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Summary
Background Effective risk stratification tools for post-polypectomy colorectal cancer (PPCRC) are lacking. We aimed to
develop an effective risk stratification tool for the prediction of PPCRC in three large population-based cohorts and to
validate the tool in a clinical cohort.

Methods Leveraging the integrated endoscopic, histopathologic and epidemiologic data in three U.S population-based
cohorts of health professional (the Nurses’ Health Study (NHS) I, II and Health Professionals Follow-up Study
(HPFS)), we developed a risk score to predict incident PPCRC among 26,741 patients with a polypectomy
between 1986 and 2017. We validated the PPCRC score in the Mass General Brigham (MGB) Colonoscopy Cohort
(Boston, Massachusetts, U.S) of 76,603 patients with a polypectomy between 2007 and 2018. In all four cohorts,
we collected detailed data on patients’ demographics, endoscopic history, polyp features, and lifestyle factors at
polypectomy. The outcome, incidence of PPCRC, was assessed by biennial follow-up questionnaires in the NHS/
HPFS cohorts, and through linkage to the Massachusetts Cancer Registry in the MGB cohort. In all four cohorts,
individuals who were diagnosed with CRC or died before baseline or within six months after baseline were
excluded. We used Cox regression to calculate the hazard ratio (HR), 95% confidence interval (CI) and assessed
the discrimination using C-statistics and reclassification using the Net Reclassification Improvement (NRI).

Findings During a median follow-up of 12.8 years (interquartile range (IQR): 9.3, 16.7) and 5.1 years (IQR: 2.7, 7.8) in
the NHS/HPFS and MGB cohorts, we documented 220 and 241 PPCRC cases, respectively. We identified a PPCRC
risk score based on 11 predictors. In the validation cohort, the PPCRC risk score showed a strong association with
PPCRC risk (HR for high vs. low, 3.55, 95% CI, 2.59–4.88) and demonstrated a C-statistic (95% CI) of 0.75
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(0.70–0.79), and was discriminatory even within the low- and high-risk polyp groups (C-statistic, 0.73 and 0.71,
respectively) defined by the current colonoscopy surveillance recommendations, leading to a NRI of 45% (95% CI,
36–54%) for patients with PPCRC.

Interpretation We developed and validated a risk stratification model for PPCRC that may be useful to guide tailored
colonoscopy surveillance. Further work is needed to determine the optimal surveillance interval and test the added
value of other predictors of PPCRC beyond those included in the current study, along with implementation studies.

Funding US National Institutes of Health, the American Cancer Society, the South-Eastern Norway Regional Health
Authority, the Deutsche Forschungsgemeinschaft.

Copyright © 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study
The current recommendations for coloscopy surveillance are
based only on the polyp findings, ignoring other well
established risk factors for colorectal cancer such as
demographic and lifestyle factors. Effective risk stratification
tools for post-polypectomy colorectal cancer are lacking to
tailor colonoscopy surveillance. We used the 2020 US Multi-
Society Task Force (USMSTF) recommendations to investigate
the current evidence and recommendations for surveillance
colonoscopy. We further used the World Cancer Research
Fund report for the most updated evidence on lifestyle risk
factors and colorectal cancer. We also searched PubMed for
peer-reviewed original articles in English published between
January 1, 1976, and November 31, 2022, with keywords
“prediction model”, “post-polypectomy”, “colonoscopy”
“colorectal cancer”, “colonoscopy surveillance”. All of which
highlighted a dearth of evidence on this specific topic.

Added value of this study
We created and validated a risk score to predict post-
polypectomy colorectal cancer (PPCRC) that performed better
than the current clinical guidelines for colonoscopy
surveillance in a clinical cohort. The results of this study
provide novel insights into PPCRC and a proof of concept for
risk-based colonoscopy surveillance based on clinical,
demographic, and lifestyle risk factors.

Implications of all the available evidence
Our results indicate the importance of patients’ demographic
and lifestyle characteristics for risk assessment of post-
polypectomy colorectal cancer and should be considered in
recommendation making for colonoscopy surveillance.
Further work is needed. Further modelling may incorporate
information on molecular features of polyps and adenoma/
polyp detection rates, as these factors have been shown to be
important for predicting risk of PPCRC.
Introduction
Colorectal cancer (CRC) is the third most commonly
diagnosed cancer in both men and women in the United
States.1 Endoscopic screening has been shown to reduce
CRC incidence and mortality.2–6 Patients who received
polypectomy at a screening colonoscopy are advised to
undergo colonoscopy surveillance at certain intervals,
based on themost severe polyp findings, to prevent polyp
recurrence and post-polypectomy CRC (PPCRC).7,8

Colonoscopy surveillance accounts for 25% of all colo-
noscopy examinations and consumes more than $4 billion
annually in US healthcare expenditure.9,10 This figure is
expected to growdue to the increasinguptake of screening,11

particularly in younger adults as the recommended starting
age of screeninghas been lowered from50 to 45 yearsdue to
the increasing incidence of CRC in adults younger than 50
years.12,13 However, there are limited data that colonoscopy
surveillance reduces CRC incidence or mortality.7,14–16 As a
result, clinical guidelines for colonoscopy surveillance vary
widely and lack sufficient support.7,17–20 Furthermore,
adherence to the surveillance recommendations has been
shown to be poor, with the reported prevalence of less than
15%, and there is overuse of surveillance colonoscopy in
low-risk patients and underuse in high-risk patients.21–24

