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Supplemental Methods. Details of Study Population, Risk Model Development, 

Calculation of the Polygenic Risk Score, Statistical Analysis, Data Availability and 

Funding of Individual Studies in GECCO and CORECT 

Genetic Epidemiology Research on Adult Health and Aging (GERA) 

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

comprised 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 Kaiser Permanente Northern California (KPNC), a large 

integrated healthcare delivery system. The KPNC member population includes 30-40% of the 

general population in a 22-county geographic area of northern California and is broadly 

representative of the general population,1 although extremes of income are underrepresented. 

The RPGEH is a contemporary cohort. Construction of this cohort began in 2007, when a six-

page survey was mailed to 1.9 million individuals in the member population who were ages 18 

and older and who had been previously enrolled health plan members for at least two years. 

This survey was designed to ascertain data on demographic and lifestyle characteristics, 

including race/ethnicity, education, income, marital status, self- and family history for 35 

selected conditions, diet and physical activity, smoking and alcohol consumption, and 

reproductive history and health. In July 2008, approximately 400,000 survey respondents were 

asked to sign a consent form authorizing broad use of their survey data, longitudinal electronic 

health record data, and biospecimens in research on genetic and environmental factors 

associated with health and disease. Those who provided consent were mailed saliva DNA 

collection (Oragene) kits. In 2009, over 40,000 men ages 45 to 69 years, who were KPNC 

health plan members and had enrolled in the CMHS in 2002–2003, were similarly asked to 

provide saliva samples. At CMHS enrollment, men completed mailed surveys to ascertain data 

on demographic and lifestyle factors, akin to that of RPGEH. 
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In total, 110,266 consenting participants who provided saliva samples were selected for 

genotyping. All racial and ethnic minority participants with saliva samples (n = 20,935, 19%) 

were included to maximize diversity and a random subset were selected from the approximately 

140,000 available non-Hispanic White participants with biospecimens, including participants in 

both the RPGEH and CMHS who provided consent and a biospecimen. The demographic 

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

survey respondents, as well as the KPNC member population, although GERA cohort members 

are on average older (average age at time of sample collection: 63 years); the proportion of 

minority participants is lower, and the average level of education and income is slightly higher 

than in the KPNC member population. However, the GERA cohort does include representation 

of all sociodemographic groups included in the adult KPNC member population (personal 

communication with Dr. Catherine Schaefer). Four custom Affymetrix Axiom arrays were 

designed for genotyping, one for each major ancestral group represented in the GERA cohort: 

African American, Asian, European, and Latinx. As detailed elsewhere,2 the selected number of 

SNPs and SNP content varied by array in order to maximize coverage of the whole genome, 

along with common and low frequency SNPs specific to race/ethnicity and known SNPs 

associated with disease phenotypes. Details on the calling and quality control have been 

described previously.3 

For the present study, colorectal cancer status was determined for study participants 

from study entry to December 31, 2016, by linkage to the KPNC Cancer Registry, a current 

database of all patients with newly diagnosed cancers at KPNC facilities that adheres to the 

National Cancer Institute’s Surveillance, Epidemiology, and End Results (SEER) Program 

standards. Personal history of cancer was ascertained from cancer registry and electronic 

health record data. A family history of CRC was determined by integrating data from baseline 

surveys and electronic health records (i.e., diagnosis codes, family history documentation). 

Endoscopy history information for all participants was also extracted from medical records. As a 
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cohort unselected on any disease phenotype, GERA participants were not asked to engage in 

specific medical or screening tests for research purposes. However, since the majority (69%) of 

GERA participants were age 55 and older at baseline, most but not all had undergone screening 

for colorectal cancer, either by fecal immunochemical testing (FIT) or endoscopy 

(sigmoidoscopy or colonoscopy). At their baseline questionnaire, 70% were up to date for 

colorectal cancer screening. All study participants provided written informed consent, and the 

study was approved by the KPNC Institutional Review Board. 

Identification of 140 CRC Known Loci  

A total of 140 CRC known loci were identified from our large collaborative network 

comprised of the Colon Cancer Family Registry (CCFR), CORECT and GECCO (58,131 CRC 

cases and 67,347 controls) as well as previously published genome-wide association studies.4–6 

Among them, 13 loci were discovered in a large East Asian cohort6 while the rest in cohorts 

predominantly of European ancestry.4,5 These consist of 115 known loci that reached genome-

wide significance at 5x10-8, and 25 secondary independent loci in known GWAS regions with p-

values < 1x10-5 in conditional association analyses adjusted for the known loci in the region. 

