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Abstract

Background & Aims—Guidelines for initiating colorectal cancer (CRC) screening are based on 

family history but do not consider lifestyle, environmental, or genetic risk factors. We developed 

models to determine risk of CRC, based on lifestyle and environmental factors and genetic 

variants, and to identify an optimal age to begin screening.

Methods—We collected data from 9748 CRC cases and 10,590 controls in the Genetics and 

Epidemiology of Colorectal Cancer Consortium and the Colorectal Transdisciplinary study, from 

1992 through 2005. Half of the participants were used to develop the risk determination model and 

the other half were used to evaluate the discriminatory accuracy (validation set). Models of CRC 

risk were created based on family history, 19 lifestyle and environmental factors (E-score), and 63 

CRC-associated single-nucleotide polymorphisms identified in genome-wide association studies 

(G-score). We evaluated the discriminatory accuracy of the models by calculating area under the 

receiver operating characteristic curve (AUC) values, adjusting for study, age, and endoscopy 

findings for the validation set. We used the models to project the 10-year absolute risk of CRC for 

a given risk profile and recommend ages to begin screening, in comparison to CRC risk for an 

average individual at 50 years of age, using external population incidence rates for non-Hispanic 

whites from the Surveillance, Epidemiology, and End Results Program registry.

Results—In our models, E-score and G-score each determined risk of CRC with greater accuracy 

than family history. A model that combined both scores and family history estimated CRC risk 

with an AUC value of 0.63 (95% CI, 0.62–0.64) for men and 0.62 (95% CI, 0.61–0.63) for 

women; AUC values based on only family history ranged from 0.53 to 0.54 and those based only 

E-score or G-score ranged from 0.59 to 0.60. Although screening is recommended to begin at age 

50 years for individuals with no family history of CRC, starting ages calculated based on 

combined E-score and G-score differed by 12 years for men and 14 for women, for individuals 

with the highest vs the lowest 10% of risk.

Conclusions—We used data from 2 large international consortia to develop CRC risk 

calculation models that included genetic and environmental factors along with family history. 

These determine risk of CRC and starting ages for screening with greater accuracy than the family 

history only model, which is based on the current screening guideline. These scoring systems 

might serve as a first step toward developing individualized CRC prevention strategies.

Graphical abstract
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Introduction

Despite progress in reducing colorectal cancer (CRC) incidence and mortality in recent 

decades in the US, CRC remains the third leading cause of cancer death.1 CRC is one of the 

most preventable and treatable cancers if detected early.2 Though screening for CRC is 

recommended for adults between age 50 and 75,3 in 2013, only 58% were in compliance.4 

Currently screening guidelines are based only on age and family history; however, over 80% 

of CRC cases have no family history. By evaluating the influence of multiple lifestyle, 

environmental5 and genetic risk factors, especially as genetic information will increasingly 

become a routine part of the medical record,6,7 risk prediction models can be used to more 

accurately define low- and high-risk populations, which is the core of precision medicine. 

Improved risk stratification may also increase screening adherence and uptake, particularly 

for those at higher risk, as these individuals may be more likely to follow recommendations 

for prevention when aware of their heightened risk.8–11 Furthermore, it can optimize the 

appropriate use of invasive technology.

Several models have been developed to determine the risk of CRC,9,12–17 adenoma,18,19, or 

colorectal neoplasia including both CRC and adenoma,20 most of which included only 

clinical, lifestyle and environmental risk factors, while a few models have accounted for the 

then-known genetic variants9,13 and one model included a limited number of lifestyle, 

environmental and genetic factors.17 However, thus far, no models have attempted to 

incorporate broad established and putative lifestyle risk factors with the growing number of 

common genetic variants.

While substantial progress has been made in understanding CRC risk factors, translating 

lifestyle, environmental and genetic risk factor information into actionable clinical 

information is the next step in developing personalized prevention. We developed risk 

prediction models for CRC based on 19 lifestyle and environmental factors and 63 common 

genetic variants known to be associated with CRC risk using data from 14 population-based 

studies. We expanded the risk prediction analysis to define the optimal starting age for 

screening, demonstrating the potential utility of using a model to tailor screening 

recommendations according to one’s personal risk profile.

