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A significant number of post fecal immunochemical test (FIT) colonoscopies in European-
organized colorectal cancer (CRC) screening programs are performed beyond the recom-
mended 31-day threshold due to overburdened colonoscopy services. We aimed to develop a
simple predictive model to stratify CRC risk of FITD patients.
METHODS:
 In a cohort of screenees undergoing colonoscopy following a positive (‡20 mg hemoglobin/g
feces) OC-sensor FIT result between 2004 and 2019, we derived and validated logistic
regression-based models including variables independently associated with CRC and advanced
neoplasms. Odds ratios (ORs) and 95% confidence intervals (CIs) were reported.
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RESULTS:
 Overall, 40,276 patients (46% female; mean age, 66 – 4 years) undergoing post FIT colonoscopy
were included. Variables independently associated with CRC were age ‡70 years (OR, 1.20; 95%
CI, 1.03–1.40), male sex (OR, 1.23; 95% CI, 1.11–1.37), fecal hemoglobin level (50–199 mg/g: OR,
2.84; 95% CI, 2.47–3.27; ‡200 mg/g: OR, 6.91; 95% CI, 5.99–7.98), and first round of FIT (OR,
1.53; 95% CI, 1.35–1.73). The discriminative ability of the model was good (area under the
receiver operating characteristic, 0.75; 95% CI, 0.73–0.77) in the validation cohort. Applying the
model would lead to over two-thirds decrease in delayed CRC diagnoses, considering various
scenarios of timely colonoscopy scheduling after FITD.
CONCLUSIONS:
 We derived and validated a predictive model for risk stratification of patients with positive FIT
in a large CRC screening cohort. Applying our model in screening practice would allow policy
makers to effectively prioritize FITD individuals based on the risk of CRC, substantially
reducing the rate of delayed CRC diagnosis.
Keywords: Colorectal Cancer; Fecal Immunochemical Test; Screening Program.
The efficacy of population-based colorectal cancer
(CRC) screening programs based on the fecal

immunochemical test (FIT) is strictly dependent on the
timely performance of an assessment colonoscopy for
FITþ individuals, which allows detecting and treating
early-stage CRCs and cancer precursors (ie, colorectal
adenomas).1,2 Timely post-FIT colonoscopy is therefore
essential to prevent delay in diagnosis and upstaging of
disease.3 Indeed, evidence shows that delaying post-FIT
colonoscopy leads to both an increase in CRC incidence
and upstaging of disease. Although the effect is signifi-
cant after a lengthy (ie, >6 months) delay, any delay of
post-FIT colonoscopy has been shown to lead to poorer
CRC outcomes.4–6 Consequently, European Guidelines
on CRC screening recommend that �90% of FITþ sub-
jects undergo colonoscopy within 31 days from the
test.7 This is considered a key quality measure in Italy,
where this metric is monitored and actively pursued.
However, due to organizational constraints and intrinsic
limited capacity of endoscopy slots, less than 50% of
FITþ patients undergo post-FIT colonoscopy within 31
days.8

In addition to this already undesirable situation, the
COVID-19 pandemic has impacted CRC screening and
prevention programs,3 and notwithstanding the conclu-
sion of the pandemic phase, a large backlog of patients
awaiting colonoscopy remains.

For the above-mentioned reasons, the development
and implementation of a risk-stratification strategy
prioritizing patients at very high risk of harboring
advanced neoplasia is appealing to effectively allocate
limited resources. The utilization of the quantitative
measure of the fecal hemoglobin (f-Hb) levels available
with FIT could provide more relevant and useful infor-
mation to inform resource allocation than the standard
dichotomized FIT result that is currently used in clinical
practice.9 Although some data exist on the effective pri-
oritization of colonoscopy in symptomatic patients,10–12

few attempts to develop a score in FITþ patients, aim-
ing to prioritize subsequent colonoscopy based on a sub-
stratification of cancer risk have been made.13–15 All
prior attempts were conducted within small-size cohorts
and in Asian settings, where significant differences exist
in the structure of CRC screening programs and in the
prevalence of colorectal neoplasia.

