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Assessing risk of colorectal adenoma at first-time colonoscopy that are of higher likelihood of developing advanced neoplasia

during surveillance could help tailor first-line colorectal cancer screening. We developed prediction models for high-risk colo-

rectal adenoma (at least one adenoma �1 cm, or with advanced histology, or �3 adenomas) among 4,881 asymptomatic

white men and 17,970 women who underwent colonoscopy as their first-time screening for colorectal cancer in two prospec-

tive US studies using logistic regressions. C-statistics and Hosmer–Lemeshow tests were used to evaluate discrimination and

calibration. Ten-fold cross-validation was used for internal validation. A total of 330 (6.7%) men and 678 (3.8%) women were

diagnosed with high-risk adenoma at first-time screening colonoscopy. The model for men included age, family history of

colorectal cancer, BMI, smoking, sitting watching TV/VCR, regular aspirin/NSAID use, physical activity, and a joint term of mul-

tivitamin and alcohol. For women, the model included age, family history of colorectal cancer, BMI, smoking, alcohol, beef/

pork/lamb as main dish, regular aspirin/NSAID, calcium, and oral contraceptive use. The C-statistic of the model for men was

0.67 and 0.60 for women (0.64 and 0.57 in cross-validation). Both models calibrated well. The predicted risk of high-risk ade-

noma for men in the top decile was 15.4% vs. 1.8% for men in the bottom decile (Odds Ratio [OR]59.41), and 6.6% vs.

2.1% for women (OR53.48). In summary, we developed and internally validated an absolute risk assessment tool for high-

risk colorectal adenoma among the US population that may provide guidance for first-time colorectal cancer screening.

The decline in the incidence and mortality of colorectal can-

cer over the past two decades in the United States are largely

attributable to colorectal cancer screening through prevention

(identification and removal of polyps) and early detection.1

Current screening guideline recommends adults with average

risk of colorectal cancer should start screening at age 50 and

at age 40 in general for people with family history.2 Never-

theless, 35% of Americans aged 50–75 are not up-to-date

with colorectal cancer screening.3 Despite a lack of consensus

about a single best screening strategy, the demand for colo-

noscopy has surged in the past decade coincident with a

decline in the use of sigmoidoscopy and fecal occult blood

test. However, the majority of people who undergo colono-

scopy do not harbor polyps.4,5 Finally, substantial uncertainty

exists about whether national colonoscopy capacity would be

sufficient for more widespread use of colonoscopy as the pri-

mary screening test.6–9 Therefore, tailoring colorectal cancer

screening by identifying high risk individuals who should be

encouraged to get a colonoscopy is critical for the efficient

use of healthcare resources.4,10,11

Risk assessment tools for colorectal cancer have been

developed but the impact of previous endoscopy on subse-

quent cancer development was not fully assessed or was not

designed to use in clinical settings because of requirement of

periodic follow-up examinations.12–16 Alternatively, risk pre-

diction for colorectal advanced adenoma may be more

informative for screening and conservative for cancer preven-

tion. According to the adenoma-carcinoma sequence,17

advanced adenomas (�1 cm in diameter or with tubulovil-

lous or villous histologic features or high-grade/severe
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dysplasia), are the link between benign adenoma to colorectal

cancer, and thus are considered as the primary target in

screening endoscopies.4,18–21 In addition, multiplicity of

adenomas (�3) were associated with 2- to 5-fold increased

risk of subsequent detection of advanced adenomas and can-

cer, and similar to advanced adenoma, surveillance at 3 years

is recommended once identified.22,23

A few risk prediction tools for advanced adenoma/neopla-

sia have been established recently among Asians and Euro-

peans,24–28 but none were among US adults or restricted

exclusively to first screening colonoscopy to aid risk stratifica-

tion of first-time screening; we therefore sought to develop a

risk assessment tool for high-risk colorectal adenoma

(advanced adenoma or �3 adenomas) that can be imple-

mented in clinical/general settings through evaluating a com-

prehensive list of risk factors, among white men and women

who underwent colonoscopy as their first routine screening

for colorectal cancer.