Methods and Materials

Data from two large consortia (9,748 CRC cases and 10,590 controls): the Genetics and 

Epidemiology of Colorectal Cancer Consortium (GECCO) and the Colorectal 

Transdisciplinary study (CORECT) were randomly split into two equal halves, with one half 

for building risk prediction models and the other for evaluating the models. The data consists 

of 6 case-control studies and 8 cohort-based nested case-control studies. A description of 

study design and characteristics of each study populations is provided in the Supplementary 

Note Tables S1 and S2. Only individuals of European descent were included due to 

insufficient sample size for other ancestry groups. All participants gave written informed 

consent, and studies were approved by their respective Institutional Review Boards.
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Environmental Risk Score

Lifestyle and environmental risk factor information including demographics, behavioral 

factors, anthropometric traits, diet, pharmacological factors, and medical history was 

collected by in-person interviews and/or structured questionnaires as detailed previously 

(references listed in the Supplementary Note). All factors were collected at the study 

reference time, which was defined as study entry or blood collection for cohort studies and 

one to two years before sample ascertainment for case-control studies to ensure exposures 

assessed before cancer diagnoses. We used a multi-step data harmonization procedure as 

described in detail by Hutter et al.21 and in the Supplementary Note to harmonize each risk 

factor across studies. All factors collected under study protocols had generally low missing 

rates (<10%) except for hormone replacement therapy (16%) and physical activity (16%). 

Given the relatively low missing rates, we replaced the missing values with the study- and 

sex-specific mean.

To model the harmonized lifestyle and environmental risk factors, we calculated a score (E-

score) based on 19 factors: height (cm), body mass index (kg/m2), education (less than high 

school graduate, high school graduate or completed GED, some college or technical school, 

college graduate or more), history of type 2 diabetes mellitus (no/yes), smoking status (ever/

never), alcohol consumption (< 1g/day, 1–28 g/day, >28 g/day; one standard drink is 14g), 

regular aspirin use (no/yes), regular NSAIDs use (no/yes), regular use of post-menopausal 

hormones (no/yes, women only), sex- and study-specific quartiles of smoking pack-years 

and dietary factors (intake of fiber, calcium, folate, processed meat, red meat, fruit, 

vegetable), total-energy, and physical activity (no/yes). The physical activity was defined as 

“yes” if sum of vigorous and moderate physical activities is >= 1hour/week, and “no” 

otherwise. A more detailed description for each variable is provided in the Supplementary 

Note.

We aimed to create a risk score that summarized an individual’s overall lifestyle and 

environmental risk profile. Separately for men and women, we created a weighted risk score 

by summing all the risk factors weighted by their log-odds ratio estimates (Table S4) 

obtained from a multivariable logistic regression model that included all of the risk factors 

listed above, adjusting for study, age, family history, and endoscopy history. Family history 

was coded as a yes/no variable for presence or absence of a first-degree relative with CRC, 

and endoscopy history was coded as yes, no, or missing, depending on whether a participant 

had sigmoidoscopy or colonoscopy screening before the study reference time, or such 

information was missing. For three studies (MECC, Kentucky, NFCCR), we set endoscopy 

history as entirely missing to avoid any potential bias due to lack of sufficient information to 

differentiate between screening and diagnostic testing.

As PLCO is a screening trial, we coded endoscopy history as yes if the participant was 

randomized to the screening arm or had a prior history of endoscopy regardless of trial arms, 

and no otherwise.9 Further, to account for reduced protective effect of endoscopy beyond 10 

years, we excluded from our analysis CRC cases with follow-up more than 10 years in 

cohort-based nested case-control studies. Once we obtained the E-score based on 19 lifestyle 

and environmental risk factors, we then re-coded it to sex- and study-specific percentiles 

based on cut points in controls and modeled as an ordinal variable.
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We also performed a sensitivity analysis using a group lasso regression method22 to evaluate 

if any variable selection could improve the model performance, but there was no discernable 

difference. We used the R-package ‘grpreg’ for this analysis.

Genetic Risk Score

A total of 63 single-nucleotide polymorphisms (SNPs) at 49 known CRC loci have been 

identified by GWAS.23–31 The detailed characteristics of these SNPs are provided in Table 

S5. Each SNP variable was coded as dosage: for directly genotyped SNPs, we coded it as 

0,1, or 2 copies of the risk allele, and for imputed SNPs, as the expected number of copies of 

the risk allele. Details for the genotyping, imputation, and quality controls have been 

previously published.30,32

Similar to E-score, we created a weighted genetic risk score (G-score) that accounted for the 

strength of CRC-association with each SNP. The weights were estimated regression 

coefficients obtained from a multivariable logistic regression that included all 63 SNPs 

adjusting for age, sex, genotype platform, and up to 6 principal components (PCs) that were 

previously determined by the genome-wide association studies for each genotype platform30 

to account for population substructure (Table S5). We constructed a G-score for each 

individual by taking the weighted sum of risk alleles over all 63 SNPs, recoded the G-score 

as percentile based on cut points in controls, and modeled as an ordinal variable.