The aim of this study was to develop a predictive
model to effectively stratify CRC risk of FITþ patients in
a Western setting, based on a prospective cohort of FITþ
patients in a regional population-based CRC screening
program in Italy.
Methods

Study Design and Population

The PRIORITIZE Study (Prioritizing ResumptIon Of
coloRectal screenIng afTer covId pandEmic) is an analysis
of prospectively collected data from a well-established
CRC screening program in the Piedmont region in Italy,
from 2004 to 2019. In this setting, men and women 58- to
70-years-old were invited to undergo quantitative FIT
(OC-sensor FIT, Eiken Chemical Co. Ltd) and subsequent
colonoscopy if �20 mg Hb/g of feces. Patients who un-
derwent a colonoscopy following a positive FIT result
were included in the study. We excluded patients who
underwent colonoscopy more than 1 year after the posi-
tive FIT, as endoscopic findings in such patients may not
be related to the f-Hb level measured at the time of the
screening. All CRCs and adenomas identified during post
FITþ colonoscopies and confirmed histologically were
included and verified. We used the validated European
CRC screening guideline definitions. All lesions were
classified according to the Vienna classification.16 A high-
risk adenoma was defined as an adenoma �10 mm, and/
or with villous component >20%, and/or high-grade
dysplasia. Advanced neoplasia included CRC, high-risk
adenoma, and sessile serrated lesion (SSL) �10 mm
and/or with dysplasia. The analysis was conducted using
anonymized data.



What You Need to Know

Background
In Italy, due to overburdened endoscopic services,
less than 50% of fecal immunochemical test (FIT)þ
patients undergo post-FIT colonoscopy within 31
days, as recommended in European colorectal cancer
(CRC) screening guidelines.
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Study Outcomes

The primary outcome of the study was to derive and
validate a predictive model for CRC and advanced
neoplasia among patients undergoing a FIT test within
an organized program of CRC screening. The secondary
outcome was to derive and validate a predictive model
for adenomas requiring surveillance (ie, high-risk ade-
nomas and �5 adenomas per patient).
Findings
In a large cohort of patients undergoing post-FIT
colonoscopy, we derived and validated a model
including level of fecal hemoglobin and other CRC
risk factors to identify higher-risk patients.

Implications for patient care
Applying our model in CRC screening practice allows
health policy makers to effectively prioritize FITþ
individuals based on the risk of CRC, reducing sub-
stantially the rate of delayed CRC diagnoses.
Statistical Analyses and Predictive Model
Development

Continuous variables were reported as mean and
standard deviation (SD), or median and interquartile
range (IQR), when not normally distributed, whereas
categorical variables were described as percentages.

A multivariable logistic regression analysis was per-
formed to identify variables independently associated
with the outcomes of interest, estimating odds ratios
(ORs) and 95% confidence intervals (CIs). The derivation
cohort included patients who underwent colonoscopy
between 2004 and 2015, and the validation cohort
included patients who underwent colonoscopy from
2016 to 2019. We followed the Transparent Reporting of
a multivariable prediction model for Individual Prog-
nosis or Diagnosis (TRIPOD) recommendations17

(Supplementary Table 1). All patient-related variables
with a plausible association with the outcome of interest
(ie, CRC, advanced neoplasms, and adenomas requiring
surveillance) were included in a multivariable logistic
regression; therefore, the best model was selected
through eliminating non-significant variables. When
considering adenomas requiring surveillance, we
excluded patients with concomitant CRC or CRC only
from the analysis, as this may well explain the associa-
tion with the selected variables.

The discriminative performance of the model was
assessed by computing the area under the receiver
operating characteristic curve (AUROC) of in the deri-
vation and validation cohort, respectively. The calibra-
tion of the model was assessed by drawing the
calibration belt and computing the related goodness-of-
fit test. In case multiple nested models were developed
to predict the same outcome, they were compared
through likelihood-ratio test. We defined 3 risk groups
for CRC (ie, high, medium, and low) based on marginal
effect predicted probabilities derived from logistic
regression. Sensitivity, specificity, positive predictive
value (PPV) and negative predictive value (NPV) were
computed for high- and low-risk groups of patients ac-
cording to model-derived predicted probability of the
outcome of interest. We simulated the clinical impact of
the model if applied to the validation cohort as follows.
Considering the case of 90% timely colonoscopy sched-
uling (ie, 90% of colonoscopies are scheduled within 30
days after FITþ by the health care system), applying the
predictive model can allow delaying colonoscopy in a
subset of patients at low risk of CRC. Given CRC occur-
rence in this group, we derive the number of CRC di-
agnoses which would be delayed if applying the model.
This was compared with delayed diagnoses in the case of
no risk stratification, which is equal to CRC occurrence in
the total validation cohort. The number needed to scope
(NNS) was defined as the number of FITþ individuals
required to detect 1 CRC by colonoscopy. Analyses were
conducted using STATA software version 13 (Stata
Corp).

