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INTRODUCTION: Adherence to colonoscopy screening for colorectal cancer (CRC) is low in general populations, including
those tested positive in the fecal immunochemical test (FIT). Developing tailored risk scoring systems
by FIT results may allow for more accurate identification of individuals for colonoscopy.

METHODS: Among 807,109 participants who completed the primary tests in the first-round Shanghai CRC
screening program, 71,023 attended recommended colonoscopy. Predictors for colorectal neoplasia
were used to develop respective scoring systems for FIT-positive or FIT-negative populations using
logistic regression and artificial neural network methods.
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RESULTS:

Age, sex, area of residence, history of mucus or bloody stool, and CRC in first-degree relatives were

identified as predictors for CRC in FIT-positive subjects, while a history of chronic diarrhea and prior
cancer were additionally included for FIT-negative subjects. With an area under the receiver operating
characteristic curve of more than 0.800 in predicting CRC, the logistic regression-based systems
outperformed the artificial neural network-based ones and had a sensitivity of 68.9%, a specificity of
82.6%, and a detection rate of 0.24% by identifying 17.6% subjects at high risk. We also reported an
area under the receiver operating characteristic curve of about 0.660 for the systems predicting CRC
and adenoma, with a sensitivity of 57.8%, a specificity of 64.6%, and a detection rate of 6.87%
through classifying 38.1% subjects as high-risk individuals. The performance of the scoring systems for
CRC was superior to the currently used method in Mainland, China, and comparable with the scoring

systems incorporating the FIT results.

DISCUSSION:

The tailored risk scoring systems may better identify high-risk individuals of colorectal neoplasia and

facilitate colonoscopy follow-up. External validation is warranted for widespread use of the scoring systems.

SUPPLEMENTARY MATERIAL accompanies this paper at http://links.lww.com/CTG/A867
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INTRODUCTION

Population-based colorectal cancer (CRC) screening has been ap-
plied in national healthcare service programs in various countries.
The fecal immunochemical test (FIT), due to its affordability, con-
venience, and accuracy, is the most widely used primary screening
test to identify individuals for further colonoscopy examination (1, 2).
Despite the well-recognized effectiveness of the FIT colonoscopy
cascade screening on the reduced CRC incidence and mortality
worldwide (3-5), the use of FIT as a primary screening test may have
missed quite a lot of cases with nonbleeding colorectal lesions. FIT is
sensitive to bleeding lesions, but not to those nonbleeding. As
colonoscopy is not recommended currently for those with negative
FIT, more than 15% of CRC and 70% of precursor lesions could be
missed by FIT screening alone (6). In a meta-analysis, the sensitivity
of 1 or more FITs was observed around 75% for CRC but only 25%
for advanced adenoma using a positivity threshold of 20 wg Hb/g
feces (7). Regarding the subjects positive in FIT in observational
studies, only 76.0% (range: 12.5%-96.7%) attended the recom-
mended colonoscopy (8-10). In our previous report, we found that
only 39.8% of high-risk individuals attended a colonoscopy follow-
up in a Chinese population of Shanghai (11) and the adherence was
as low as 24.0% in the population of Pudong New Area of Shanghai,
in which only 30.4% of the FIT-positive subjects attended colono-
scopy (12). To develop tailored risk assessment tools by FIT results
may help to address the issues: for subjects with negative results,
those with nonbleeding lesions may be identified as high-risk indi-
viduals for subsequent colonoscopy, and for those with positive
results, further risk assessment may motivate them to attend colo-
noscopy and thus improve the adherence rate.