Statistical Analysis

We estimated the odds ratios (ORs) and 95% confidence intervals (CIs) for the association 

of CRC with E-score, G-score, and family history using a multivariable logistic regression 

analysis adjusting for study, age, endoscopy history, genotype platform, and PCs (whenever 

appropriate). We stratified the model by sex to allow for variation in risk factor effects for 

men and women.

In addition, we evaluated how well individual lifestyle and environmental risk factors 

included in the E-score discriminate cases from controls by estimating odds per adjusted 

standard deviation (OPERA),33,34 which measures the risk association with change in the 

risk factor per its standard deviation after adjusting for all the other variables in the model.

We evaluated the discriminatory accuracy of risk prediction models by calculating the AUC 

adjusting for study, age, and endoscopy history using the validation dataset. The AUCs were 

estimated based on family history, E-score, and G-score. We did not include age and 

endoscopy history in the AUC calculations as predictors but adjusted for both to account for 

potential confounding. Briefly, we calculated AUC estimates stratified by study, age, and 

endoscopy history and combined these estimates weighted by the proportion of cases in each 

stratum.35 A total of 100 bootstrap samples were used to obtain the 95% CIs of the AUC 

estimate. Tests with two-sided p-values less than 0.05 are considered statistically significant. 

All analyses were performed using R.

We also performed three sensitivity analyses. First, we excluded 9 SNPs (rs10911251, 

rs11903757, rs812481, rs35360328, rs11190164, rs3217810, rs3184504, rs73208120, 

rs6066825) that were discovered by several consortia (GECCO, CCFR, and CORECT), of 
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which our data are a subset. Second, we excluded three studies (MECC, Kentucky, NFCCR) 

for which we set the endoscopy history entirely missing. Finally, as a subset of our data has 

more detailed family information such as the number and youngest age at diagnosis of first-

degree relatives with CRC, we built risk prediction models including these detailed family 

variables and evaluate the potential gain compared to the yes/no family history variable.

Absolute Risk of CRC

We estimated the 10-year absolute risk of developing CRC and corresponding 95% CIs for a 

given risk profile, as previously described.9 We used external population incidence rates for 

non-Hispanic whites during 1992–2005 (reflective of the time period in which lifestyle and 

environmental risk factors were assessed across studies) from the Surveillance, 

Epidemiology, and End Results Program (SEER) registry36 (Table S6) to calculate the 

baseline hazard function. This is achieved by multiplying the external incidence rate with 

one minus population attributable risk (PAR), which is estimated by taking the average of 

the inverse exponential of risk scores among cases.37 The sex-specific PAR estimates are 

largely consistent across studies (Figure S1); we, therefore, pooled all studies to estimate the 

overall PAR to improve efficiency. We also accounted for competing risks from death in the 

absolute risk estimation, where the mortality rates were obtained from the National Center 

for Health Statistics (Table S4). We obtained the 95% CIs of the 10-year absolute risk 

estimates of CRC with 100 bootstrap samples.

To illustrate the potential utilization of the models, we estimated the recommended age to 

start screening by assessing when the person’s risk exceeds a pre-specified risk threshold. 

We set the risk threshold, the average of the 10-year CRC risk for a 50-year-old man 

(1.25%) and woman (0.68%), i.e., (1.25%+0.68%)/2=0.97%, who have not previously 

received an endoscopy, to the current guideline of starting CRC screening at age 50 for 

people at average risk. We estimated the age at which the 10-year CRC risk becomes greater 

than this risk threshold based on sex, family history status, E-score and G-score, and set this 

age as the recommended starting age for the first screening.

Results

For both men and women, as expected, cases had significantly higher E-scores (Men: 

mean=59.9, standard deviation (sd)=28.5; Women: mean=59.9, sd=27.9) than controls 

(Men: mean=49.6, sd=29.1; Women: mean=49.5 sd=29.0), with p-value < 10−15. Similarly, 

cases had significantly higher G-scores (Men: mean=58.7, sd=28.4; Women: mean=58.2, 

sd=28.2) than controls (Men: 48.9, sd=29.2; women: mean=50.0, sd=28.6), with p-value < 

10−15. Compared with controls, cases were also more likely to have a positive family history 

and no prior endoscopy (Table 1).

Association of E-score, G-score, and Family history with CRC risk

All E-score, G-score, and family history were significantly associated with CRC risk after 

adjusting for study, age, endoscopy history, genotype platform, and PCs (Table 2). The E-

score was associated with about 1.36 fold increase risk (Men: OR=1.36 per quartile, 95% 

CI, 1.29 to 1.44, Women: OR=1.35 per quartile, 95%CI, 1.28 to 1.42). Interestingly, the G-
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score increases the CRC risk with a similar magnitude as the E-score (Men: OR= 1.34 per 

quartile, 95% CI, 1.27 to 1.42, Women: OR=1.30 per quartile, 95% CI, 1.23 to 1.36). A 

positive family history increased the CRC risk by about 1.5 fold (Men: OR=1.67, 95% CI, 

1.38 to 2.03, Women: OR=1.46, 95% CI, 1.24 to 1.72). All three factors had slightly 

stronger associations for men compared with women.