Ethics

The Italian legislation identifies Cancer Registries as
collectors of personal data for surveillance purposes
without explicit individual consent. The approval of a
research ethics committee was not required, because this
study is a descriptive analysis of individual data without
any intervention on patients. However, the study was
nevertheless submitted and approved by the institutional
review board of the center that won the grant for the
Study Proposal (ID 6404).
Results

Study Population

A total of 40,617 patients who underwent colonos-
copy after a positive FIT in the Piedmont CRC screening
program between 2004 and 2019 were included
(Figure 1). Overall, 341 patients had colonoscopy after
more than 1 year since a positive FIT and were excluded
from the analysis, yielding 40,276 patients. Of these,
97.7% underwent colonoscopy within 6 months after



Figure 1. Study flow chart.

1250 Frazzoni et al Clinical Gastroenterology and Hepatology Vol. 23, Iss. 7
FITþ, 1.9% between 6 and 9 months, and 0.4% between
9 and 12 months. The mean age was 66 � 4 years, and
18,524 subjects (46%) were female. The prevalence of
first-round-positive FIT subjects was 58.5% (n ¼
23,581). The median f-Hb was 52.4 mg/g (IQR,
29.8–137.3 mg/g). Overall, cancer was found in 2164
subjects (5.4%), high-risk adenomas in 12,218 (30.3%),
and low-risk adenomas in 5990 (14.9%), whereas hy-
perplastic polyps were found in 1986 patients (10%),
and no lesion was detected in the remaining 17,941
colonoscopies (39.4%). Distribution of CRC and high-
and low-risk adenomas according to various FIT
thresholds is represented in Table 1.

Overall, 26,208 patients undergoing colonoscopy after
a positive FIT between 2004 and 2015 were included in
the derivation cohort, whereas 14,068 patients perform-
ing the exam from 2016 to 2019 made up the validation
cohort. Demographics, screening-related characteristics,
and endoscopic findings for the 2 cohorts are shown in
Supplementary Table 2.
Table 1. Distribution of Cancer and High- and Low-risk Adenom
Cohort

Variable
FIT �20 mg/g
(n ¼ 40,276)

20� FIT <50
(n ¼ 19,3

Low-risk adenoma 5987 (14.9) 3425 (17

High-risk adenoma 13,187 (32.7) 5220 (27

CRC 2164 (5.4) 387 (2.0

Note: Data are presented as number (%).
CRC, Colorectal cancer; FIT, fecal immunochemical test.
Derivation and Validation of Predictive Model
for CRC

Variables independently associated with CRC as re-
ported in Table 2 were age �70 years (OR, 1.20; 95% CI,
1.03–1.40), male sex (OR, 1.23; 95% CI, 1.11–1.37), f-Hb
�50 mg/g and <200 mg/g (OR, 2.84; 95% CI, 2.47–3.27),
f-Hb �200 mg/g (OR, 6.91; 95% CI, 5.99–7.98), and first
round of FIT (OR, 1.53; 95% CI, 1.35–1.73). The
discriminative ability of the model was good, as the
AUROC was 0.71 (95% CI, 0.70–0.73) in the derivation
cohort and 0.75 (95% CI, 0.73–0.77) in the validation
cohort (see Figure 2). The model was well-calibrated in
the derivation cohort, as shown by the goodness-of-fit
test (P ¼ .802) and by the calibration belt (see
Supplementary Figure 5A), whereas it tended to over-
estimate the probability of CRC in the validation cohort
(P < .001) (see Supplementary Figure 5B).

Figure 3 depicts the effective stratification of CRC
prevalence when applying a simple model-based
as According to Various FIT Thresholds in the Whole Study

mg/g
13)

50� FIT <200 mg/g
(n ¼ 14,664)

FIT �200 mg/g
(n ¼ 6299)

.7) 1982 (13.5) 580 (9.2)

.0) 5335 (36.4) 2632 (41.8)

) 875 (6.0) 902 (14.3)



Table 2. Predictive Model for CRC and Predictive Model for
Advanced Neoplasms Derived in the Derivation
Cohort

Variable
OR for CRC
(95% CI)

OR for AN
(95% CI)

Age, years
<65 ref. –

65–70 1.06 (0.94–1.18) –

�70 1.20 (1.03–1.40) –

Male sex 1.23 (1.11–1.37) 1.75 (1.66–1.84)

FIT first round 1.53 (1.35–1.73) 1.64 (1.55–1.74)