Material and Methods

Study population

We utilized two large ongoing prospective cohort studies; the

Health Professionals Follow-up Study (HPFS), a cohort study

of 51,529 US male health professionals aged 40–75 at enroll-

ment in 1986, and the Nurses’ Health Study (NHS), a cohort

study of 121,700 US female nurses aged 30–55 at enrollment

in 1976. Participants have been mailed questionnaires at

enrollment and 2 years thereafter to collect data on demo-

graphics, lifestyle factors, medical history, and disease out-

comes and every 4 years to report update in dietary intake.

The follow-up rates in both cohorts have been >90%. The

study protocol was approved by the institutional review

boards of the Harvard School of Public Health and Brigham

and Women’s Hospital.

Between 1988 and 2002, both cohorts inquired whether

the participants had a sigmoidoscopy or colonoscopy during

the past 2 years and the indications for these procedures.

Starting with the 2004 questionnaires, sigmoidoscopy and

colonoscopy were assessed separately, and participants were

also asked to provide information on when they had a sig-

moidoscopy versus colonoscopy in any of the 2-year period

in the past, including procedures before 1986.

We included asymptomatic men and women who were

initially free of cancer (except non-melanoma skin cancer),

ulcerative colitis, and who had reported colonoscopy as their

first-time screening endoscopy for colorectal cancer between

1988–2008 (HPFS) and 1986–2008 (NHS). Because most of

the participants were white (90% in HPFS and 97% in NHS),

we restricted our analysis to white men and women. Individ-

uals who reported occult or visible blood, diarrhea, constipa-

tion or abdominal pain as the indication(s) for the first

colonoscopy were excluded.

Identification of cases and noncases

On each biennial questionnaire, participants were asked

whether polyps had been diagnosed in the past 2 years.

When a diagnosis was reported, we obtained informed con-

sent to acquire medical records and pathology reports. Inves-

tigators blinded to any exposure information reviewed all

records and extracted data on histological type, anatomic

location and size of the polyps. If more than one adenoma

was diagnosed, the subject was classified according to the

adenoma of the largest size and most advanced histological

characteristics.

Men or women diagnosed with at least one adenoma

�1 cm in diameter, or with advanced histology (tubulovillous

or villous histologic features or high grade or severe dyspla-

sia), or �3 adenomas at their first colonoscopy were consid-

ered as high-risk adenomas and cases in this analysis. Non-

cases included those diagnosed with other adenomas or

hyperplastic polyps, or free of polyps at their first

colonoscopy.

Assessment of risk factors

While selecting the set of risk factors for evaluation, we thor-

oughly reviewed existing epidemiological evidence as well as

the simplicity of each risk factor assessment to ensure that

our tool can be implemented in clinical and general settings.

For risk factors with periodic updates in our cohorts, we

extracted the most updated information before the report of

the first colonoscopy without taking advantages of multiple

measures over time, which may better reflect long-term expo-

sure but is more impractical to implement.

We considered the following established/potential risk fac-

tors for advanced adenoma, multiple adenomas, and colo-

rectal cancer including age, personal history of diabetes,

family history of colorectal cancer in first-degree relatives,

regular use of aspirin or NSAIDs (nonsteroidal anti-

inflammatory drugs), multivitamin use, body mass index

(BMI, kg m22), height (cm), calcium intake (mg day21) from

supplement and food (total daily intake of milk, yogurt and

calcium fortified orange juice multiplied by 300 mg),

What’s new?

Population screening has dramatically reduced mortality rates for colorectal cancer (CRC) in the U.S. However, colonoscopy is

expensive, and healthcare resources need to be more efficiently allocated. In this study, the authors developed and validated

a comprehensive risk-assessment tool for high-risk colorectal adenoma. This tool, which includes a list of risk factors, may

allow first-line colorectal cancer screening to identify people who are at increased risk. These people could then be encour-

aged to undergo colonoscopy, and to alter their behavior and lifestyle factors to lower their risk.
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supplemental vitamin D (IU day21), red meat intake in serv-