We evaluated pairwise interaction effects between family history, E-score, G-score, and 

endoscopy history. Most were not significant at level α = 0.05. Our sensitivity analysis was 

done by excluding 9 SNPs discovered by several consortia, of which our data is part. Using a 

G-score based on the remaining 54 SNPs, the association with CRC risk remained largely 

the same with a slight attenuation (Table S7). Another sensitivity analysis by excluding three 

studies (MECC, Kentucky, NFCCR) also provided similar results compared to the main 

analysis (Table S8).

We also estimated OPERA for 19 individual lifestyle and environmental risk factors 

included for the E-score (Table S9) to compare discrimination power between risk factors. In 

particular, body mass index and regular aspirin use for both men and women, education, 

alcohol consumption, and vegetable consumption for men, and diabetes, physical activity, 

red meat consumption and regular use of post-menopausal hormones for women contribute 

the most to discrimination between cases and controls.

Assessment of the Model Performance

The AUC estimates for the model including only family history were 0.53 (95% CI, 0.52 to 

0.54) for men. Including either E-score or G-score into the model improved the AUC 

significantly (E-score AUC = 0.60, G-score AUC = 0.59; both p-values <10−12). Including 

both E-score and G-score further improved the models that included either the E-score or the 

G-score alone (AUC=0.63, 95% CI, 0.62 to 0.64; p-value < 10−11) (Table 3). A similar 

pattern was also observed for women.

Estimation of Probability of Developing CRC Given Specific Risk Profiles

The absolute risk of developing CRC varies substantially depending on an individual’s risk 

profile at selected quantiles. Figure 1 presents the 10-year absolute risk of CRC for a 50-

year-old who had never had an endoscopic screening exam by varying his or her risk score 

under various models. As we expected, using either E-score or G-score gives a better risk 

stratification compared with using only the family history information. Models including 

both E-score and G-score further improve risk stratification compared with models including 

only one of these scores for both men and women.

Table 4 shows the estimated 10-year risk of CRC for a 50-year old man or woman given 

selected profiles for endoscopy history, family history, E-score, and G-score. As reference, 

we calculated the average 10-year CRC risks for 50-year old men and women based on the 

SEER CRC incidence rates (Men=0.69%; Women=0.49%).36

As an illustration, let’s consider a 50-year old man who did not have any first-degree 

relatives with CRC and had not had a prior endoscopy, but was in a high-risk 90th percentile 

category for both E-score and G-score. His probability of developing CRC in the next 10 
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years is 2.90% (95% CI, 2.21% to 3.58%). In contrast, had he previously received an 

endoscopy, his 10-year risk of CRC could have been reduced to 0.84% (95% CI, 0.64% to 

1.04%), which gets close to the average 10-year risk in the general population (0.69%), but 

lower than the average risk for a man with no prior endoscopy (1.25%). For a 50-year old 

woman with the same risk profile, her 10-year risk of CRC is 1.41% (95% CI, 1.17% to 

1.64%). Had she received a prior endoscopy, her risk could have been reduced to 0.76% 

(95% CI, 0.63% to 0.88%).

For a 50-year-old person with a low risk profile, such as no first-degree relatives with CRC 

and being in the low-risk category for both E-score and G-score (lowest 10th percentile for 

each), the 10-year risk of CRC is much lower than the average 10-year risk in the general 

population, even without a prior endoscopy (Men=0.42%, 95% CI, 0.32% to 0.52%; 

Women=0.24%, 95% CI, 0.20% to 0.28%). The risk would be reduced further had they 

received a prior endoscopy (Men=0.12%, 95% CI, 0.09% to 0.15%; Women=0.13%, 95% 

CI, 0.11% to 0.15%).

Using risk prediction model to guide risk-stratified CRC screening recommendations

By utilizing our risk prediction model (including family history, E-score, and G-score), we 

estimated the recommended age for initiating screening for individuals without having a 

prior endoscopy according to their risk profiles (Figure 2).

For those with high-risk of CRC as determined by a positive family history and 90th 

percentile of the combined risk score of E-score and G-score, the recommended age to start 

screening is 40 for men and 46 for women, respectively. On the other hand, for those with a 

positive family history but in the 10th percentile of the combined risk score, the 

recommended age to begin in men is 51 and in women 59 (i.e., 11 years later for men and 13 

years later for women). Most people with positive family history do not reach the risk 

threshold until well after the age of 40, when screening is currently recommended to begin 

in those with a positive family history. Under our model, about 62% of women and 15% of 

men with a positive family history do not reach the risk threshold until the age of 50 years.