Given the invasiveness, high cost, and possible serious
complications of colonoscopy,25 it is vital to minimise un-
necessary surveillance for patients who are at low risk of
developing PPCRC and ensure adequate surveillance for
patients at high risk. Therefore, effective risk stratification
tools are urgently needed to tailor colonoscopy surveillance
to prevent PPCRC. Yet, prediction models for risk stratifi-
cation of colonoscopy surveillance are scarce. A recent study
developed a prediction model for metachronous advanced
neoplasia and showed that the model including polyp fea-
tures, major CRC risk factors, and colonoscopy quality
measure improved post-polypectomy risk stratification
compared to the 2020 US Multi-Society Task Force
(USMSTF) recommendations.26
www.thelancet.com Vol 62 August, 2023
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Therefore, we aimed to develop an effective risk
stratification tool for prediction of PPCRC in three large
population-based cohorts, including the Nurses’ Health
Study (NHS) I/II and Health Professional Follow-up
Study (HPFS), and then validate and test the tool in a
clinical cohort, the Mass General Brigham (MGB) Co-
lonoscopy Cohort, using the risk categorisation in the
USMSTF recommendations as the reference.7 For the
predictors, we considered a variety of demographic,
clinical (including index colonoscopy- and polyp-related
features), and epidemiologic factors (including major
lifestyle factors) that have been associated with PPCRC
risk.27–30

Methods
Study populations
Details of the study cohorts are described in the
Supplementary Materials: study populations (pp. 2).
The protocol is also provided in the Supplementary
Materials.

NHS I/II and HPFS
The NHS I included 121,700 registered US female
nurses aged 30 to 55 at enrolment in 1976. The NHS II
included 116,429 registered US female nurses aged
25–42 years at enrolment in 1989. The HPFS enrolled
51,529 male health professionals, aged 40–75 at study
entry in 1986. The average follow-up rate has been
greater than 90% in all three cohorts. More details have
been described previously.31–33 Briefly, participants were
mailed a biennial validated questionnaire that inquired
detailed medical and lifestyle information.34,35 If partici-
pants reported a diagnosis of polyp, we asked for
permission to acquire their endoscopic and pathologic
records. A previous validation study in a random sample
of 114 women indicated an accuracy of 97% for self-
reported negative endoscopies.36

A total of 26,741 participants who had a first-time
polypectomy between June 1986 and June 2014 in
NHS I, between June 1991 and June 2015 in the NHS
II, and between June 1986 and June 2010 in the HPFS
were included in the current study. Individuals diag-
nosed with CRC or died before baseline or within six
months after baseline were excluded.

MGB colonoscopy cohort
The MGB Cohort is an electronic health record (EHR)-
based clinical cohort that included 213,924 patients who
had undergone a colonoscopy in 2007–2018 in an inte-
grated healthcare system that included Brigham and
Women’s Hospital, Brigham and Women’s Faulkner
Hospital, and Massachusetts General Hospital, known
as the Mass General Brigham in Boston, Massachusetts,
USA. Details of the cohort have been described previ-
ously.37 Briefly, we extracted detailed endoscopic, path-
ologic and family history of CRC data from
the Provation® endoscopy reporting system and the
www.thelancet.com Vol 62 August, 2023
Research Patient Data Registry (RPDR).38 We used the
unique medical record number and date of colonoscopy
to match the endoscopy and pathology data. De-
mographic and lifestyle data were obtained from the
RPDR.

In the present study, a total of 76,603 patients who
had their first-time polypectomy were included in the
study.

Predictors
We included three groups of predictors, all measured at
the time of polypectomy.

(1) Clinical predictors: index polyp histology (serrated
polyps, tubular adenomas, tubulovillous ade-
nomas, villous adenomas, carcinoma in situ/high
grade dysplasia), having ≥3 adenomas (yes/no),
having ≥3 serrated polyps (yes/no), large serrated
polyps (≥10 mm) (yes/no), large adenoma
(≥10 mm) (yes/no), anatomic placement of ade-
nomas (rectum, distal colon, proximal colon),
anatomic placement of serrated polyps (rectum,
distal colon, proximal colon), having ≥1 prior
endoscopy (yes/no), family history of CRC in any
first-degree relative (yes/no), and reason for index
endoscopy (screening/symptoms). In addition, for
the MGB cohort only, we included quality mea-
sures of index endoscopy, including quality of
bowel preparation (excellent, good, fair, poor),
referring to how clean/empty the bowel was at
endoscopy, and cecal intubation (no/yes) referring
to if the last part of the colon was reached.

(2) Demographics predictors: age at index endoscopy
(40–44, 45–49, 50–54, 55–59, 60–64, 65–69, ≥70),
sex (female/male), and race/ethnicity (white/non-
white).

(3) Lifestyle predictors: alcohol >1 drink/day for
women, >2 drinks/day for men (yes/no), Body
mass index (BMI) < 18.5, 18.5–24.9, 25.0–29.9,
≥30 kg/m2), smoking (never, past, current), regu-
lar use of aspirin/Non-steroidal anti-inflammatory
drugs (NSAID) ≥ 2 tablets per week (yes/no), and
physical activity ≥7.5 metabolic equivalent task
score (METS)-hours per week (yes/no). For the
MGB cohort, we included BMI only, because other
lifestyle variables either were lacking or had very
high missingness.