Nonbleeding colorectal lesions may differ in biological charac-
teristics, progression, and carcinogenesis from those bleeding (13,14).
It has been suggested that screen-detected CRC among FIT-positive
people was usually left-sided and followed the adenoma-carcinoma
pathway, while the interval CRC among those negative in FIT was
more likely right-sided and to be serrated neoplasia (15-17). There
exist different risk factors for bleeding and nonbleeding colorectal
neoplasia. A family history of CRC was associated with advanced
colorectal neoplasia among FIT-negative subjects (18,19), but not
identified as a risk factor among FIT-positive populations (20,21).
These findings justify the need for tailored risk scoring systems
according to FIT results.
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In this study, we aimed to develop and validate FIT-specific
scoring systems for CRC in all screened subjects and for colorectal
neoplasia in high-risk subjects attending colonoscopy. We also
compared the performance of the FIT-specific scoring systems for
CRC with (i) the parallel use of risk stratification and FIT, the
recommended primary screening test for CRC in Mainland of
China (22), and (ii) the unified scoring system incorporating
FIT results in our previous report (23), both of which followed
a traditional primary screening of risk assessment and FIT,
ignoring the heterogeneity in biological characteristics, risk fac-
tors, and progression between the bleeding and nonbleeding
cancers. Our analyses may help to develop a novel FIT-risk
assessment primary screening, which may facilitate more accu-
rate risk stratification for colonoscopy and improve the effec-
tiveness and cost-effectiveness of CRC screening.

METHODS

We reported this cross-sectional study following the guidelines
of the Strengthening the Reporting of Observational Studies in
Epidemiology (24) and the Transparent Reporting of a multi-
variable prediction model for Individual Prognosis or Diagnosis
(25). The Shanghai CRC screening program was approved by the
Ethics Review Committee of the Shanghai Municipal Center for
Disease Control & Prevention. Written informed consent was
obtained from all study participants.

Study population

A community-based CRC screening program was performed
using the recommended screening strategy in the 16 districts of
Shanghai, China, in 2013. As described in our previous reports, all
permanent residents aged 50-74 years with no history of CRC
were eligible and recruited to participate in the program volun-
tarily (11,23).

All participants were provided with a questionnaire-based risk
stratification and 2-sample qualitative FIT for primary screening,
followed by recommended colonoscopy for those positive in at
least 1 assessment, similar to the screening strategy used in
Jiashan County, Zhejiang Province of China (22). A unique 12-
digital barcode was assigned to each participant to label the
questionnaire, fecal samples collected, and colonoscopy exami-
nation result.
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Figure 1. Flow diagram for recruitment of the study participants. CRC, colorectal cancer; FIT, fecal immunochemical test.

Data collection

Questionnaire-based risk stratification was conducted through
face-to-face interviews. All participants were asked to provide
sociodemographic information including date of birth, sex,
educational level, marital status, occupation, area of residence,
and to answer the questions for risk stratification. As previously
reported (22), the subjects were regarded as high-risk for CRC if
they had 1 of the 3 events: (i) diagnosis of any cancer, (ii) history
of colorectal polyps, and (iii) CRC in first-degree relatives and/
or had at least 2 of the 6 conditions: (i) history of chronic con-
stipation, (ii) history of chronic diarrhea, (iii) history of mucus
or bloody stool, (iv) serious unhappy life events that caused
psychiatric trauma (e.g., divorce and death of any family
member), (v) chronic appendicitis or appendectomy, and (vi)
chronic cholecystitis or cholecystectomy. These risk factors
were determined based on several epidemiological studies
conducted in China between 1970s and 1990s (26) and proved to
be effective and cost-effective for CRC screening in Chinese
populations (11,22). The information on smoking, drinking,
physical activity, dietary habits, and body mass index, the risk
factors of CRC in other populations, was not collected in this
study.