FIT threshold, mg/g
20–50 ref. ref.
50–200 2.84 (2.47–3.27) 1.80 (1.70–1.90)
�200 6.91 (5.99–7.98) 3.03 (2.81–3.26)

AN, Advanced neoplasms; CI, confidence interval; CRC, colorectal cancer; FIT,
fecal immunochemical test; OR, odds ratio.
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prediction algorithm in the validation cohort: 40.1% of
FITþ patients would be predicted as low risk (ie, pre-
dicted CRC probability <2.5%; 95% CI, 2.2%–2.8%),
whereas 22.9% of FITþ patients would be predicted as
high risk (ie, predicted CRC probability >20%; 95% CI,
17.7%–22.4%).

We assessed the clinical impact of applying the model
in practice considering 3 scenarios of timely (ie, �31
days) colonoscopy scheduling after FITþ (see Table 3):
(1) 10% of delayed colonoscopies (ie, recommended
benchmark); (2) 25% of delayed colonoscopies; and (3)
50% of delayed colonoscopies. In all scenarios, the model
outperformed current clinical practice (ie, no risk strat-
ification). Considering scenario (1), 2.9% of CRC di-
agnoses would be delayed when prioritizing the
appointments based on the risk estimated by the model,
vs 10% of CRCs based on current practice; the corre-
sponding estimates for scenario (3), which is not
Figure 2. ROC curve of the predictive model for CRC in the
derivation and validation cohort.
dissimilar to actual Italian screening performance, would
be 19.5% vs 50.1% of CRC diagnoses delayed.

The diagnostic accuracy parameters of the model for
CRC in the validation cohort are reported hereafter. In
the low-risk group, our model had 88.2% (95% CI,
85.2%–90.9%) sensitivity, 41.1% (95% CI, 40.3%–42%)
specificity, 5.4% (95% CI, 4.9%–5.9%) PPV, and 98.9%
(95% CI, 98.6%–99.2%) NPV for CRC. Considering the
high-risk group, our model had 59.7% (95% CI, 55.5%–
64%) sensitivity, 78.5% (95% CI, 77.8%–79.2%) speci-
ficity, 9.6% (95% CI, 8.6%–10.7%) PPV, and 98.1% (95%
CI, 97.8%–98.3%) NPV for CRC.

Derivation and validation of the predictive models for
advanced neoplasms and for adenomas requiring sur-
veillance are reported in the Supplementary Appendix.

Sensitivity Analysis

We developed a model including time interval be-
tween FITþ and colonoscopy to rule out any possible
influence of this parameter on study outcome (see
Supplementary Table 3). We found that time to colo-
noscopy was not significantly related to CRC diagnosis
(OR, 1; 95% CI, 0.99–1.01). Further, this model was not
significantly more informative than the simpler model
(P ¼ .897) and was therefore not chosen.

We alternatively tried to simplify our model by
eliminating age and sex, and thus considering only FIT-
Hb and FIT round (see Supplementary Table 3). This
model was significantly less informative than the main
model (P < .001) and was therefore not chosen.

Discussion

According to our study, among FIT-positive in-
dividuals awaiting post-FIT colonoscopy, the application
of a simple predictive model including the level of fecal
Hb and other readily available and known CRC risk fac-
tors, like age, sex, and no prior negative rounds of FIT,
can effectively stratify the risk of harboring CRC.
Applying our model to the validation cohort, the NNS in
individuals classified as high-risk would be 10.4 (ie, 1
CRC found every 10 colonoscopies): this is 9-fold higher
than in the low-risk group, where we found a NNS of 90.9
(ie, 1 CRC every 91 colonoscopies). Further, applying our
model to prioritize patients based on predicted CRC risk
would lead to a substantial decrease—about two-
thirds—in CRC delayed diagnoses, considering various
scenarios of timely colonoscopy scheduling after FITþ.
This may lead to a more effective allocation of finite re-
sources and a timely appointment for colonoscopy to
patients with the most urgent need.