ings of beef/pork/lamb as a main dish, smoking in pack-years

calculated as the product of packs of cigarettes smoked daily

and the total years of smoking, alcohol intake (g day21) from

total daily servings of beer, white wine, red wine and liquor,

and sedentary behavior indicated by weekly hours of sitting

watching TV/VCR. Physical activity level (low, moderate,

high) was derived from weekly hours of brisk walking (�3

miles/h) and time engaged in vigorous activities of �6 meta-

bolic equivalents (running, jogging, bicycling, swimming, ten-

nis, squash, racquetball and aerobics). We also evaluated oral

contraceptive use, menopausal status and postmenopausal

hormone use among women. The details of each risk factor

assessment and validation were described previously.29–33

Because of the impracticality of using food frequency ques-

tionnaires to evaluate total dietary folate and vitamin D in

clinical/general settings, we considered multivitamin use and

supplemental vitamin D, which may capture part of the var-

iations of the total intake of these two nutrients. Because the

adverse effect of alcohol consumption on colorectal ade-

noma/cancer risk may be ameliorated by folic acid intake, we

assessed the joint effect of alcohol and multivitamin use.34,35

When participants had missing information on a certain risk

factor, we carried information assessed from the previous

questionnaire. Participants with missing information after

carrying forward were excluded.

Statistical analysis

For each risk factor, we first assessed its association with high-

risk adenoma adjusting for 5-year age group by logistic regres-

sion. To assess dose-response, we compared the model fit

between the models with continuous vs. categorical risk factor

using log likelihood ratio test. We tested for statistical interac-

tion by adding a cross-product term of the two variables to a

model along with the main effects and compared to the model

with only main effects using a log likelihood ratio test.

Stepwise multiple logistic regressions with pentry5 0.15 and

pstay5 0.20 were used to build the prediction model in men

and women, respectively. Odds ratios (ORs) and 95% confi-

dence intervals (CI) of high-risk colorectal adenoma were pre-

sented. Predicted risk of high-risk colorectal adenoma was

calculated by exp(bo1
P
biXi)/(11 exp(bo1

P
biXi)), where bo

was the intercept, and bi was the regression coefficient for risk

factor Xi.

Receiver-operating characteristic (ROC) curves were plot-

ted for the final models as well as the models with age, and

age and family history of colorectal cancer to evaluate the

impact of adding modifiable risk factors to the current risk

stratification criterion. C-statistics and age-adjusted C-statis-

tics36 which capture the predictive ability of the model with-

out the impact of age were calculated to evaluate the

discriminatory ability. Because of a limited sample size and

overly pessimistic estimates of performance with large vari-

ability by split-sample method, as well as complex computa-

tion involved in bootstrapping, ten-fold cross-validation was

performed to validate the models internally.37 We first ran-

domly divided the data into 10 subsets, fitted the final model

in 90% of the data (training set) and estimated the predictive

risk of high-risk adenoma in the remaining 10% of the data

(test set). We repeated this procedure for all the 10 subsets,

and calculated the average C-statistics in the 10 test sets.

We assessed calibration by Hosmer–Lemeshow (HL)

goodness-of-fit test comparing observed and predicted proba-

bilities across deciles of predicted risk. pHL values >0.05 indi-

cate adequate calibration.

As sensitivity analyses, we examined whether using con-

tinuous instead of categorical variables and a unisex model

would improve discrimination. All the statistical analyses

were conducted using SAS version 9.3 (SAS Institute, Cary,

NC).

Results

A total of 4,881 men and 17,970 women had completed colo-

noscopy as their first endoscopy for routine colorectal cancer

screening by 2008, and 330 (6.7%) men and 678 (3.8%)

women were diagnosed with high-risk adenoma (Table 1).

In the final risk model for men, factors positively associ-

ated with risk of high-risk adenoma included age, family his-

tory of colorectal cancer, BMI, pack-years of smoking and

time spent sitting watching TV/VCR (Table 2). Factors asso-

ciated with reduced risk included regular use of aspirin/

NSAIDs and moderate to high levels of physical activity. The

risk model also included a joint term of alcohol intake and

multivitamin use, with the highest risk observed among men

who never took multivitamin and consumed �30 g of alco-

hol per day compared to men who never took multivitamin

and consumed <5 g of alcohol per day.

The risk model for women included the following factors

that were positively associated with risk of high-risk ade-

noma: age, family history of colorectal cancer, BMI, smoking

pack-years, alcohol intake, beef/pork/lamb as main dish; and

factors that were inversely associated with risk of high-risk

adenoma, including regular aspirin or NSAID use, calcium

intake from supplement and food (milk, yogurt and orange

juice), and oral contraceptive use (Table 2).