At the interview, all subjects were instructed to collect 2 fecal
samples with an interval of 1 week. The samples were collected in
tubes containing about 5 mL moist feces and were required to
return to a local hospital within 48 hours. The FIT results were
read within 5 minutes of colloidal gold assay, with a positivity
threshold of 100 ng Hb/mL (20 g Hb/g feces).
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Participants who were positive in risk stratification and/or any
FIT were referred to designated hospitals for colonoscopy exami-
nation of the entire colorectum. All lesions detected were further
evaluated by biopsy to confirm the pathological diagnosis. When
using CRC as the outcome among the 807,109 subjects with
complete data of primary tests, we defined the prevalent CRC at the
screening as those diagnosed within 2 years of screening to allow
the clinical identification, as previously described (23). Therefore,
the outcome in the analysis included the screen-detected CRC
obtained from the program reporting system (within 90 days of
screening), and the missed or interval CRC supplemented through
a record linkage with the Shanghai Cancer Registry using a unique
ID number (within 2 years of screening). For the outcome of CRC
and adenoma, we restricted the study population to the 71,023
high-risk subjects who attended recommended colonoscopy. The
screen-detected CRC and adenoma (within 90 days of screening)
were obtained from the program reporting system for those at-
tending colonoscopy in the designated hospitals of the program
and from the Shanghai medical record system for those receiving
colonoscopy outside. Similarly, the missed CRC (within 2 years of
screening) was supplemented through a record linkage with the
Shanghai Cancer Registry (Figure 1).

The Shanghai Municipal Center for Disease Control and
Prevention was responsible for the management, supervision,
and evaluation of the CRC screening program. The program staff
attended the annual training course before screening. Specialists
in surgery, endoscopy, and pathology were organized for quality
assurance of the diagnosis and treatment of colorectal lesions.
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Table 1. Demographic characteristics and risk factors of study participants by the results of 2-sample FIT

All subjects (n = 807,109) Subjects attending colonoscopy (n = 71,023)
Positive in either FIT Negative in both FIT Positive in either FIT Negative in both FIT
(n = 104,763) (n = 702,346) Pvalues? (n = 48,896) (n =22,127) Pvalues?
Age at screening (yr), mean (SD) 62.4 (6.0) 61.8 (6.0) <0.001 62.1 (5.9) 61.9 (5.9) <0.001
Sex, n (%) <0.001 <0.001
Men 45,025 (43.0) 271,043 (38.6) 20,911 (42.8) 7,778 (35.2)
Women 59,738 (57.0) 431,303 (61.4) 27,985 (57.2) 14,349 (64.9)
Educational level, n (%) <0.001 <0.001
No formal education 10,762 (10.3) 52,734 (7.5) 5,287 (10.8) 1,982 (9.0)
Primary school 35,418 (33.8) 195,543 (27.8) 17,404 (35.6) 5,398 (24.4)
Middle school 50,666 (48.4) 387,442 (55.2) 22,801 (46.6) 12,188 (55.1)
High school 7,734 (7.4) 65,211 (9.3) 3,337 (6.8) 2,521 (11.4)
College or above 183 (0.2) 1,416 (0.2) 67 (0.1) 38(0.2)
Marital status, n (%) <0.001 <0.001
Married 95,959 (91.6) 637,594 (90.8) 44,956 (91.9) 19,827 (89.6)
Unmarried 2,128 (2.0) 19,374 (2.8) 972 (2.0) 537 (2.4)
Divorced 979 (0.9) 7,718 (1.1) 410(0.8) 335(1.5)
Widowed 4,920 (4.7) 29,772 (4.2) 2,220 (4.5) 1,237 (5.6)
Unknown 777 (0.7) 7,888 (1.1) 338(0.7) 191 (0.9)
Occupation, n (%) <0.001 <0.001
Office workers 6,344 (6.1) 47,351 (6.7) 2,772 (5.7) 1,890 (8.5)
Enterprise workers 36,004 (34.4) 289,925 (41.3) 15,829 (32.4) 9,569 (43.3)
Farmers 38,542 (36.8) 205,846 (29.3) 19,145 (39.2) 5,418 (24.5)
Self-employed 2,664 (2.5) 16,830 (2.4) 1,391 (2.8) 574 (2.6)
Unemployed 5,346 (5.1) 28,041 (4.0) 2,621 (5.4) 1,235 (5.6)
Others 15,863 (15.1) 114,353 (16.3) 7,138 (14.6) 3,441 (15.6)
Area of residence, n (%) <0.001 <0.001
Urban 22,852 (21.8) 262,502 (37.4) 8,687 (17.8) 8,151 (36.8)
Rural 81911 (78.2) 439,844 (62.6) 40,209 (82.2) 13,976 (63.2)
Factors for risk stratification, n (%)
Chronic diarrhea 7,137 (6.8) 36,283 (5.2) <0.001 3,776 (7.7) 5,463 (24.7) <0.001
Chronic constipation 8,858 (8.5) 46,284 (6.6) <0.001 4,361 (8.9) 5,514 (24.9) <0.001
Mucus or bloody stool 3,462 (3.3) 13,882 (2.0) <0.001 1,813 (3.7) 2,728 (12.3) <0.001
Chronic appendicitis/appendectomy 12,771 (12.2) 66,705 (9.5) <0.001 6,188 (12.7) 7,067 (31.9) <0.001
Chronic cholecystitis/cholecystectomy 11,321 (10.8) 63,330 (9.0) <0.001 5,616 (11.5) 7,502 (33.9) <0.001
Serious unhappy life events 2,757 (2.6) 15,287 (2.2) <0.001 1,320 (2.7) 2,307 (10.4) <0.001
Diagnosis of any cancer 2,354 (2.3) 13,963 (2.0) <0.001 1,109 (2.3) 3,470 (15.7) <0.001
CRC in first-degree relatives 3,949 (3.8) 21,380 (3.0) <0.001 2,146 (4.4) 6,235 (28.2) <0.001
Previous colorectal polyps 2,055 (2.0) 9,457 (1.4) <0.001 1,302 (2.7) 3,957 (17.9) <0.001