The recommended starting ages for screening in people who do not have any 1st degree 

relatives with CRC show consistent patterns (Figure 2b), but they are shifted upwards due to 

the overall lower risk in those with no family history. Based on the combined E-score and G-

score, for people with no family history and in the 90th percentile of the score, the starting 

age is 44 for men and 50 for women, respectively. But for those with no family history but in 

the 10th percentile of the score, the starting age in men is 56 and in women 64 (i.e., 12 years 

and 14 years later for men and women, respectively). If we compare the recommended ages 

for the first screening in those with no family history at the extremes (i.e., 1st percentile 

versus 99th percentile of the risk score), the difference in first screening age is 20 years or 

more (See the sub-table under Figure 2). Further, there is a fraction of the population that 

reaches the risk threshold for starting screening well before age 50. For example, about 15% 

of men with no family history would reach the risk threshold before age 45.

Jeon et al. Page 9

Gastroenterology. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Discussion

We built sex-specific risk prediction models by including an E-score based on 19 lifestyle 

and environmental CRC risk factors and a G-score based on 63 common GWAS variants 

associated with CRC risk. Our analyses show that both scores are independent risk 

predictors for CRC and yield similar AUC estimates. Incorporating both scores significantly 

improves the discriminatory accuracy compared with using only family history, which is the 

current basis for US screening guidelines for CRC. It is worth noting that many existing 

models12,14 also include age, endoscopy history, and/or the results of endoscopy 

examination as predictors, yielding seemingly high AUC estimates. However, models 

including endoscopy history and/or the results of endoscopy exams as predictors are not 

appropriate for recommending age for the first screening. Further, as these recommendations 

are provided based on individual risk profiles at a given age, it is important to ensure that the 

models based on risk factors other than age perform well. Our sex-specific models that 

include both environmental/lifestyle variables and common genetic variants without age and 

endoscopy history have improved discriminatory accuracy.

A few models were previously developed to determine the risk of CRC by including 

common genetic variants.9,13,17 Adding genetic information into a model increases the 

discriminatory accuracy significantly over a model using only family history. Dunlop et al. 

developed a model based on family history and 10 common genetic variants (AUC=0.56). 

Hsu et al. developed sex- and site-specific models by using family history and 27 common 

genetic variants with adjustment for endoscopy history (Men: AUC=0.59 and Women: 

AUC=0.56). Ibáñez-Sanz et al. included 21 genetic variants in addition to 6 environmental 

risk factors (AUC=0.63), although the bias due to variable selection may not be corrected. In 

this study, we included 63 common genetic variants known to be associated with CRC risk 

without variable selection and observed that AUC is further improved by including more 

variants (Men: AUC=0.59 and Women: AUC=0.59). Incorporating established lifestyle and 

environmental factors led to a further improvement in the discriminatory accuracy (Men: 

AUC=0.63 and Women: AUC=0.62).

Employing our risk prediction model can identify very high and low risk groups, which may 

have practical implications for screening recommendations. For example, for men with no 

family history, our previous model9 using 27 known GWAS variants showed that the 

recommended age for the first screening ranges from 47 to 52 years of age in the top 10% 

versus the bottom 10% of the G-score. In contrast, by adding an E-score and expanding the 

G-score to include more recently identified GWAS variants yielded a substantially wider 

range for recommending screening from 44 to 56 years of age. Similar improvement was 

observed for women and individuals with positive family history. Importantly, although the 

overall rate of CRC declined by about 27% from 1992 to 2009, the rate for the population 

aged less than 50 years has increased 29% over the same time period,38 and this sub-

population will not undergo screening under current guidelines. Under our risk prediction 

model, about 10% of men with no family history but at high risk by the combined risk score 

of E-score and G-score reach the risk threshold before the age of 44 years, suggesting that 

they may benefit from earlier screening. On the other hand, most people with positive family 

history do not reach the risk threshold until well after age 40 when the current guidelines 
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recommend to begin screening, and hence may be able to postpone screening. For example, 

a sizable fraction of women (62%) and men (15%) with positive family history but at low 

risk by the combined risk score do not reach the risk threshold until the age of 50 years. 

Using an E-score only model, the recommended age for the first screening among people 

with no family history ranges between 11 and 13 years between the top 1% and the bottom 

1% of risk score for men and women, respectively (Figure S3). When adding a G-score in 

the model, the range increases to between 20 and 25 years for men and women, respectively. 

This indicates that even with small improvement in discriminatory accuracy, the 

improvement in risk stratification based on combined family history, E- and G-scores can be 

substantial.