The C-statistic of the risk model for men was 0.67 (0.63

after adjusting for 5-year age group), and 0.60 (age-adjusted

0.59) for women (Table 3). C-statistics were not improved if

continuous variables were used (0.65 for men and 0.59 for

women) or when a unisex model with interactions was built

combining data from men and women (0.64 for men and

0.59 for women).

In 10-fold cross-validation, the average C-statistic across

the 10 test sets was 0.64 for men, and 0.57 for women. The

discriminatory power of the model was higher among men

younger than 65 (C-statistic5 0.69), and was less satisfactory

among men aged 65 and above (C-statistic5 0.60); but was

similar for women aged <65 and 65 and above.

Significant improvement in C-statistics (overall, age-

specific, age-adjusted overall and by type and location of
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high-risk adenoma) were observed in both men and women

when our models were compared to the models with only

age and family history (Table 3), suggesting the importance

of adding modifiable lifestyle risk factors to the risk stratifi-

cation of high-risk adenoma. ROC curves in Figure 1 indi-

cate that our models were also superior to models with age

alone.

In both men and women, our models were better at pre-

dicting �3 adenomas (C-statistic5 0.68 for men and 0.65 for

women), compared to large adenomas and adenomas of

Table 1. Age-standardized characteristics of participants at first-time screening colonoscopy, HPFS (1988–2008) and NHS (1986–2008)

Men Women

Characteristic

High-risk
adenoma
(n5330)

Noncases
(n54,551)

High-risk
adenoma
(n5678)

Noncases
(n517,292)

Age (yrs)1 65.6 (7.3) 63.1 (8.1) 65.0 (7.3) 64.2 (7.2)

Personal history of diabetes (%) 8.0 6.5 7.0 7.0

Family history of colorectal cancer (%) 20.6 15.7 28.6 22.0

Height (cm) 179 (6) 179 (7) 164 (6) 164 (6)

BMI (kg m22) 27.0 (3.6) 26.4 (3.7) 27.0 (5.3) 26.6 (5.2)

Postmenopausal hormone use (%)

Never 25.9 22.9

Past 28.9 35.4

Current 40.6 37.0

Premenopausal (%) 4.6 4.8

Former or current oral contraceptive user (%) 52.6 56.2

Regular aspirin user (%) 35.7 39.7 36.8 39.9

Regular NSAID user (%) 17.7 24.4 35.3 41.5

Multivitamin

Never (%) 25.0 18.4 2.9 3.0

Past (%) 17.9 20.6 37.8 29.8

Current (%) 57.1 61.0 59.2 67.2

Years of use 12.4 (7.8) 12.8 (8.1) 8.3 (6.6) 8.2 (6.2)

Calcium intake (mg day21)2 450 (437) 510 (465) 845 (598) 911 (608)

Vitamin D from supplement (IU day21) 192 (235) 214(248) 238 (253) 288 (275)

Beef/pork/lamb as main dish, servings/wk 1.8 (1.4) 1.7 (1.5) 1.5 (1.3) 1.4 (1.3)

Former or current smoker (%) 61.8 54.0 58.4 54.0

Pack-years of smoking 23.4 (19.8) 17.9 (17.2) 23.1 (18.4) 20.5 (17.7)

Alcohol (g day21) 12.7 (14.9) 12.1 (15.4) 6.6 (11.9) 5.8 (10.0)

Brisk walking (h wk21)3 1.6 (4.2) 1.9 (4.0) 0.8 (1.9) 0.9 (2.2)

Vigorous activity (h wk21)3 1.4 (2.3) 2.0 (3.6) 1.1 (4.0) 0.9 (2.3)

Physical activity3

Low (%) 43.9 33.8 48.2 49.5

Moderate (%) 28.7 32.6 37.7 34.9

High (%) 27.3 33.6 14.1 15.5

Sitting watching TV/VCR (h day21) 1.5 (1.2) 1.4 (1.2) 1.8 (1.6) 1.8 (1.6)