Outcome assessment
In the NHS/HPFS cohorts, once participants reported a
diagnosis of CRC on biennial questionnaires, we asked
for their permission to collect and review their medical
records. Study investigators blinded to the exposure
status reviewed the records to confirm the diagnosis and
extract relevant clinical information. Death of a cohort
member was notified by the next-of-kin or the post office
when questionnaires or newsletters were returned or
3
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identified through search of the vital records of states
and of the National Death Index. This method has been
shown highly sensitive for identifying deaths in our
cohorts, with a sensitivity of ∼98% and a specificity of
100%.39

In the MGB cohort, incidence of CRC after poly-
pectomy was identified through linkage to the Massa-
chusetts Cancer Registry (MCR).37 The MCR provides
state-wide information on cancer diagnosis, including
date and histopathology of CRC. It is by law demanded
by hospitals and health personal in Massachusetts to
report cancers to the MCR40 and thus completeness of
cancer ascertainment is expected to be high. Death was
identified from the hospital records and through linkage
to the Social Security Death Index.

Risk classification according to the 2020 USMSTF
surveillance recommendations
We classified index polyps according to the 2020
USMSTF surveillance recommendations. High-risk
polyps were those with a recommended surveillance
interval of three years (including 5–10 tubular ade-
nomas <10 mm, adenoma ≥10 mm, adenoma with
tubulovillous or villous histology, adenoma with high-
grade dysplasia, >10 adenomas, 5–10 sessile serrated
polyps [SSPs] <10 mm, SSPs ≥10 mm, SSPs with
dysplasia, hyperplastic polyps [HPs] ≥10 mm and/or,
traditional serrated adenomas [TSAs] as their most se-
vere findings), and low-risk polyps were all other polyps
(including patients with 1–2 tubular adenomas <10 mm,
≤20 HPs in the rectum or sigmoid colon <10 mm, ≤20
HPs proximal to sigmoid colon <10 mm, 1–2 SSPs
<10 mm, 3–4 tubular adenomas <10 mm, or 3–4 SSPs
<10 mm as their most severe findings).7

Ethics
The NHS/HPFS cohorts were approved by the institu-
tional review board at the Brigham and Women’s Hos-
pital and Harvard T.H. Chan School of Public Health,
and those of participating registries as required (Insti-
tutional Review Board Protocol 10,372). Participants in
the NHS/HPFS gave their informed consent by
completing and returning of the questionnaires. The
MGB cohort was approved by the MGB Human
Research Committee (Institutional Review Board Pro-
tocol 2018P002052). Individual informed consent was
waived for the MGB as the study was considered sec-
ondary analysis of existing data.

Statistical analyses
Participants were followed from six months after index
polypectomy until the date of CRC diagnosis,41 death, or
the end of follow-up (June 2016 for NHS I/HPFS, June
2017 for NHS II, and October, 2018 for the MGB
cohort), whichever came first. We adopted a six-month
window to avoid counting the diagnostic endoscopy
for CRC as the index endoscopy. Cox proportional
hazards regression model was used for prediction
modelling.

We first included all predictors in the model and
calculated the multivariable-adjusted hazard ratios
(HRs) and 95% confidence intervals (CIs) for each of the
predictors in the NHS/HPFS cohorts. We calculated
the Uno’s C-statistics42 for the models including each of
the predictor categories separately (clinical, demo-
graphic, and lifestyle) and then gradually added pre-
dictors to the base model that included clinical factors
only. Next, we conducted backward stepwise selection
with an entry level of 0.15 and a stay level of 0.20 to
identify the final parsimonious model in the NHS/
HPFS cohorts.

Based on the regression coefficients in the final
model, we created a risk scoring system for PPCRC.
One point was assigned to the predictor with the
smallest positive value of the regression coefficient, and
points for other predictors were assigned based on the
ratio of their corresponding regression coefficients to
the minimum positive coefficient. The points were kept
to one decimal place and then summed up to generate
the PPCRC risk score for each participant.

For the missing data in demographic and lifestyle
predictors in the NHS/HPFS cohorts, we leveraged the
repeated assessments and carried forward the non-
missing values from prior questionnaire cycles. For
clinical predictors and in the MGB cohort we used the
missing indicator method. To account for missing data,
for each individual, we calculated the score based on the
non-missing predictors and then standardised the score
by dividing it by the sum of the average score across
categories among the non-missing predictors.

In the MGB cohort, there were two endoscopy quality
variables (quality of bowel preparation [excellent, good,
fair, poor] and cecal intubation [yes/no]) that were not
available in the NHS/HPFS cohorts but have been
shown to be important for PPCRC.8 Thus, we added
these to the final model for validation in the MGB
cohort and updated the PPCRC score based on the
regression coefficients, using the algorithm described
above.

We next applied the final PPCRC score to the MGB
cohort for validation by calculating the score for each
participant. We classified patients into low- and high-
score groups using the median value in the entire
cohort as the cutoff. We plotted Kaplan–Meier curves for
the cumulative incidence of PPCRC according to the low
and high PPCRC scores. To assess the added value of
the PPCRC score for tailored surveillance beyond the
current USMSTF recommendations, we conducted
the Kaplan–Meier curve analysis among patients with
the low- and high-risk polyps separately based on the
USMSTF classifications (see details above). We then
assessed the association between the PPCRC score and
risk of PPCRC using Cox proportional hazards regres-
sion and calculated the Uno’s C-statistics. Finally, we
www.thelancet.com Vol 62 August, 2023
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calculated the Net Reclassification Improvement (NRI)
to assess to what extent the PPCRC score can improve
classification of patients for their PPCRC risk, again
using the USMSTF risk classification as the reference.43

NRI is an index to quantify how well a new model (the
PPCRC score) reclassifies patients–either appropriately
or inappropriately–as compared to an old model (the
USMSTF risk classification). We calculated NRI among
patients with PPCRC as NRIPPCRC = (p̂up,ppcrc −
p̂down,ppcrc), where p̂up,ppcrc and p̂down,ppcrc represent the
percentage of PPCRC cases that moved up and down,
respectively, in the risk spectrum according to the new
model compared to the old model. NRI for the total
cohort was calculated as NRItotal = (p̂up,ppcrc − p̂down,ppcrc)
− (p̂up,non−ppcrc − p̂down,non−ppcrc).

