.8% (85.2%, 96.9%) 0% (−5.2%, 3.9%) p>0.99

Model 2 90.4% (85.1%, 94.3%) −3.4% (−7.5%, 0.8%) p=0.11

PRS-enhanced model 93.8% (85.2%, 96.9%) Reference Reference

Specificity (52,890 individuals)

Model 1 16.4% (16.1%, 16.7%) −14.6% (−15.0%, −14.2%) p<0.001

Model 2 20.1% (19.8%, 20.4%) −10.9% (−11.3%, −10.6%) p<0.001

PRS-enhanced model 31.0% (30.6%, 31.4%) Reference Reference

All participants with age
c
40–49 years and having no endoscopy history

Sensitivity (11 individuals)

Model 1 9% (0%, 26%) −55% (−86%, −25%) p<0.001

Model 2 36% (8%, 65%) −27% (−54%, 0%) p=0.04

PRS-enhanced model 64% (35%, 92%) Reference Reference

Specificity (6889 individuals)

Model 1 97% (96%, 97%) 17% (16%, 18%) p<0.001

Model 2 79% (78%, 80%) −1% (−2%, 0%) p=0.05

PRS-enhanced model 80% (79%, 81%) Reference Reference

All participants: age 40–84 years

Sensitivity (309 individuals)

Model 1 96.1% (94.0%, 98.3%) 0% (−2.7%, 2.7%) p>0.99

Model 2 94.2% (91.6%, 96.8%) −1.9% (−4.4%, 0.3%) p=0.09

PRS-enhanced model 96.1% (94.0%, 98.3%) Reference Reference

Specificity (65973 individuals)

Model 1 17.1% (16.8%, 17.4%) −11.7% (−12.0%, −11.4%) p<0.001

Model 2 20.0% (19.7%, 20.4%) −8.8% (−9.0%, −8.4%) p<0.001

PRS-enhanced model 28.8% (28.4%, 29.1%) Reference Reference

a.
We dichotomized 5-year risks derived from each model to high- (>0.29%) and low-risk (≤0.29%) categories. The risk threshold of 0.29% 

represents the 5-year incidence CRC rate for average-risk individuals at age 50 based on SEER18 CRC incidence rates (2007–2015).

b.
The 95% confidence intervals (CI) of the differences and the corresponding p-values were obtained by bootstrap resampling with 500 resamples.

c.
Age at study entry.
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