1All values were calculated from the most recent questionnaire before the first colonoscopy, and other than age, have been directly standardized to
age distribution of all the participants. Mean (SD) was presented for continuous variables.
2Calcium intake was the sum of calcium intake from supplement and food. Calcium from food was derived by multiplying the total daily intake of
milk, yogurt and fortified orange juice by 300 mg.
3Physical activity was defined by levels of brisk walking (walking speed �3 miles hr21) and vigorous activity (activities with �6 metabolic equiva-
lents including running, jogging, bicycling, swimming, tennis, squash, racquetball, and aerobics). Low: 0–4.9 hrs of brisk walking per week and no
vigorous activity; moderate: 0–4.9 hrs of brisk walking and 0.1–2.9 hrs of vigorous activity; high: �5 hrs of brisk walking or �3 hrs of vigorous
activity.
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Table 2. Risk prediction models for high-risk colorectal adenoma at first-time screening colonoscopy

Men Women

Characteristic
Case/non-case
(330/4551) OR (95% CI) p*

Case/noncase
(678/17,292) OR (95% CI) p*

Age (yrs)

<55 17/639 1.00 – <0.001 61/1,550 1.00 – 0.10

55–59 62/1,195 2.00 (1.15,3.47) 105/3,347 0.85 (0.61,1.17)

60–64 84/1,019 3.08 (1.80,5.29) 172/4,781 0.96 (0.71,1.31)

65–69 73/750 3.42 (1.97,5.91) 165/3,882 1.13 (0.83,1.54)

�70 94/948 3.64 (2.13,6.23) 175/3,732 1.26 (0.92,1.73)

Family history of
colorectal cancer

65/719 1.43 (1.07,1.91) 0.01 193/3,814 1.41 (1.18,1.67) <0.001

BMI (kg m22)1

Quartile 1 54/1,192 1.00 – <0.001 149/4,349 1.00 – 0.14

Quartile 2 90/1,172 1.59 (1.12,2.26) 167/4,338 1.14 (0.91,1.43)

Quartile 3 87/1,050 1.69 (1.18,2.41) 181/4,330 1.23 (0.99,1.54)

Quartile 4 99/1,137 1.73 (1.22,2.47) 181/4,275 1.29 (1.03,1.61)

Aspirin (regular
vs. non-regular)

121/1,801 0.78 (0.62,0.99) 0.03 253/6,901 0.88 (0.75,1.04) 0.15

NSAIDs (regular
vs. non-regular)

64/1,110 0.70 (0.53,0.93) 0.02 238/7,186 0.77 (0.65,0.91) 0.001

Smoking, pack-years

Never smoked 121/2,101 1.00 – 0.008 283/7,950 1.00 – <0.001

1–4 36/646 0.91 (0.62,1.35) 61/1,910 0.93 (0.70,1.24)

5–19 66/839 1.29 (0.94,1.77) 132/3,380 1.11 (0.90,1.37)

20–39 69/674 1.46 (1.06,2.01) 122/2,683 1.25 (1.00,1.55)

�40 38/291 1.64 (1.10,2.45) 80/1,369 1.50 (1.15,1.95)

Physical activity2

Low 145/1,534 1.00 – 0.06

Moderate 98/1,486 0.81 (0.62,1.07)

High 87/1,531 0.70 (0.53,0.94)

Sitting watching
TV/VCR (h day21)

<0.5 78/1,267 1.00 – 0.004

0.5–<2 110/1,831 1.03 (0.76,1.39)

�2 142/1,453 1.49 (1.11,1.99)

Alcohol*Multivitamin

<5 g day21, never
used multivitamin

25/392 1.00 – 0.08

<5 g day21, ever
used multivitamin

104/1,602 1.03 (0.65,1.62)

5–29 g day21, never
used multivitamin

34/356 1.44 (0.84,2.49)

5-29 g day21, ever
used multivitamin

121/1,675 1.19 (0.75,1.88)

�30 g day21, never
used multivitamin

15/92 2.32 (1.15,4.66)

�30 g day21, ever
used multivitamin

31/434 1.02 (0.59,1.79)

Calcium (mg day21)3
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advanced histology (Table 3). The C-statistics were similar

across sub-sites of the colorectum (i.e., proximal, distal and

rectal high-risk adenomas).