To assess the robustness of our findings, we con-
ducted several sensitivity analyses by (1) excluding the
endoscopy quality measures from the model, (2)
stratifying by the use of surveillance colonoscopy, (3)
excluding participants with incomplete colonoscopy
(not reaching the cecum) or with a fair or poor bowel
preparation at baseline, (4) excluding participants with
BMI<18.5 kg/m2, (5) examining the PPCRC score in
quintiles, (6) assessing the prediction for proximal
colon and distal/rectal cancers separately, (7) including
diet to the prediction model, (8) using multiple
imputation to handle missing data, and (9) stratified
analysis by sex. Details of the sensitivity analyses are
described in the Supplementary Materials: sensitive
analysis (pp. 2).
Fig. 1: Flow of study participants. A) the Nurses’ Health Study (NHS) I/II t
Brigham (MGB) Colonoscopy Cohort.

www.thelancet.com Vol 62 August, 2023
All the analysis were performed using SAS software,
version 9.4 (SAS Institute, Cary, NC, USA) and
STATA™ software, version 17.0 (Stata Corp, College
Station, Texas, USA). P values < 0.05 was considered
statistically significant.

Role of the funding source
The funders had no role in study design, data collection,
data analyses, interpretation, or writing of the report.
Results
During a median follow-up of 12.8 years (interquartile
range (IQR): 9.3, 16.7) and 5.1 years (IQR: 2.7, 7.8),
respectively, we documented 220 and 241 PPCRC cases
among 26,741 and 76,603 patients in the NHS/HPFS
cohorts and the MGB cohort (Fig. 1 A and B).

Table 1 presents participants’ characteristics at the
time of index endoscopy. The median age was 59.9 years
(standard deviation (SD 9.9)) and 59.5 years (SD 11.4),
with the median age of PPCRC diagnosis of 63.4 years
(SD 9.9) and 66.0 years (SD 12.1), in the NHS/HPFS
cohorts and MGB cohort, respectively. There were 75%
of women in the NHS/HPFS cohorts and 50% in the
MGB cohort.

The predictors showed largely similar associations
with PPCRC in the NHS/HPFS and MGB cohorts
(Supplementary Table S1). Adding demographic and
lifestyle factors to the clinical-only model significantly
improved the C-statistics (Supplementary Table S2).
he Health Professionals Follow-up Study (HPFS). B) the Mass General

5
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NHS/HPFS cohorts MGB Colonoscopy Cohort

Overall (n = 26,741) PPCRC patients (n = 220) Overall (n = 76,603) PPCRC patients (n = 241)

Mean age (SD), at index endoscopy, years 59.9 (9.9) 63.4 (9.9) 59.5 (11.4) 66.0 (12.1)

Age groups

40–44 1324 (5) 9 (4) 5177 (7) 8 (3)

45–49 2811 (11) 10 (5) 4797 (6) 8 (3)

50–54 4711 (18) 20 (9) 17,275 (23) 21 (9)

55–59 4371 (16) 37 (17) 11,321 (15) 32 (13)

60–64 4532 (17) 34 (15) 12,686 (17) 35 (15)

65–69 4057 (15) 45 (20) 10,576 (14) 35 (15)

≥70 4935 (18) 65 (30) 14,771 (19) 102 (42)

Female sex 19,967 (75) 138 (63) 38,173 (50) 112 (46)

Whites 25,410 (95) 206 (94) 60,571 (79) 195 (81)

Family history of colorectal cancer 6565 (25) 64 (29) 11,116 (15) 25 (10)

Histology of index polyps

Tubular adenomas 11,349 (42) 60 (27) 31,962 (42) 84 (35)

Serrated polyps 9818 (37) 62 (28) 27,307 (36) 65 (27)

Tubulovillous adenomas 2304 (9) 43 (20) 2167 (3) 14 (6)

Villous adenomas 488 (2) 19 (9) 238 (0.3) 2 (1)

CIS/high-grade dysplasia 424 (2) 9 (4) 816 (1) 17 (7)

Having ≥3 adenomas 1494 (6) 23 (10) 11,241 (15) 43 (18)

Having ≥3 serrated polyps 691 (3) 3 (1) 7664 (10) 15 (6)

Large (≥10 mm) adenoma 4697 (18) 74 (34) 7623 (10) 51 (21)

Large (≥10 mm) serrated polyp 911 (3) 5 (2) 2675 (3) 14 (6)

Placement of adenomas

Proximal colon 9128 (34) 75 (34) 39,845 (52) 144 (60)

Distal colon 8508 (32) 91 (41) 18,609 (24) 62 (26)

Rectum 5382 (20) 69 (31) 7047 (9) 34 (14)