CRC, colorectal cancer; FIT, fecal immunochemical test.
@P values for ttest or X2 tests.

Statistical analysis

The subjects were randomized into a derivation set and a vali-
dation set at a ratio of 8:2 (27), with the number of subjects in the
derivation versus the validation set being 83,812:20,951 in FIT-
positive subjects and 561,871:140,475 in FIT-negative subjects to

Clinical and Translational Gastroenterology

predict the outcome of CRC, and 39,117:9,779 and 17,702:4,425,
respectively, to predict the outcome of CRC and adenoma.
Univariable and multivariable logistic regression (LR) analyses
were applied to identify possible risk factors for colorectal neo-
plasia among FIT-positive and FIT-negative subjects, respectively.
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Table 2. Univariable and multivariable LR analysis of risk factors for colorectal neoplasia, stratified by the results of 2-sample FIT

Subjects positive in either FIT

Subjects negative in both FIT

For CRC and adenoma in subjects attending colonoscopy

B (SE) in
B (SE) in P multivariable
Risk factors univariable analysis values analysis
For CRC in all subjects
Age at screening (yr) 0.058 (0.004) <0.001 0.052 (0.004)
Sex (men vs women) 0.516 (0.048) <0.001 0.433 (0.048)
Area of residence (urban 0.494 (0.051) <0.001 0.421 (0.052)
vs rural)
Chronic diarrhea 0.290 (0.084) <0.001 —
Chronic constipation —0.020 (0.086) 0.813 —
Mucus or bloody stool 0.833(0.093) <0.001 0.705 (0.094)
Chronic appendicitis/ —0.020 (0.073) 0.788 —
appendectomy
Chronic cholecystitis/ —0.027 (0.077) 0.731 —
cholecystectomy
Serious unhappy events 0.183 (0.136) 0.178 —
Diagnosis of any cancer 0.146 (0.149) 0.328 —
CRC in first-degree 0.457 (0.102)  <0.001 0.373 (0.103)
relatives
Colorectal polyps 0.065 (0.166) 0.693 —

Age at screening (yr) 0.039 (0.002) <0.001 0.032 (0.002)
Sex (men vs women) 0.674 (0.026) <0.001 0.619 (0.026)
Area of residence (urban 0.213(0.032) <0.001 0.199 (0.033)
vs rural)

Chronic diarrhea —0.059 (0.049) 0.224 —
Chronic constipation —0.309 (0.049) <0.001 —0.267 (0.050)
Mucus or bloody stool 0.148 (0.065) 0.022 —
Chronic appendicitis/ —0.068 (0.039) 0.082 —0.089 (0.040)
appendectomy