This study is of clinical relevance for many reasons.
First, this is the first time that a simpleflowchart to further
stratify patients that are at already increased risk of CRC
given FIT positivity is developed from a Western CRC
screening cohort. A previous study from the Spanish



Figure 3.Model-based algorithm for defining the probability of CRC among FITþ individuals in an organized CRC screening
program.
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screening program18 showed similar results in terms of
risk factors associated with advanced colorectal
neoplasia, encompassing both CRC and advanced ade-
nomas. Based on the same variables, we provided 3
different models (ie, for CRC, advanced neoplasia, and
adenomas requiring surveillance), and we found a higher
accuracy for CRC, as expected. This was possible thanks to
the unprecedented size of our derivation cohort, nearly
10-fold larger than the aforementioned study.18 The very
large number of post-FIT colonoscopies that we included
both in the derivation and the validation cohorts assures a
strong validity of the score and increases generalizability
of results to other screening programs.
Table 3. Clinical Impact of Applying the Model for CRC to the
Colonoscopy Scheduling (ie, <31 Days) After FITþ

90% timely
colonoscopy scheduling

Model-based risk stratificationa 15 (2.9)

Current practice (no stratification)b 52 (10)

Note: Data are presented as number (%).
CRC, Colorectal cancer; FIT, fecal immunochemical test.
Delayed CRC diagnoses are displayed along with percentage relative to all CRCs
aAssuming 40.1% low-risk, 37% medium-risk, and 22.1% high-risk patients as in
bAssuming 3.7% prevalence of CRC among FITþ individuals.
Second, organized screening programs are over-
burdened by the finite nature of post-FIT colonoscopy
resources and the “tidal wave” of post-polypectomy
surveillance examinations.19 These are ever-rising,
given the maturity of screening programs, which have
often been ongoing for more than a decade and for
obvious reasons are experiencing a rise in the demand
for surveillance procedures.20 For these reasons, the
development of an easy and effective way to allocate
post-FIT colonoscopy slots minimizing the risk of
delaying diagnosis of CRC is an obvious priority for every
screening program. When applying the model to the
validation cohort, the NNS for CRC in the low- and high-
Validation Cohort, Simulating 3 Different Scenarios of Timely

Delayed CRCs diagnoses

75% timely
colonoscopy scheduling

50% timely
colonoscopy scheduling

38 (7.3) 101 (19.5)

130 (25) 260 (50.1)

(n ¼ 519) in the validation cohort.
validation cohort.
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risk groups were 10.4 and 90.9, respectively: this means
a 9-fold difference in CRC risk, which is of high clinical
relevance and would justify the use of such model in
clinical practice. Indeed, applying our model would
decrease by about two-thirds CRC delayed diagnoses,
and this benefit is applicable also in virtuous countries
which meet the 90% threshold of timely colonoscopy
after FITþ.

Third, there is increasing attention on sustainability
and resource allocation when proposing new stratifica-
tion and clinical management strategies.21,22 This is
especially critical when applied to population-based in-
terventions such as screening programs, where the po-
tential environmental impact of any given additional
intervention may be very large because it will be applied
to the whole involved population. Our stratification flow
chart appears to be a cost effective and “green” strategy
of management optimization, because it can be safely
applied without any further resource allocation, using
data that are already routinely available in the databases
of every screening program. A FIT-based CRC screening
program can be intrinsically considered an environ-
mentally virtuous setting where patients undergo colo-
noscopy, a highly impactful intervention, only after a
rigorous stratification of risk based on the FIT test.
Further optimizing how patients access post-FIT colo-
noscopy can be seen as even more important, given these
crucial considerations.

Fourth, recent attempts to stratify pre-colonoscopy
CRC risks have concentrated on symptomatic pa-
tients.10,11 These attempts have 2 major drawbacks.
First, it has been recently confirmed that the diagnostic
accuracy of clinical-based alarm features for CRC is quite
suboptimal, with sensitivity as low as 20%.23 Second, the
most accurate predictive models for CRC in this setting
are based on FIT10–12 and are therefore conceptually
equivalent to a FIT-based prediction tool among a CRC
organized screening program. Indeed, in Europe, the
majority of patients undergo colonoscopy in organized
CRC screening programs; thus, this model can be easily
and more broadly applied. On the other hand, this model
could be effectively applied also to scenarios in which no
organized screening programs exist, especially in
resource-limited settings where colonoscopy access can
be very limited and economically burdensome, estab-
lishing an objective criterion for referral to colonoscopy
and minimizing the risk of missed CRC diagnoses.