Through our broad risk assessment and determination of the starting age of screening based 

on a personal risk profile, we are taking the next step towards precision medicine for 

prevention of CRC, which remains one of the leading causes of cancer death. As genetic 

information is increasingly incorporated in electronic health records in both the research 

field (such as, eMERGE, CSER, Geisinger) and commercial field (e.g., Illumina’s BioBank 

chip at $25/subject),39–41 and online tools to assess lifestyle and environmental risk factors 

are available,42,43 personalizing the decision for starting age of screening may be advisable, 

as screening uptake may be increased for those at higher risk. People with positive family 

history are twice as likely to undergo screening, suggesting that awareness of individual risk 

is associated with increased uptake.9 We used colonoscopy as an example for recommended 

age to start screening. In other settings, e.g., an organized FIT screening program, the 

precise recommended age to start may be less critical. However, the USPSTF screening 

guideline for CRC recommends adults aged 50 to 75 years at average risk to start screening 

with no preferred screening test. When to start screening, regardless of screening modality, 

remains an important issue. Our model including both E- and G-scores shows that the range 

of recommended age to start can be as wide as 20 years for individuals at the top 1% and 

bottom 1%, suggesting the potential application of our model even for FIT screening. While 

we validated our model through AUC estimation using a half dataset via a 50–50 random 

split of data, it would benefit from external cohorts to evaluate other measures such as 

calibration, clinical efficacy, cost effectiveness, and potential ethical, social and legal 

concerns.

Our risk prediction models are sex-specific because of the following considerations. Of the 

lifestyle and environmental factors included to construct an E-score, some risk factors 

showed sex differences. Although pack years of smoking and dietary variables were coded 

to sex- and study-specific quartiles to harmonize those across sexes and studies, other 

variables (e.g., height, alcohol consumption, family history, endoscopy history) showed 

different distributions by sex (Table 1). Post-menopausal hormone use is only applicable to 

women. Further, there is a potential sex-specific disparity in CRC risk, with men having a 

higher CRC incidence rate than women.

The overall missing rates for the most variables were relatively low (<10%) except for a few 

variables such as hormone replacement therapy and physical activity (~16%). We explored 

various approaches for handling missingness when building the E-score. These approaches 

include the complete-case analysis, missing indicator approach, multiple imputation, and 
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mean imputation. The results were consistent despite all approaches taken. Therefore, we 

adopted the most straightforward mean imputation approach to handle the missing values.

Our study has several strengths. First, we used a standardized protocol to harmonize the 

lifestyle and environmental factors leading to consistent and robust associations across all 

studies. Second, our E-score and G-score are broad, including 19 lifestyle and environmental 

factors and all known GWAS loci discovered to date. Our machine learning approaches 

selected almost all of these factors into the model, confirming a role for each of these factors 

in risk determination. Third, our sample size is very large and, hence, the parameter 

estimates are reasonably precise. Lastly, our estimates for the association of endoscopy 

history and family history with CRC risk are consistent with the expected effects reported in 

other literature44,45, which render credibility for our model. In summary, our model led to 

robust risk prediction.

There are limitations. There was lack of detailed information on CRC endoscopic screening 

(colonoscopy vs. sigmoidoscopy) and other screening tests such as fecal immunochemical 

test in some studies. As screening may confound the association of E-score and CRC risk, it 

is conceivable that including more detailed information on screening may provide more 

accurate estimates for the effect of E-score, and therefore a more precise estimation of CRC 

risk. Second, family history is a binary variable of whether or not a person had one or more 

first-degree relatives with CRC. Including additional information, such as number of first-

degree relatives with CRC and the age at diagnosis of CRC among the relatives may provide 

more accurate estimates for the strength of CRC-association with family history.46 However, 

our sensitivity analysis using a subset of our data did not show much improvement in 

discriminatory accuracy by incorporating the more detailed family history information 

(Tables S10 and S11). Third, our G-score included only the known common genetic 

susceptibility variants for CRC. However, a sizable fraction of CRC could occur by familial 

heritability, and only a small fraction of this heritability is currently explained by known 

common genetic variants.47 Thus there is potential to further improve risk detremination by 

incorporating genetic variants that have not reached the GWAS significance level.48 Also 

highly penetrant genes, such as DNA mismatch repair genes49 or APC, could improve the 

risk prediction. However, carriers of highly penetrant mutations are undergoing substantially 

different testing than the general population with sporadically occurring cancer, and thus are 

not the focus of our risk prediction effort. Fourth, the E-score is based on questionnaire data 

and the measurements for lifestyle and environmental variables, in particular, dietary intake 

and physical activity, may not be reliable.50 As such it may lead to a reduced discriminatory 

accuracy. Recent developments in objective measurements of environmental and lifestyle 

variables (e.g., wearable devices and metabolomics) have the potential to improve risk 

prediction and discrimination. Fifth, the E-score, G-score, family history and endoscopy 

history were established based on the information collected at the reference time in each 

study, and treated as fixed characteristics that do not change over lifetime. This is true for the 