Both models calibrated well across deciles of predicted

risk (pHL5 0.48 for men and 0.96 for women) (Table 4). The

predicted risk of high-risk adenoma for men in the top decile

was 15.4% compared to 1.8% for men in the bottom decile

(OR5 9.41; 95% CI 4.46–19.8). For women, the predicted

risk in the top decile was 6.6% compared to 2.1% for women

in the bottom decile (OR5 3.48; 95% CI 2.38–5.08). The

Table 2. Risk prediction models for high-risk colorectal adenoma at first-time screening colonoscopy (Continued)

Men Women

Characteristic
Case/non-case
(330/4551) OR (95% CI) p*

Case/noncase
(678/17,292) OR (95% CI) p*

<300 139/2,881 1.00 – 0.07

300–599 132/3,173 0.88 (0.69,1.13)

�600 407/11,238 0.80 (0.66,0.98)

Oral contraceptive
(ever vs. never)

346/9,728 0.89 (0.76,1.05) 0.03

Alcohol
(�30 vs.<30 g day21)

40/712 1.32 (0.95,1.85) 0.09

Beef/pork/lamb as
main dish, servings

<2/mo 163/4,506 1.00 – 0.05

2/mo–<2/wk 286/7,558 1.08 (0.88,1.31)

�2/wk 229/5,228 1.26 (1.02,1.55)

*p values for stepwise selection.
1BMI quartile cutoff points in men: 24.1, 25.9, 28.2 kg m22; in women: 22.9, 25.8, 29.3 kg m22.
2Physical activity was defined by levels of brisk walking (walking speed �3 miles/hr) and vigorous activity (activities with �6 metabolic equivalents
including running, jogging, bicycling, swimming, tennis, squash, racquetball and aerobics). Low: 0–4.9 hrs of brisk walking per week and no vigor-
ous activity; moderate: 0–4.9 hrs of brisk walking and 0.1–2.9 hrs of vigorous activity; high: �5 hrs of brisk walking or �3 hrs of vigorous activity.
3Calcium intake was the sum of calcium intake from supplement and food. Calcium from food was derived by multiplying the total daily intake of
milk, yogurt and fortified orange juice by 300 mg.

Table 3. C-statistics of the risk prediction models for high-risk colorectal adenoma compared with models with age and family history

Men Women

Case/
noncase

Age1
family history

Final
model p

Case/
noncase

Age1
family history

Final
model p

C C C C

Overall 330/4,551 0.61 0.67 <0.001 678/17,292 0.56 0.60 <0.001

By age

<65 163/2,853 0.61 0.69 <0.001 338/9,678 0.54 0.58 0.01

�65 167/1,698 0.52 0.60 0.01 340/7,614 0.55 0.60 0.003

Age-adjusted1 330/4,551 0.53 0.63 <0.001 678/17,292 0.53 0.59 <0.001

By type1

�1 cm in diameter 242/4,551 0.52 0.61 <0.001 508/17,292 0.53 0.59 <0.001

Advanced histology2 150/4,551 0.56 0.63 0.01 364/17,292 0.54 0.60 <0.001

�3 adenomas 126/4,551 0.53 0.68 <0.001 140/17,292 0.55 0.65 <0.001

By location1

Rectal 68/4,551 0.47 0.62 0.001 130/17,292 0.53 0.59 0.03

Distal 178/4,551 0.54 0.64 <0.001 378/17,292 0.53 0.61 <0.001

Proximal 124/4,551 0.54 0.65 <0.001 226/17,292 0.55 0.59 0.07

1Adjusted for 5-year age groups
2With villous components (tubulovillous or villous), or with high-grade or severe dysplasia.
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models also calibrated well among people under age 65 and

aged 65 and above.

Discussion

Using data of two large prospective cohort studies, we exten-

sively evaluated established and potential risk factors for

colorectal neoplasia to develop separate risk prediction mod-

els for high-risk adenoma among 22,851 asymptomatic white

men and women who underwent colonoscopy as the first

routine screening for colorectal cancer. The models per-

formed adequately in terms of discriminatory accuracy and

goodness-of-fit. To the best of our knowledge, this set of pre-

diction models is the first comprehensive tool for risk assess-

ment of high-risk adenoma among asymptomatic US adults.