Estimating Effect Sizes and Baseline CRC Hazard Rate 

GECCO and CORECT included both population-based case-control and cohort-based 

nested case-control studies, where the risk factors were collected at the time of case-control 

ascertainment for the case-control studies and at the cohort entry for nested case-control 

studies. To account for the potential difference between the two study designs so that the model 

can be properly validated in a prospective cohort setting such as the GERA, we incorporated 

the interaction effects between the cohort indicator and the two risk factors, endoscopy history 

and family history.  
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The baseline CRC hazard rates were estimated by the age- and sex-specific SEER 

CRC-incidence rates in Europeans (SEER registry 18, 2007 to 2015, https://seer.cancer.gov/) 

multiplied by 1 - population attributable risk. The population attributable risk was estimated by 

taking the average of inverse exponential risk scores among all cases in the GECCO and 

CORECT dataset for model development.7,8 Competing risks from death of other causes were 

accounted for in the calculation of absolute CRC risk by incorporating other-cause age-specific 

mortality rates in Europeans using SEER 18 (2007-2015) data.  

Calculation of Polygenic Risk Score in Validation Dataset 

Out of 140 CRC known loci, 3 were not available in the GERA (rs755229494, 

rs373585858, and rs556532366), and we included the most correlated surrogates in Europeans 

(rs112334046, R2=0.40, minor allele frequency [MAF] =0.0026; rs187032491, R2=1, 

MAF=0.0043; and rs181781440, R2=0.45, MAF=0.0015). Similar to the PRS of GECCO and 

CORECT participants, we calculated the PRS of GERA participants as a weighted sum of 

numbers of effective alleles of the 140 known loci with their estimated marginal log-odds ratios 

as weights.4 

Statistical Analysis  

We define the observed time-to-event from study entry to the earliest of the following 

events: CRC diagnosis, death, or last follow-up. Because colonoscopy may remove precursor 

lesions, participants who received colonoscopy screening after study entry were censored at 6 

months post first colonoscopy screening; the 6-month interval was to allow for the work-up of 

colonoscopy results or repeating an inadequate examination. 

Calibration We compared the expected (E) and observed (O) numbers of CRC cases in t years 

since study entry to evaluate the calibration of predicted absolute risk based on the proposed 
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risk prediction model. The expected number of CRC cases at t-year was calculated by summing 

the projected absolute risk estimate for each participant, given their baseline risk profiles, at 

either the observed time-to-event or t year, whichever comes first. We assessed the calibration 

overall and within subgroups defined by age (40-49, 50-59, ≥60), sex (men, women), endoscopy 

history within 10 years prior to study entry (yes, no), and family history (yes, no). The 95% 

confidence intervals (CIs) for the t-year E/O ratio were calculated by using the normal 

approximation to Poisson distributions as E/O 𝑒𝑥𝑝(±1.96ට
ଵ

O
).  

We further evaluated t-year calibration across the CRC-risk spectrum. Participants were 

grouped into 10 equal risk strata by their t-year absolute risk estimates. The observed t-year 

absolute risk in the jth risk stratum is determined by 1 − 𝑆መ௝(𝑡), where 𝑆መ௝(𝑡) is the Kaplan-Meier 

(KM) estimator for CRC-free probability accounting for right-censoring and competing risk9,10 

based on the individuals in that stratum. The 95% CIs were obtained for the KM estimator. 

Within each risk stratum, we compared the observed absolute risk to the expected absolute risk 

which is defined as the average of the model-predicted absolute risk. We plotted the observed 

and expected t-year absolute risk values across the CRC-risk spectrum and assessed any 

potential under/over-estimation of the risk model on the CRC-risk over the entire risk range than 

overall calibration. 

As a secondary analysis, we evaluated the calibration of the PRS alone on relative risk 

(RR) in Europeans and other racial and ethnic groups, including African Americans, Asians, and 

Latinx. The purpose is to examine how well the calibration for PRS by itself is across ethnicities. 

Participants in each racial and ethnic group were equally divided into 7 strata by their PRS, and 

the middle stratum that include the 50th percentile of the PRS is set as the reference. The 

number of strata, 7, was chosen to ensure a fair number of CRC cases within each stratum for 

reliable estimation of RR across all ethnicities. The expected RR for a PRS stratum is the ratio 
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of the within-stratum geometric average of individuals’ model-based RR, defined as individuals’ 

PRS times the estimated PRS effect, between that stratum and the reference stratum. The 

observed RR and its 95% CI were obtained by fitting a Cox model with a 0-1 stratum indicator 

as a covariate including only the specific stratum and the reference stratum. We plotted the 

observed and the expected RRs in a log-scale across PRS strata for each racial/ethnic group. 

Development of The Two Reduced Models (Model 1 and 2) Model 1 included age and family 

history. The association of family history was estimated by a logistic regression model with 

family history adjusting for sex, age and an interaction between study type (cohort vs. case-

control) and family history fitted to GECCO and CORECT as described above. The baseline 

CRC hazard rates were derived using age-specific CRC incidence rates in Europeans in SEER 

18 (2007-2015). Model 2 included age, family history, sex, and endoscopy history in prior 10 

years. We referred to the section of “Estimating Effect Sizes and Baseline CRC Hazard Rate” 

above for detailed model development as Model 2 was developed using the same approach for 

the proposed PRS-enhanced model. 
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