Placement of serrated polyps

Proximal colon 2830 (11) 20 (9) 13,538 (18) 43 (18)

Distal colon 3883 (15) 16 (7) 14,190 (19) 36 (15)

Rectum 3681 (14) 17 (7) 14,717 (19) 36 (15)

Having ≥1 endoscopies before polypectomy 12,010 (45) 87 (39) 11,848 (15) 30 (12)

Reason for index endoscopy

Screening 16,811 (63) 117 (53) 58,254 (76) 154 (64)

Symptoms 7442 (28) 70 (32) 13,953 (18) 43 (18)

Lack of cecal intubation in index endoscopy – – 5330 (7) 55 (23)

Quality of bowel preparation for index endoscopy – –

Excellent – – 15,504 (20) 38 (16)

Good – – 44,428 (58) 104 (43)

Fair – – 6820 (9) 33 (14)

Poor – – 1271 (2) 7 (3)

Body Mass Index, kg/m2

<18.5 168 (1) 3 (1) 395 (0.5) 4 (2)

18.5–24.9 10,120 (38) 73 (33) 12,128 (16) 38 (16)

25.0–29.9 9573 (36) 77 (35) 19,734 (26) 77 (32)

≥30.0 6078 (23) 52 (24) 20,381 (27) 64 (27)

Alcohol >1 drink/day for women, >2 drinks/day for men 3811 (14) 42 (20) – –

Smoking status – –

Never 12,952 (48) 90 (41) – –

Past 11,386 (43) 106 (48) – –

Current 2282 (9) 21 (10) – –

Regular use of aspirin/NSAID ≥2 tablets per week 9924 (37) 76 (35) – –

Physical activity ≥7.5 METs-hours per week 19,111 (71) 152 (69) – –

Abbreviations: CIS, carcinoma in situ; METs, metabolic equivalent task score; NSAID, non-steroidal anti-inflammatory drugs.

Table 1: Baseline characteristics of study participants who underwent polypectomy and patients with post-polypectomy colorectal cancer (PPCRC) in the Nurses’ Health study
(NHS) I/II, Health Professional Follow-up Study (HPFS), and Mass General Brigham (MGB) Colonoscopy Cohort.
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Predictors Regression
coefficient

Hazard ratio
(95% confidence interval)

Points
assignedc

Age groups at index endoscopy, years

40–44 Ref Ref 0

45–49 −0.29 0.75 (0.30, 1.87) −4.6

50–54 −0.02 0.99 (0.43, 2.23) −0.3

55–59 0.59 1.80 (0.83, 3.93) 9.4

60–64 0.40 1.49 (0.68, 3.29) 6.4

65–69 0.83 2.29 (1.05, 4.99) 13.3

≥70 1.21 3.36 (1.56, 7.23) 19.4

Sex

Female Ref. 0

Male 0.24 1.27 (0.90, 1.78) 3.8

Histology of index polyps

Tubular adenomas Ref. 0

Serrated polyps 0.13 1.13 (0.72, 1.80) 2.0

Tubulovillous adenomas 0.86 2.37 (1.56, 3.62) 13.8

Villous adenomas 1.46 4.31 (2.49, 7.47) 23.4

CIS/high-grade dysplasia 0.94 2.57 (1.23, 5.37) 15.1

Having ≥3 adenomas

No Ref 0

Yes 0.40 1.49 (0.93, 2.37) 6.3

Large (≥10 mm) adenoma

No Ref 0

Yes 0.35 1.43 (0.99, 2.06) 5.7

Placement of serrated polyps proximal colon

No Ref. 0

Yes 0.50 1.66 (0.99, 2.76) 8.1

Having ≥1 endoscopies before Polypectomy

Yes Ref. 0

No 0.19 1.21 (0.91, 1.60) 3.0

Lack of cecal intubation in index endoscopya

No Ref. 0

Yes 0.73 2.07 (1.22, 3.53) 11.6

Quality of bowel preparation for index endoscopya

Excellent Ref. 0

Good −0.18 0.84 (0.58, 1.22) −2.9

Fair 0.27 1.31 (0.82, 2.09) 4.3

Poor 0.36 1.43 (0.63, 3.23) 5.7

Body Mass Index, kg/m2

Articles
Nine predictors were selected into the final model in
the NHS/HPFS cohorts. We further added the two
quality measures of index endoscopy available in the
MGB cohort that were found to predict PPCRC. Table 2
presents the association of these 11 predictors with risk
of PPCRC and their assigned points for the PPCRC
score. A higher point indicated a higher risk of PPCRC.
Most predictors had a missingness of <15% in all co-
horts (Supplementary Table S3).

We applied the PPCRC score to the MGB cohort for
validation. The mean score (SD) was 0.3 (0.2). Patients
with a high PPCRC score (>0.3 (median)) had a much
higher risk of PPCRC than those with a low score
(Fig. 2A). Importantly, the same trend was found even
within patients with low- and high-risk polyps according
to the USMSTF recommendations (Fig. 2B and C).
Compared to patients with a low PPCRC score, those
with a high score had a more than tripled risk of
developing PPCRC among patients with any polyps
(HR = 3.55, 95% CI, 2.59, 4.88), with low-risk polyps
(HR = 3.05, 95% CI, 2.12, 4.36), and with high-risk
polyps (HR = 3.10, 95% CI, 1.50, 6.44) (Table 3). For
prediction of PPCRC, the score showed a C-statistic of
0.75 (95% CI, 0.70, 0.79) among patients with any
polyps, 0.73 (95% CI, 0.68, 0.78) among low-risk polyps,
and 0.71 (95% CI, 0.64, 0.79) among high-risk polyps.