Our study also has limitations. First, we did not
include in our risk-stratification tool other useful pa-
rameters known to be correlated with CRC and advanced
neoplasia, such as smoking status, body mass index, and
other lifestyle-related factors. This information is not
routinely and systematically collected in on-going CRC
screening programs. We plan to include this valuable
information in future versions of this model, although
previous reports would suggest that inclusion of infor-
mation about lifestyle factors might only marginally
improve the diagnostic accuracy of models already
including sex, age, screening history, and f-Hb level.24

Second, differences in the screenees’ characteristics
influencing the prevalence and distribution of endo-
scopic findings between the derivation and validation
cohort may be considered as a drawback: for instance,
the higher prevalence of male sex and first-round FITþ
in the derivation cohort may explain the tendency of the
model to overestimate CRC risk in the validation cohort.
However, it should be noted that our model performed
well in both groups, suggesting its potential applicability
in various screening contexts. Further, temporal valida-
tion is considered a rigorous approach when the study
sample is large. Third, we did not have information on
stage and mortality of CRCs; therefore, we could not
assess whether the priority-based allocation of patients
through our model effectively downstages disease. This
would be the aim of a future study. Fourth, our model
tended to overestimate the probability of colorectal le-
sions in the validation cohort, especially for
intermediate-risk subjects; nevertheless, the over-
estimation was less pronounced for the high-risk group
as depicted by the calibration plot. Fifth, we were not
able to include SSLs in our model given the small number
of SSLs in the cohort, especially in the first years of the
program when awareness of SSLs was much lower. On
the other hand, it is known that FIT has a low sensitivity
for SSL diagnosis,25 so we believe that the benefit of the
model for this subset of lesions would be marginal.
Lastly, we included in the derivation cohort patients that
underwent post-FIT colonoscopy beyond 6 months from
FIT, which has been independently associated with an
increased risk of CRC.4–6 However, only 2% of the total
cohort of patients underwent colonoscopy more than 6
months after FIT, and this negligible impact was
confirmed when we included time-to-colonoscopy in a
sensitivity analysis.

In conclusion, we developed and validated in a large
CRC screening cohort a predictive model for risk strati-
fication of patients with positive FIT (ie, �20 mg/g)
scheduled for colonoscopy. Applying our model in CRC
screening practice would allow health policy makers to
effectively prioritize FITþ individuals based on the risk
of CRC, allowing to substantially reduce the rate of
delayed CRC diagnoses. Application of the model beyond
CRC screening and addition of patient-reported symp-
toms are the focus of future research.

Supplementary Material

Note: To access the supplementary material accom-
panying this article, visit the online version of Clinical
Gastroenterology and Hepatology at www.cghjournal.org,
and at http://doi.org/10.1016/j.cgh.2024.09.036.
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Derivation and Validation of Predictive Model
for Advanced Neoplasms

Variables independently associated with advanced
neoplasms are reported in Table 2, and were male sex
(odds ratio [OR], 1.75; 95% confidence interval [CI],
1.66–1.84), fecal hemoglobin (f-Hb) �50 mg/g and <200
mg/g (OR, 1.80; 95% CI, 1.70–1.90), FIT �200 mg/g (OR,
3.03; 95% CI, 2.81–3.26), and first round of FIT (OR, 1.64;
95% CI, 1.55–1.74). The discriminative ability of the
model was fair, as the area under the receiver operating
characteristic (AUROC) was 0.65 (95% CI, 0.65–0.66) in
the derivation cohort and 0.63 (95% CI, 0.62–0.64) in the
validation cohort (see Supplementary Figure 1). The
model was substantially calibrated in the derivation
cohort, as shown by the goodness-of-fit test (P¼ .049) and
by the calibration belt (see Supplementary Figure 2A),
whereas it tended to overestimate the probability of
advanced neoplasms in the validation cohort (P < .001)
(see Supplementary Figure 2B).

We risk-stratified patients into 3 risk groups for
advanced neoplasms (ie, low, medium, and high), arbi-
trarily defined as below 30%, between 30% and 50%,
and above 50%. The diagnostic accuracy parameters of
the model in the validation cohort are reported hereafter.
In the low-risk group, our model had 62.6% (95% CI,
61.1%–64%) sensitivity, 55.9% (95% CI, 54.9%–56.9%)
specificity, 38.1% (95% CI, 37%–39.2%) positive pre-
dictive value (PPV), and 77.5% (95% CI, 76.5%–78.5%)
negative predictive value (NPV) for advanced neoplasms.
Considering the high-risk group, our model had 24.8%
(95% CI, 23.5%–26.1%) sensitivity, 87.3% (95% CI,
86.6%–87.9%) specificity, 45.7% (95% CI, 43.7%–
47.8%) PPV, and 72.8% (95% CI, 72%–73.6%) NPV.