Chronic cholecystitis/ —0.072 (0.041) 0.080 —
cholecystectomy

Serious unhappy events 0.214 (0.074) 0.004 0.281 (0.075)
Diagnosis of any cancer ~ —0.078 (0.088) 0.379 —

CRC in first-degree 0.167 (0.059) 0.005 0.169 (0.061)
relatives

Colorectal polyps —0.199 (0.085) 0.019 —0.300 (0.086)

B (SE)in
P B (SE) in P multivariable P
values univariable analysis values analysis values
<0.001 0.059 (0.005)  <0.001 0.055 (0.005) <0.001
<0.001 0.394 (0.064)  <0.001 0.307 (0.064) <0.001
<0.001 0.381 (0.064) <0.001 0.344 (0.064) <0.001
— 0.614(0.111)  <0.001 0.526 (0.113) <0.001
— 0.184 (0.119) 0.121 — —
<0.001 0.662 (0.168)  <0.001 0.378(0.172) 0.028
— —0.030 (0.110) 0.784 — —
— 0.197 (0.103) 0.056 — —
— 0.312(0.189) 0.098 — —
— 0.972(0.145)  <0.001 0.814 (0.146) <0.001
<0.001 0.746 (0.132)  <0.001 0.659 (0.134) <0.001
— 0.728 (0.195)  <0.001 — —
<0.001 0.037 (0.005)  <0.001 0.035 (0.005) <0.001
<0.001 0.554 (0.058) <0.001 0.495 (0.058) <0.001
<0.001 -0.225(0.061) <0.001 —0.259 (0.062) <0.001
— 0.007 (0.066) 0.919 — —
<0.001 —0.156(0.069) 0.023 — —
— —0.078 (0.089) 0.383 — —
0.025  —0.059 (0.062) 0.340 — —
— —0.100 (0.061) 0.102 — —
<0.001 0.074 (0.091) 0.417 — —
— —0.086 (0.081) 0.286 — —
0.005 0.177 (0.062) 0.004 0.245 (0.063) <0.001
<0.001 —0.086(0.077) 0.259 — —

CRC, colorectal cancer; FIT, fecal immunochemical test; LR, logistic regression.

Variables with P values less than 0.10 in the univariable analysis
were then included in multivariable LR models with a backward
elimination. Those remaining significant were used to develop the
final models. The regression coefficients of selected variables were
transferred into point values, with each point equivalent to the
increase in the risk of colorectal neoplasia associated with a 5-year
increase in age (i.e., the coefficient of age multiplied by 5) (28). The
risk score for each subject was the sum of the point values of all
included variables in the final model.

American College of Gastroenterology

The ANN models using the multilayer perceptron method
were also constructed based on the significant variables in the
final multivariable LR models. The ANN architecture consists
of an input layer (predictor variables), an output layer (out-
come variable), and a hidden layer (latent variables connecting
predictors and the outcome) (29). The relationship between
inputand output neurons was processed and weighted through
the hidden layer. The weights derived from the ANN models
were transferred into risk scores using formula (equation [1]),
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Table 3. Scoring algorithm to calculate point values for LR-based FIT-specific scoring systems of colorectal neoplasia, by the results of 2-sample FIT

Age at screening (yr) 0.056 (0.047 to 0.065) 0.058 (0.046 to 0.069) 0.032 (0.027 t0 0.037) 0.036 (0.025 to 0.047)

50-54 52 (Wrer) = 0 — 0 52 (Wrer) = 0 52 (Wep) = 0

60-64 62 — 2.0 — 2.0 62 — 20 62 — 2.0

70-74 72 — 4.0 — 4.0 72 — 4.0 72 — 4.0

Women 0 (Wrep) = 0 = 0 0 (Wrep) — 0 0 (Wrep) = 0

Area of residence

Urban 1 0.389(0.275t00.503) 1.0 0.314 (0.180 to 0.449) 1.0

%
|

|
|
o
|
|
|
|
|
|

Never 0 (Wrep) =

Mucus or bloody stool

Ever 1 0.610(0.395t00.824) 2.0 0.333(-0.034t00.700) 1.0

%

Never — —

Chronic appendicitis/
appendectomy

Ever — — — — — 0 (Wief) — 0 = — —

Never — — — — — 0 (Wief) — 0 = — —
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Table 3. (continued)