Fig. 3 shows the discrimination and reclassification
of PPCRC by the score. Patients who developed PPCRC
had a higher score (mean [SD] = 0.5 [0.3]) than the
overall MGB cohort. While patients with high-risk
polyps had a higher score than those with low-risk
polyps (0.5 [0.2] vs. 0.3 [0.2]), the score reclassified
45% (95% CI 36–54%) of the patients with PPCRC
based on their predicted risk of PPCRC compared to the
classifications used in the current USMSTF recom-
mendations (P < 0.001), where in the total cohort, the
NRI was 13% (95% CI, 4–23%, P < 0.006).

We obtained similar results in the sensitivity ana-
lyses, as presented in the Supplementary material,
Supplementary results (pp. 4–14).
<18.5 1.09 2.96 (0.93, 9.46) 17.4

18.5–24.9 Ref. 0

25.0–29.9 0.06 1.06 (0.77, 1.47) 1.0

≥ 30.0 0.38 1.46 (1.02, 2.09) 6.0

Alcohol >1 drink/day for women, >2 drinks/day for menb

No Ref. 0

Yes 0.45 1.56 (1.11, 2.20) 7.1

Abbreviation: CIS, carcinoma in situ. aThese variables were only available in the Mass General Brigham (MGB)
Colonoscopy Cohort and thus the Hazard ratios were derived from the MGB cohort. bThese variables were only
available in the NHS/HPFS cohorts. cOne point was assigned to the predictor with the smallest positive value of
the regression coefficient, and points for other predictors were assigned based on the ratio of their
corresponding regression coefficients to the minimum positive coefficient. The points were kept to one decimal
place and then summed up to generate the PPCRC risk score for each participant.

Table 2: Association of predictors in the final model for risk of post-polypectomy colorectal cancer
(PPCRC) in the Nurses’ Health study (NHS) I/II, Health Professional Follow-up Study (HPFS) and
the corresponding points used to create the PPCRC score.
Discussion
To the best of our knowledge, this is the first study to
develop a risk prediction model for PPCRC. Using three
large prospective cohorts with integrated clinical and
epidemiologic data, we developed a risk score for
PPCRC based on 11 clinical, demographic, and epide-
miologic factors. We further validated the PPCRC score
in the large MGB cohort and demonstrated its potential
for improved risk stratification among patients with
polypectomy. The results provide novel insights into
PPCRC and a proof of concept for risk-based colonos-
copy surveillance.

The existing clinical guidelines for colonoscopy sur-
veillance, such as that developed by the USMSTF, are
www.thelancet.com Vol 62 August, 2023 7
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Fig. 2: Kaplan–Meier estimates of cumulative incidence of post-polypectomy colorectal cancer (PPCRC) according to low and high PPCRC score,
in the Mass General Brigham (MGB) Colonoscopy Cohort. A) Among patients with any index polyps. B) Among patients with low-risk index
polyps* C) Among patients with high-risk index polyps*. *Low- and high-risk polyps were defined based on the 2020 US Multi-Society Task
Force recommendations for post-polypectomy colonoscopy surveillance. High-risk polyps were those with a recommended interval for sur-
veillance of 3 years (including 5–10 tubular adenomas <10 mm, adenoma ≥10 mm, adenoma with tubulovillous or villous histology, adenoma
with high-grade dysplasia, >10 adenomas, 5–10 sessile serrated polyps <10 mm, sessile serrated polyps ≥10 mm, sessile serrated polyps with
dysplasia, hyperplastic polyps ≥10 mm and/or, traditional serrated adenomas as their most severe findings) and low-risk polyps were all other
polyps (including patients with 1–2 tubular adenomas <10 mm, ≤20 hyperplastic polyps in the rectum or sigmoid colon <10 mm, ≤20 hy-
perplastic polyps proximal to sigmoid colon <10 mm, 1–2 sessile serrated polyps <10 mm, 3–4 tubular adenomas <10 mm, or 3–4 sessile
serrated polyps <10 mm as their most severe findings). **P-value below 0.05 was considered statistically significant.
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solely based on histopathologic features of index polyps.7

Consistent with prior data, we showed that features of
high-risk polyps, such as advanced histology and large
size of adenomas and proximal serrated polyps, were
associated with higher PPCRC risk27,44–49 and included in
the PPCRC score. However, as shown in Fig. 2, there is
a great variation in the risk of CRC among individuals
with high-risk polyps, some of whom developed CRC
within a year of index colonoscopy while others were
free of CRC for more than 10 years. On the other hand,
prior data are limited and inconsistent for other polyps,
such as non-advanced adenomas, proximal serrated
polyps, and multiple HPs, with some studies reporting
an increased risk of CRC29 whereas others observing a
similar or even lower risk compared to those with no
polyps.27,44–49 Through comprehensive assessment of
index polyps according to histology, size, sublocation,
and multiplicity, our study provides novel data regarding
the independent effect of these features on PPCRC risk.
Furthermore, by developing a numerical algorithm to
weigh these features according to their associations with
PPCRC, we accounted for the variability in their influ-
ence on PPCRC and provided a rigorous assessment of
PPCRC risk.