The unique strengths of our study are (i) the use of high-

risk adenoma diagnosed at first-time screening colonoscopy

as the primary study endpoint, which is not influenced by

previous screening history, provide direct information to

those who never had a colorectal cancer screening, and is

more conservative and informative for cancer prevention as

advanced adenomas are precursors of the majority of colo-

rectal cancers and the target of screening colonoscopies, and

multiple adenomas infer higher risk of detection of advanced

adenoma at surveillance colonoscopy; (ii) the estimation of

absolute risk, a more useful parameter in clinical decision

than relative risks alone; (iii) the attempt to develop a simple

risk calculator that could be conveniently used in general set-

tings by taking into account the feasibility of each risk factor

assessment; (iv) the ability to consider a wide variety of pro-

spectively collected data on established and suspected risk

factors of colorectal neoplasia for model development; (v) the

comparison to the models with only age and family history

to evaluate the impact of adding modifiable risk factors to

the current screening risk stratification criterion.

Previous models established in other western coun-

tries24,27,28 did not address the above issues at the same time.

Most importantly, these models were developed in mixed

population with first and surveillance colonoscopies. Risk of

recurrent adenomas largely depends on pathologic findings in

the first screening colonoscopy and could not help address

whether the baseline screening colonoscopy should be initi-

ated. As risk factors as well as strengths of associations may

also vary for prevalent and recurrent adenomas, these models

need to be improved. Discrimination of the model by Tao

et al. will be less optimal in discrimination (C-statistic 0.67)

when restricted to first colonoscopies because previous colo-

noscopy and polyps history (relative risk [RR]5 0.4 and 3.2,

respectively) were the strongest risk factors included in the

model.24 Moreover, established and prevalent risk factors,

such as aspirin/NSAID use was not included in Kaminski

et al.28 and Betes et al.27

Gender-specific absolute risk prediction models for colo-

rectal cancer have been developed utilizing two case-control

studies and SEER data, and validated in an external population

with modest C-statistics (0.61 for both men and women).13,14

However, risk factors were assessed retrospectively, history of

endoscopies were only accessed crudely up to previous 10 years

with missing data, and a list of establish/potential risk factors

were not evaluated in the model development (e.g., history of

diabetes,38 calcium intake39 and height40).

The C-statistics for our models (0.67 for men and 0.60 for

women) were modest but comparable to other cancer risk

models, e.g., 0.58–0.63 for breast cancer,41–44 0.69 for lung

cancer,45 0.59–0.60 for ovarian cancer.41,46

Figure 1. ROC curves comparing models with age, age and family history, and the final prediction models of high-risk adenoma at first-time

screening colonoscopy. (a) Men; (b) Women. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Almost all of the factors in our final risk models have

been consistently reported as risk factors for colorectal ade-

noma and cancer.34,35,39,47–55 Sedentary behaviors as indicated

by TV viewing are less studied56; however, independent of

physical activity, prolonged TV watching has been associated

with increased risk of obesity,57 a known risk factor for colo-

rectal carcinogenesis.49 We built separate models for men

and women because risk factors or the strengths of associa-

tion for high-risk adenoma/colorectal cancer may vary by

gender.49,50,54 Consistent with previous findings,10,49 we

Table 4. Calibration of risk prediction models for high-risk colorectal adenoma overall and by age across deciles of predicted risk

Decile of predicted risk of high-risk colorectal adenoma
pHL

1
OR
(95% CI)2

1 2 3 4 5 6 7 8 9 10

Men

Overall (Case/Non-case5330/4,551)

Observed 8 12 20 27 24 38 34 38 63 66

Expected 8.7 14.1 18.5 22.5 26.6 31.4 36.9 43.4 53.0 75.0

Observed risk 1.6% 2.5% 4.1% 5.5% 4.9% 7.8% 7.0% 7.8% 12.9% 13.6%

Predicted Risk 1.8% 2.9% 3.8% 4.6% 5.5% 6.4% 7.6% 8.9% 10.8% 15.4% 0.48 9.41
(4.46,19.8)

Age<65 (case/noncase5163/2,853)

Observed 4 6 10 9 15 17 14 18 22 48

Expected 4.6 7.0 9.1 11.1 12.8 15.3 17.7 21.2 25.7 38.6

Observed risk 1.3% 2.0% 3.3% 3.0% 5.0% 5.6% 4.7% 5.9% 7.3% 15.9%

Predicted Risk 1.5% 2.3% 3.0% 3.7% 4.3% 5.0% 5.9% 7.0% 8.6% 12.8% 0.14 14.0
(4.99,39.4)