CRC in first-degree
relatives

Ever 1 0.426 (0.204100.647) 2.0 0.676 (0.398 to 0.955) 2.0 1 0.160(0.027100.293) 1.0 1 0.233(0.096100.371) 1.0
Never — — — — — 1 0264 (0.076t00.451) 20 — — —

Diagnosis of any
cancer

Ever 1 = = 0.740 (0.424 to 1.056) 3.0 = = = = =

Cl, confidence interval; CRC, colorectal cancer; FIT, fecal immunochemical test; LR, logistic regression.

2B (95% Cl) derived from the multivariable LR model.

PLR-based risk score = B X (Wj; — W,e)/B, where constant B is the number of regression unit equivalent to 1 point in the final risk score and was calculated by multiplying the B for age by 5, e.g., for the LR-based scoring system for
CRC, in FIT-positive subjects, constant B = 0.056 x 5 = 0.280. Based on an age-standardized method, the point values of other variables were obtained with their corresponding regression coefficients dividing by 0.280 and
rounding to the nearest whole number: 0.416/0.280 = 1.0 for sex, 0.389/0.280 = 1.0 for the area of residence, 0.610/0.280 = 2.0 for mucus or bloody stool, and 0.426/0.280 = 2.0 for CRC in first-degree relatives.
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Table 4. Discrimination and calibration of the FIT-specific risk scoring systems in predicting colorectal neoplasia

For CRC in all subjects

For CRC and adenoma in subjects attending colonoscopy

Derivation set (n = 645,683)

Validation set (n = 161,426)

Derivation set (n = 56,819) Validation set (n = 14,204)

Scoring P
systems AUC (95% CI) values? AUC (95% CI)
LR-based
FIT-positive ~ 0.630 (0.616-0.644) 0.899  0.626 (0.597-0.655)
FIT-negative =~ 0.637 (0.619-0.655) 0.599  0.635 (0.582-0.687)
Overall 0.804 (0.794-0.814) 0.516  0.855(0.836-0.874)
ANN-based
FIT-positive ~ 0.626 (0.612-0.640) 0.057  0.626 (0.597-0.656)
FIT-negative ~ 0.632(0.614-0.651) 0.003  0.632 (0.579-0.684)
Overall 0.802 (0.793-0.812) 0.002  0.854 (0.835-0.874)

P P P

values® AUC (95% CI) values® AUC (95% CI) values®
0970 0.614(0.607-0.622) 0.007 0.613(0.598-0.629) 0.436
0.708 0.605 (0.587-0.622) 0.680 0.603 (0.570-0.636) 0.049
0.777  0.660 (0.654-0.667) 0.008 0.659 (0.645-0.672) 0.044
0911 0.609(0.602-0.617) 0.163 0.612 (0.596-0.627) 0.816
<0.001 0.602(0.584-0.619) 0.883 0.604 (0.571-0.638) 0.499
<0.001 0.657 (0.650-0.664) 0.264 0.658 (0.645-0.671) 0.820

ANN, artificial neural network; AUC, area under the receiver operating characteristic curve; Cl, confidence interval; CRC, colorectal cancer; FIT, fecalimmunochemical test;

LR, logistic regression.
2P values for calibration based on the Hosmer-Lemeshow goodness-of-fit tests.

where n and m represent the numbers of predictors and hidden
units, respectively, u; is defined as the absolute value of
weight between predictor i and hidden unit j divided by the
total absolute values of weights pointing to hidden unit j, v; is
defined as the absolute value of weight between hidden unit j
and the outcome divided by the total absolute values of weights
pointing to the outcome, C; represents the contribution of
predictor i on the outcome, and the sum of contributions of all
predictors is 100% (30). Then, the scores of predictors were
computed by multiplying the total score in the corresponding
LR-based scoring system by the contributions of predictors in
the ANN model.