Besides polyp features, colonoscopy quality has been
identified as another important predictor for PPCRC.41

High-quality examinations are essential to reduce the
likelihood of missed or incompletely resected lesions at
colonoscopy.50 Indeed, we showed that two major quality
measures—quality of bowel preparation and cecal
www.thelancet.com Vol 62 August, 2023
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Risk of index polyps according
to the US Multi-Society Task
Force

Low PPCRC score
(−0.08, 0.30)

High PPCRC score
(>0.30, 1.42)

HR per 1-SD PPCRC
score increaseb

P-trendc C-statisticd

Any index polyps 0.75 (0.70, 0.79)

Median (IQR) 0.17 (0.08, 0.23) 0.45 (0.38, 0.57)

No. of participants (%) 38,059 (50) 38,544 (50)

No. of PPCRC cases (%) 48 (20) 193 (80)

HR (95% CI) Ref. 3.55 (2.59, 4.88) 1.94 (1.76, 2.15) <0.0001

Low-risk index polypse 0.73 (0.68, 0.78)

Median (IQR) 0.16 (0.08, 0.23) 0.43 (0.36, 0.53)

No. of participants (%) 34,610 (55) 28,191 (45)

No. of PPCRC cases (%) 40 (25) 117 (75)

HR (95% CI) Ref. 3.05 (2.12, 4.36) 1.83 (1.61, 2.06) <0.0001

High-risk index polypse 0.71 (0.64, 0.79)

Median (IQR) 0.20 (0.13, 0.26) 0.54 (0.43, 0.67)

No. of participants (%) 3449 (25) 10,353 (75)

No. of PPCRC cases (%) 8 (10) 76 (90)

HR (95% CI) Ref. 3.10 (1.50, 6.44) 1.84 (1.54, 2.21) 0.002

Abbreviations: CI, confidence interval; HR, hazard ratio; IQR, interquartile range; SD, standard deviation. aThe predictors included histology (tubular adenomas, serrated
polyps, tubulovillous adenomas, villous adenomas, carcinoma in situ/high grad dysplasia), having ≥3 adenomas (yes/no), large adenoma (≥10 mm) (yes/no), placement of
serrated polyps in the proximal colon), having ≥1 endoscopies before polypectomy (yes/no), quality of bowl preparation for index endoscopy (excellent, good, fair, poor),
lack of cecal intubation in index endoscopy (yes/no), age at index endoscopy (40–44, 45–49, 50–54,55–59,60–64,65–69, ≥70), sex (female/male), body mass index
(16.5–18.4, 18.5–24.9, 25.0–29.9, ≥30). bSD = 0.21 for the PPCRC score. cP-value below 0.05 was considered statistically significant. dUNO C-statistics for PPCR score as a
continuous variable. eLow- and high-risk polyps were defined based on the 2020 USMSTF recommendations for post-polypectomy colonoscopy surveillance. High-risk
polyps were those with a recommended interval for surveillance of 3 years (including 5–10 tubular adenomas <10 mm, adenoma ≥10 mm, adenoma with tubulovillous or
villous histology, adenoma with high-grade dysplasia, >10 adenomas, 5–10 sessile serrated polyps <10 mm, sessile serrated polyps ≥10 mm, sessile serrated polyps with
dysplasia, hyperplastic polyps ≥10 mm and/or, traditional serrated adenomas as their most severe findings) and low-risk polyps were all other polyps (including patients
with 1–2 tubular adenomas <10 mm, ≤20 hyperplastic polyps in the rectum or sigmoid colon <10 mm, ≤20 hyperplastic polyps proximal to sigmoid colon <10 mm, 1–2
sessile serrated polyps <10 mm, 3–4 tubular adenomas <10 mm, or 3–4 sessile serrated polyps <10 mm as their most severe findings).

Table 3: Risk of post-polypectomy colorectal cancer (PPCRC) according to low and high PPCRC scorea in the Mass General Brigham (MGB) Colonoscopy
Cohort.
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intubation—significantly improved the prediction of
PPCRC, particularly among patients with high-risk
polyps. Consistent with our results, a recent study
found that adenoma detection rate (ADR), a metric
reflecting colonoscopy quality, was inversely associated
with risk of metachronous advanced neoplasia and
significantly improved the prediction of metachronous
advanced neoplasia compared to the 2020 USMSTF risk
classification.26 Increasing ADR has been recognised as
an important target to improve the benefit of CRC
screening.51–53 In our study, we considered the two
important determinants of ADR instead of ADR itself
because compared to bowel preparation quality and
cecal intubation, ADR has not yet been routinely
assessed in the clinic and readily available in our EHR
system. Nevertheless, our findings support the impor-
tance of colonoscopy quality for predicting PPCRC and
tailoring surveillance.

In addition to clinical factors, we found that de-
mographic and lifestyle risk factors improved the pre-
dictive ability for PPCRC. These results are not
unexpected based on the compelling epidemiologic data
that older age, male sex, overweight and obesity, and
heavy alcohol drinking are established risk factors for
CRC.54 The findings are also consistent with our recent
www.thelancet.com Vol 62 August, 2023
study showing that adherence to a healthy lifestyle after
polypectomy was associated with lower risk of PPCRC
and all-cause mortality.28 These data have important
clinical implications for prevention of PPCRC and
highlight the great value of incorporating other epide-
miologic risk factors with index polyp features when
making clinical recommendations for colonoscopy
surveillance. For example, in the mutually adjusted
model we found that some of the risk factors had a
similar or even stronger association with PPCRC risk
compared to established polyp features that are
considered in the current surveillance guidelines (e.g.,
BMI ≥30.0 kg/m2 vs. large adenoma; heavy alcohol
drinking vs. ≥3 adenomas). Therefore, by accounting
for these important risk factors, we may better tailor
colonoscopy surveillance to patients who are more likely
to benefit and potentially improve clinical practice and
cost-effectiveness of CRC prevention.