G-score, however, other variables may change over the course of the person’s life. Our 

models did not account for such changes due to lack of information. Lastly, our data were 

restricted to only European descendants and consequently our models may not provide 

accurate CRC risk prediction for other ancestry groups.
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In conclusion, we demonstrate that both lifestyle and environmental factors and common 

GWAS variants are independent risk predictors for CRC and improved the discriminatory 

accuracy significantly compared with models that used only family history information. The 

models yield a wide range of clinically actionable variation in risk stratification as 

demonstrated by the recommendation on when to start screening. These models may be 

useful to prioritize those at high risk for targeted prevention or intervention and to reduce 

emphasis on those at low risk of developing CRC, thereby optimizing utilization of 

screening in clinical practice with individually tailored prevention strategies. Various 

aspects, of course, should be considered when utilizing the models for real clinical use such 

as difficulty of collecting data for some variables like total caloric intake. Our model 

incorporating the most established or likely associated environmental/lifestyle risk factors as 

well as known common genetic variants discovered to date could serve as the reference for 

any subsequent parsimonious model development, which may exclude some variables that 

are more difficult to assess and would make clinical implication of the model less feasible. 

Models that incorporate both environmental/lifestyle risk factors and common genetic 

variants may serve as the first step toward developing individually tailored CRC prevention 

strategies.
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Figure 1. 
Estimate of 10-year absolute risk of CRC at 1st, 5th, 10th, 50th, 90th, 95th, 99th percentiles 

of risk score under various models for an individual aged 50 years who did not have a prior 

endoscopy. FH: family history only model, FH+E: family history and environmental risk 

score (E-score) model, FH+G: family history and genetic risk score (G-score) model, FH+E

+G: family history and E-score and G-score model.
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Figure 2. 
Recommended age to start CRC screening by various risk scores, which was based on both 

environmental risk score (E-score) and genetic risk score (G-score). The horizontal lines 

represent the recommended age for the first endoscopy depending on family history in the 

current screening guideline for CRC. The risk threshold to determine the age for the first 

screening was set as the average of 10-year CRC risks for a 50-year-old man (1.25%) and 

woman (0.68%), i.e., (1.25%+0.68%)/2=0.97%, who have not previously received an 

endoscopy.
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Table 1

Descriptive characteristics of environmental and lifestyle risk factors in study population of the training 

dataset.

Men Women

Variable
Cases

(N=2307)
Controls
(N=2359)

Cases
(N=2568)

Controls
(N=2932)

Age

  Mean (SD) 67.8 (9.7) 68.0 (10.0) 68.8 (9.7) 69.7 (8.8)

Height (cm)

  Mean (SD) 175.8 (7.4) 176.1 (7.4) 162.5 (6.3) 162.4 (6.4)

BMI (kg/m2)

  Mean (SD) 27.8 (4.3) 27.1 (3.8) 27.4 (5.3) 26.6 (4.9)

Family history

  Yes (%) 333 (14.4) 250 (10.6) 401 (15.6) 368 (12.6)

Endoscopy history1

  Yes (%) 451 (19.5) 838 (35.5) 692 (26.9) 1071 (36.5)

Education2

  Cat1 (%) 355 (15.4) 306 (13.0) 438 (17.1) 440 (15.0)

  Cat2 (%) 699 (30.3) 597 (25.3) 744 (29.0) 717 (24.5)

  Cat3 (%) 525 (22.8) 588 (24.9) 650 (25.3) 755 (25.8)

  Cat4 (%) 699 (30.3) 830 (35.2) 705 (27.5) 989 (33.7)

Diabetes

  Yes (%) 310 (13.4) 269 (11.4) 269 (10.5) 204 (7.0)

Lifestyle factors

    Physical activity

      Yes (%) 1111 (48.2) 1212 (51.4) 1037 (40.4) 1116 (38.1)

    Smoking status

      Ever smoker (%) 1526 (66.1) 1445 (61.3) 1124 (43.8) 1292 (44.1)

    Smoking pack-years3

      Mean (SD) 1.7 (1.5) 1.6 (1.4) 1.1 (1.5) 1.1 (1.4)

    Alcohol consumption

      < 1g/day (%) 742 (32.2) 764 (32.4) 1427 (55.6) 1556 (53.1)

      1–28 g/day (%) 918 (39.8) 1086 (46.0) 831 (32.4) 1080 (36.8)