Derivation and Validation of Predictive Model
for Adenomas Requiring Surveillance

Variables independently associated with adenomas
requiring surveillance were male sex (OR, 1.88; 95% CI,
1.78–1.99), FIT �50 mg/g and <200 mg/g (OR, 1.60; 95%
CI, 1.51–1.70), FIT �200 mg/g (OR, 2.34; 95% CI,
2.16–2.53), and first round of FIT (OR, 1.54; 95% CI,
1.45–1.63). The discriminative ability of the model was
fair, as the AUROC was 0.64 (95% CI, 0.63–0.65) in the
derivation cohort and 0.62 (95% CI, 0.61–0.63) in the
validation cohort (see Supplementary Figure 3). The
model was substantially calibrated in the derivation
cohort, as shown by the goodness-of-fit test (P¼ .149) and
by the calibration belt (see Supplementary Figure 4A),
whereas it tended to overestimate the probability of ad-
enomas requiring surveillance in the validation cohort
(P < .001) (see Supplementary Figure 4B).

We risk-stratified patients into 3 risk groups for ad-
enomas requiring surveillance (ie, low, medium, and
high), arbitrarily defined as below 30%, between 30%
and 50%, and above 50%. The diagnostic accuracy pa-
rameters of the model in the validation cohort are re-
ported hereafter. In the low-risk group, our model had
59.8% (95% CI, 58.2%–61.3%) sensitivity, 56.1% (95%
CI, 55.1%–57.1%) specificity, 35.8% (95% CI, 34.6%–
37%) PPV, and 77.3% (95% CI, 76.3%–78.3%) NPV.
Considering the high-risk group, our model had 19.4%
(95% CI, 18.2%–20.7%) sensitivity, 90.3% (95% CI,
89.7%–90.9%) specificity, 45.1% (95% CI, 42.7%–
47.5%) PPV, and 73.2% (95% CI, 72.4%–74%) NPV.



Supplementary Figure 2. Calibration of the predictive model for advanced neoplasms in derivation cohort (A) and validation
cohort (B).

Supplementary Figure 1. Receiver operating characteristic
curve of the predictive model for advanced neoplasms in the
derivation and validation cohort.
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Supplementary Figure 4. Calibration of the predictive model for adenomas requiring surveillance in derivation cohort (A) and
validation cohort (B).

Supplementary Figure 3. Receiver operating characteristic
curve of the predictive model for adenomas requiring sur-
veillance in the derivation and validation cohort.
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Supplementary Figure 5. Calibration of the predictive model for CRC in derivation cohort (A) and validation cohort (B).

1254.e4 Frazzoni et al Clinical Gastroenterology and Hepatology Vol. 23, Iss. 7



Supplementary Table 1. Transparent Reporting of a Multivariable Prediction Model for Individual Prognosis or Diagnosis
(TRIPOD) Checklist for the Predictive Model

Section/topic Item Checklist Item Page

Title and abstract
Title 1 D;V Identify the study as developing and/or validating a multivariable

prediction model, the target population, and the outcome to be
predicted.

1

Abstract 2 D;V Provide a summary of objectives, study design, setting, participants,
sample size, predictors, outcome, statistical analysis, results,
and conclusions.

2

Introduction
Background and objectives 3a D;V Explain the medical context (including whether diagnostic or

prognostic) and rationale for developing or validating the
multivariable prediction model, including references to existing
models.

3

3b D;V Specify the objectives, including whether the study describes the
development or validation of the model or both.

4

Methods
Source of data 4a D;V Describe the study design or source of data (eg, randomized trial,

cohort, or registry data), separately for the development and
validation data sets, if applicable.

5-6

4b D;V Specify the key study dates, including start of accrual; end of
accrual; and, if applicable, end of follow-up.

5-6

Participants 5a D;V Specify key elements of the study setting (eg, primary care,
secondary care, general population) including number and
location of centers.

5-6

5b D;V Describe eligibility criteria for participants. 5-6

5c D;V Give details of treatments received, if relevant. NA
Outcome 6a D;V Clearly define the outcome that is predicted by the prediction model,

including how and when assessed.
5-6

6b D;V Report any actions to blind assessment of the outcome to be
predicted.

NA

Predictors 7a D;V Clearly define all predictors used in developing the multivariable
prediction model, including how and when they were measured.

5-6

7b D;V Report any actions to blind assessment of predictors for the
outcome and other predictors.

NA

Sample size 8 D;V Explain how the study size was arrived at. NA
Missing data 9 D;V Describe how missing data were handled (eg, complete-case

analysis, single imputation, multiple imputation) with details of
any imputation method.