Age�65 (case/noncase5167/1,698)

Observed 6 12 16 18 14 16 16 20 15 34

Expected 6.8 9.2 11.0 12.8 14.6 16.3 18.5 20.8 23.9 33.2

Observed risk 3.2% 6.4% 8.6% 9.7% 7.5% 8.6% 8.5% 10.8% 8.1% 18.2%

Predicted Risk 3.6% 4.9% 5.9% 6.9% 7.8% 8.7% 9.8% 11.2% 12.8% 17.7% 0.28 6.67
(2.73,16.3)

Women

Overall (case/non-case o5678/17,292)

Observed 36 44 48 64 62 72 67 78 88 119

Expected 37.6 45.6 51.2 56.1 61.0 66.1 72.0 79.7 90.7 118

Observed risk 2.0% 2.5% 2.7% 3.6% 3.5% 4.0% 3.7% 4.3% 4.9% 6.6%

Predicted Risk 2.1% 2.5% 2.8% 3.1% 3.4% 3.7% 4.0% 4.4% 5.0% 6.6% 0.96 3.48
(2.38,5.08)

Age<65 (case/non-case5338/9,678)

Observed 26 17 28 26 31 40 35 41 36 58

Expected 19.7 23.2 25.9 28.2 30.8 32.9 35.9 39.5 44.7 57.2

Observed risk 2.6% 1.7% 2.8% 2.6% 3.1% 4.0% 3.5% 4.1% 3.6% 5.8%

Predicted risk 2.0% 2.3% 2.6% 2.8% 3.1% 3.3% 3.6% 3.9% 4.5% 5.7% 0.48 2.32
(1.45,3.71)

Age�65 (case/non-case5340/7,614)

Observed 17 24 23 33 29 31 44 40 40 59

Expected 20.0 23.8 26.3 28.5 30.7 33.0 36.0 39.5 44.6 57.6

Observed risk 2.1% 3.0% 2.9% 4.2% 3.6% 3.9% 5.5% 5.0% 5.0% 7.4%

Predicted Risk 2.5% 3.0% 3.3% 3.6% 3.8% 4.2% 4.5% 5.0% 5.6% 7.2% 0.85 3.66
(2.12,6.34)

1pHL: p value for Hosmer–Lemeshow goodness-of-fit test; p>0.05 indicates adequate fit.
2OR of high-risk adenoma for the top decile compared with the bottom decile of predicted prevalence.
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found that influence of BMI and age were stronger in men

than in women. For factors that emerged in the prediction

model one sex but not the other may reflect a true etiologic

association that is stronger in one group than the other (e.g.,

physical activity is a slighter stronger risk factor for men54);

or our simplified definition of risk factors in one group may

not fully capture long-term exposure variations as compared

to the other group (e.g., calcium intake from supplement,

milk, yogurt and fortified orange juice may capture less long-

term variations of total calcium intake among men). Our

models should be interpreted from the standpoint of clinical

risk prediction not etiologic research.

Our study has limitations. The absolute risk of high-risk

adenoma observed (6.7% in men and 3.8% in women) was

comparable to other studies4,10; however, we were limited in

power to fully assess the impact of extreme risk factors

because health professionals are slightly more health-

conscious than the general US population (e.g., prevalence of

current smoking was 4% in the HPFS compared to national

average of 22%58). Additionally, our prediction was most

applicable to white men and women, calibration in additional

studies especially among other races were necessary before

use in general settings. Finally, colonoscopy or sigmoidoscopy

was self-reported. However, misclassification was unlikely as

colonoscopy requires sedation.

In summary, we developed and evaluated a set of risk

stratification tool that can be used to estimate current risk of

high-risk colorectal adenoma and provide guidance regarding

first-time colorectal cancer screening. Our models may

encourage high-risk people to undertake colonoscopy, and

will be particularly valuable in resource limited settings. Low-

risk individuals should discuss screening alternatives (e.g.,

fecal occult blood test) with their physicians. The models

could also help people target behaviors to lower their risk of

colorectal neoplasia. A web/mobile based risk calculator/nom-

ogram may increase the feasibility.
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