      >28 g/day (%) 419 (18.2) 329 (13.9) 115 (4.5) 138 (4.7)

Pharmaceutical factors

    Aspirin use

      Yes (%) 667 (28.9) 822 (34.8) 572 (22.3) 783 (26.7)

    NSAIDs use

      Yes (%) 171 (7.4) 217 (9.2) 440 (17.1) 596 (20.3)

    Post-menopausal hormone use

      Yes (%) - - 693 (27.0) 1085 (37.0)

Dietary factors
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Men Women

Variable
Cases

(N=2307)
Controls
(N=2359)

Cases
(N=2568)

Controls
(N=2932)

    Fiber4

      Mean (SD) 1.6 (0.9) 1.5 (0.9) 1.6 (1.0) 1.5 (1.0)

    Calcium4

      Mean (SD) 1.6 (1.1) 1.5 (1.1) 1.7 (1.1) 1.5 (1.1)

    Folate4

      Mean (SD) 1.6 (0.9) 1.5 (0.9) 1.6 (1.0) 1.5 (1.0)

    Processed meat4

      Mean (SD) 1.5 (1.0) 1.4 (1.0) 1.5 (1.0) 1.4 (1.0)

    Red meat4

      Mean (SD) 1.5 (1.0) 1.3 (1.0) 1.5 (1.1) 1.4 (1.1)

    Fruit4

      Mean (SD) 1.7 (0.9) 1.7 (0.9) 1.7 (1.0) 1.6 (1.0)

    Vegetable4

      Mean (SD) 1.7 (0.9) 1.6 (0.9) 1.6 (1.0) 1.5 (1.0)

    Total energy

      Mean (SD) 2265.1 (702.7) 2249.7 (678.2) 1679.6 (549.8) 1720.5 (587.1)

Combined risk scores

    E-score

      Mean (SD) 59.9 (28.5) 49.6 (29.1) 59.9 (27.9) 49.5 (29.0)

    G-score

      Mean (SD) 58.7 (28.4) 48.9 (29.2) 58.2 (28.2) 50.0 (28.6)

1
Endoscopy history was entirely missing in five studies (MCCS, MECC, Kentucky, NFCCR, Colo2&3), so these studies were excluded when we 

compute the summary statistic for endoscopy history.

2
Education variable has four categories. Cat1: less than high school graduate, Cat2: high school graduate or completed GED, Cat3: some college or 

technical school, Cat4: college graduate or more.

3
Smoking pack-years among ever smokers was harmonized across studies by sex- and study-specific quartiles, and assigned values 1,2,3,4. For 

never smokers, it was assigned as “0”. This variable was treated as continuous variable in the analysis.

4
Dietary variables (fiber, calcium, folate, processed meat, red meat, fruit, vegetable) were harmonized across studies by sex- and study-specific 

quartiles, and assigned values 0,1,2,3 in the order of increasing risk marginally. These variables were treated as continuous variables in the analysis.
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Table 2

Odds ratio (95% CI) of risk factors associated with CRC risk in the model building dataset.

Men (N= 4,666) Women (N= 5,500)

Variable OR (95% CI) OR (95% CI)

E-score* 1.36 (1.29 to 1.44) 1.35 (1.28 to 1.42)

G-score* 1.34 (1.27 to 1.42) 1.30 (1.23 to 1.36)

Family history

  No 1.00 1.00

  Yes 1.67 (1.38 to 2.03) 1.46 (1.24 to 1.72)

Endoscopy history

  No 1.00 1.00

  Yes 0.29 (0.24 to 0.34) 0.53 (0.47 to 0.61)

  Missing 0.46 (0.30 to 0.71) 0.67 (0.49 to 0.91)

The logistic regression model includes study, age, E-score, G-score, family history, endoscopy history, genotype platform, and PCs.

*
ORs for E-score and G-score per quartile increase
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Table 3

AUC comparisons between risk prediction models in the validation dataset.

Men (N= 4,658) Women (N= 5,514)

AUC (95% CI) AUC (95% CI)

Model I

  Family history 0.53 (0.52 to 0.54) 0.54 (0.52 to 0.55)

Model II

  Family history & E-score 0.60 (0.59 to 0.61) 0.60 (0.59 to 0.61)

PII vs. IV= 1.0×10−11 PII vs. IV= 6.4×10−12

Model III

  Family history & G-score 0.59 (0.58 to 0.60) 0.59 (0.58 to 0.60)

PIII vs. IV ~ 0 PIII vs. IV ~ 0

Model IV

  Family history & E-score & G-score 0.63 (0.62 to 0.64) 0.62 (0.61 to 0.63)

The analyses were adjusted for study, age, and endoscopy history.
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