NA

Statistical analysis methods 10a D Describe how predictors were handled in the analyses. 6

10b D Specify type of model, all model-building procedures (including any
predictor selection), and method for internal validation.

6

10c V For validation, describe how the predictions were calculated. 6

10d D;V Specify all measures used to assess model performance and, if
relevant, to compare multiple models.

6

10e V Describe any model updating (eg, recalibration) arising from the
validation, if done.

6

Risk groups 11 D;V Provide details on how risk groups were created, if done.
Development vs. validation 12 V For validation, identify any differences from the development data in

setting, eligibility criteria, outcome, and predictors.
4-6
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Supplementary Table 1.Continued

Section/topic Item Checklist Item Page

Results
Participants 13a D;V Describe the flow of participants through the study, including the

number of participants with and without the outcome and, if
applicable, a summary of the follow-up time. A diagram may be
helpful.

7-8

13b D;V Describe the characteristics of the participants (basic demographics,
clinical features, available predictors), including the number of
participants with missing data for predictors and outcome.

7-8

13c V For validation, show a comparison with the development data of the
distribution of important variables (demographics, predictors,
and outcome).

7, supplementary table 2

Model development 14a D Specify the number of participants and outcome events in each
analysis.

7

14b D If done, report the unadjusted association between each candidate
predictor and outcome.

NA

Model specification 15a D Present the full prediction model to allow predictions for individuals
(ie, all regression coefficients, and model intercept or baseline
survival at a given time point).

Table 3

15b D Explain how to use the prediction model. Figure 3
Model performance 16 D;V Report performance measures (with confidence intervals) for the

prediction model.
7-8

Model updating 17 V If done, report the results from any model updating (ie, model
specification, model performance).

NA

Discussion
Limitations 18 D;V Discuss any limitations of the study (such as nonrepresentative

sample, few events per predictor, missing data).
13

Interpretation 19a V For validation, discuss the results with reference to performance in
the development data and any other validation data.

11,13

19b D;V Give an overall interpretation of the results, considering objectives,
limitations, results from similar studies, and other relevant
evidence.

11-14

Implications 20 D;V Discuss the potential clinical use of the model and implications for
future research.

11-14

Other information
Supplementary information 21 D;V Provide information about the availability of supplementary

resources, such as study protocol, Web calculator, and data
sets.

9

Funding 22 D;V Give the source of funding and the role of the funders for the present
study.

1

Note: Items relevant only to the development of a prediction model are denoted by D, items relating solely to a validation of a prediction model are denoted by V,
and items relating to both are denoted D;V. We recommend using the TRIPOD Checklist in conjunction with the TRIPOD Explanation and Elaboration document.
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Supplementary Table 2. Participants’ Characteristics in the
Derivation and Validation Cohort

Variable
Derivation cohort

(n ¼ 26,208)
Validation cohort

(n ¼ 14,068)

Age, years 65.9 (3.6) 65.4 (3.8)

Female sex 11,731 (44.7) 6793 (48.3)

First-round FITþ 17,330 (66.1) 6251 (44.4)

f-Hb, mg/g 56.6 (30.8-153.4) 46.6 (28.4-111)

CRC 1645 (6.3) 519 (3.7)

High-risk adenomas 9180 (36.9) 4008 (29.4)

Low-risk adenomas 3875 (14.8) 2115 (15)

Note: Data are presented as number (%), mean (standard deviation), or median
(interquartile range).
CRC, Colorectal cancer; f-Hb, fecal hemoglobin; FIT, fecal immunochemical
test.

Supplementary Table 3. Sensitivity Analysis Reporting a
More Complex and a Simpler
Predictive Model for CRC

Variable

OR (95% CI)

Simpler model
More complex

model

Age, years
<65 – Ref.
65–70 1.06 (0.94–1.18)
�70 1.2 (1.03–1.4)

Male sex – 1.23 (1.11–1.37)

FIT first round 1.56 (1.38–1.76) 1.53 (1.36–1.73)

FIT threshold, mg/g
20–50 Ref. Ref.
50–200 2.85 (2.48–3.28) 2.84 (2.47–3.27)
�200 7 (6.06–8.08) 6.91 (5.99–7.98)

Time interval from
FITþ to colonoscopy

– 1.00 (0.99–1.01)

CI, Confidence interval; CRC, colorectal cancer; FIT, fecal immunochemical
test; OR, odds ratio; Ref, reference.
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