Our study has several strengths, including the inte-
grated clinical and epidemiologic data, prospective
design, large sample size, and long follow-up time of the
four cohorts. Furthermore, by using the population-based
cohorts for model development and the EHR-based
cohort for model validation, we were able to leverage
the unique strengths and somewhat complementary data
9
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Fig. 3: Discrimination and reclassification of patients by the post-polypectomy colorectal cancer (PPCRC) score in the Mass General Brigham
(MGB) Colonoscopy Cohort. A) Density plot of the PPCRC score among the overall cohort and PPCRC cases. B) Density plot of the PPCRC score
in participants with low- and high-risk index polyps* C) Reclassification by the PPCRC score of participants in the overall cohort and PPCRC cases
whose index polyps were classified as low and high risk according to the US Multi-Society Task Force (USMSTF) recommendations and the
estimate of the Net Reclassification Improvement (NRI). *Low- and high-risk polyps were defined based on the 2020 USMSTF recommendations
for post-polypectomy colonoscopy surveillance. High-risk polyps were those with a recommended interval for surveillance of 3 years (including
5–10 tubular adenomas <10 mm, adenoma ≥10 mm, adenoma with tubulovillous or villous histology, adenoma with high-grade dysplasia, >10
adenomas, 5–10 sessile serrated polyps <10 mm, sessile serrated polyps ≥10 mm, sessile serrated polyps with dysplasia, hyperplastic polyps
≥10 mm and/or, traditional serrated adenomas as their most severe findings) and low-risk polyps were all other polyps (including patients with
1–2 tubular adenomas <10 mm, ≤20 hyperplastic polyps in the rectum or sigmoid colon <10 mm, ≤20 hyperplastic polyps proximal to sigmoid
colon <10 mm, 1–2 sessile serrated polyps <10 mm, 3–4 tubular adenomas <10 mm, or 3–4 sessile serrated polyps <10 mm as their most severe
findings). **Row percentages are shown after the number of participants. ***P-value below 0.05 was considered statistically significant.
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in each of the two study types (e.g., detailed lifestyle vs.
clinical data) and to assess the translational potential of
our model for guiding colonoscopy surveillance in the
clinic.

Some limitations of our study need to be noted. First,
because data on quality of bowel preparation and cecal
intubation of index endoscopy were unavailable in the
NHS/HPFS cohorts, we were not able to validate their
contribution to PPCRC prediction. Furthermore, not all
lifestyle and diet factors available in the NHS/HPFS
were available in the MGB cohort. However, the only
predictor in the final model that was missing in the
MGB cohort was alcohol. Second, inevitably there were
missing data in both the development and validation
cohorts. We used missing indicators in the model se-
lection and standardised the PPCRC score to account for
missing data in the validation phase. The similar results
obtained in the sensitivity analysis using multiple
imputation indicate the robustness of our findings.
Third, because of the evolving nature and lack of
consensus regarding pathologic classification of serrated
polyps, we were unable to distinguish HPs from SSPs
and TSAs in the NHS/HPFS cohorts. However, expert
panels have suggested that a large, serrated polyp is a
good indicator of SSPs55 and we already included size,
location, and multiplicity of serrated polyps in the
modelling. Fourth, in the NHS/HPFS cohorts, the
endoscopy, demographic, and lifestyle factors were all
self-reported. Yet, the validity of these self-reported
measures has been established in our previous
studies.34–36 Fifth, in the NHS/HPFS cohorts we did not
specifically collect surveillance colonoscopy data. Finally,
www.thelancet.com Vol 62 August, 2023
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MGB is a tertiary healthcare system, where patient
population and quality of care may be different from
community hospitals and the NHS/HPFS cohorts were
based on a selected population of health professionals.
This, along with the study participants being predomi-
nantly white in all our cohorts reduces the general-
isability of our findings.

Further studies are needed in several other aspects as
well. First, follow-up studies are needed to determine
the optimal surveillance intervals for individuals
assigned with different PPCRC scores based on our
prediction model. Second, it may be helpful to develop a
risk calculator based on our model, which will enable
clinicians to better communicate with patients re-
garding their risk and improve the compliance with
surveillance colonoscopy. Third, implementation
studies are needed to test the feasibility and cost-
effectiveness of different strategies of integrating risk
assessment tool in clinical practice, which may require
development and maintenance of certain infrastructure
in the electronic health record system and training of
medical staff.56,57 The risk assessment tool also needs to
have good acceptance by both providers and patients.57

Fourth, it would be interesting to investigate if newer
modelling approaches, such as machine learning, may
help improve the performance of our developed model.
Finally, more studies are needed to assess the added
value of other predictors, such as ADR and molecular
features of polyps, as these are established risk factors
for CRC,51–53,58 beyond the predictors included in the
current study.

We developed and validated a risk stratification
model for PPCRC that may be useful to tailor colo-
noscopy surveillance based on the information readily
available in the EHR or easily collected in the clinic.
Our results indicate the important of patients’ de-
mographic and lifestyle characteristics for risk assess-
ment of PPCRC and recommendations of colonoscopy
surveillance.
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