m
C,‘ = Zvju,j, i = 1,...,1’1 (1)
j=1

The discriminatory ability for each developed scoring system
was measured using the area under the receiver operating
characteristic curve (AUC) and compared using the DeLong
test, while the ability in calibration (consistency of predicted risk
with observed risk) was tested by the Hosmer-Lemeshow
goodness-of-fit test. Net reclassification improvement and in-
tegrated discrimination improvement were further calculated to
compare the predictive values of LR-based and ANN-based
scoring systems. The optimal cutoff values for the scoring sys-
tems were identified based on the Youden index, sensitivity,
specificity, proportion of high-risk individuals, detection rate,
number of individuals needed to screen, and number of colo-
noscopies needed to identify one case. The performance of
scoring systems in the derivation set were further evaluated in
the split-sample validation set.

Considering that most FIT-based screening programs performed
one sample test, we conducted a sensitivity analysis by redefining FIT
positive as positive in the first FIT. As a result, the number of FIT-
positive and FIT-negative subjects was 68,354 and 738,755, re-
spectively, for the outcome of CRC, and was 32,233 and 38,790,
respectively, for CRC and adenoma. We also conducted sensitivity
analyses by supplementing missed or interval CRC with those di-
agnosed within 1 year of screening derived from the Shanghai
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Cancer Registry and by using CRC and adenoma detected within 90
days as the outcome.

All statistical analyses were performed in SAS 9.4 (SAS In-
stitute, Cary, NC) and R version 4.0.2. Two-sided P values of less
than 0.05 were considered statistically significant.

RESULTS

A total of 807,109 participants provided complete information for
risk stratification, including 104,763 FIT-positive subjects and
702,346 FIT-negative subjects who were used to develop risk
predictive models and scoring systems for CRC. Among 179,741
high-risk individuals who were positive in risk stratification or
any FIT and thus recommended for colonoscopy, only 71,023
(39.5%) attended the examination within 90 days, in which risk
predictive models and scoring systems for CRC and adenoma
were established in 48,896 FIT-positive and 22,127 FIT-negative
subjects, respectively. A total of 723 subjects were screening-
detected with CRC and 6,676 with colorectal adenoma, as pre-
sented in Figure 1. Additional 2,081 missed or interval CRCs
(74.2%) reported in cancer surveillance within 2 years of
screening were also included in the analysis for the outcome
of CRC.

Characteristics of study participants by FIT results

As presented in Table 1, significant differences in demographic
and risk factors were observed between FIT-positive and FIT-
negative groups in all participants and among those attending
colonoscopy (all P < 0.001). For all subjects, those with positive
FIT were older, less educated, and more likely to be men, lived in
rural area, and had risk factors for risk stratification. Similar re-
sults were observed for subjects attending colonoscopy on de-
mographic factors, but much higher prevalence of all factors for
risk stratification was observed in the FIT-negative group in
which all subjects were positive in risk stratification.

Selected risk predictors for colorectal neoplasia

In our previous report, age at screening, sex, chronic diarrhea,
mucus or bloody stool, CRC in first-degree relatives, and
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Table 5. Performance of several primary screening tests for the detection of colorectal neoplasia among all eligible subjects

Detection
rate, n (%)

High-risk
subjects, n (%)

Sensitivity
Primary screening test? (95% Cl), %
For CRC (n = 807,109)

Parallel use of risk
assessment and FIT

179,740 (22.3) 2,013 (0.25)

LR-based scoring
system incorporating
FIT results

LR-based FIT-specific
scoring system
ANN-based FIT-
specific scoring system

109,583 (13.6) 1,844 (0.23)

141,692 (17.6) 1,933 (0.24)

161,709 (20.0) 1,975 (0.24)

For CRC and adenoma
(n =71,023)°

LR-based FIT-specific
scoring system

ANN-based FIT-
specific scoring system

27,031 (38.1) 4,881 (6.87)

28,071 (39.5) 4,917 (6.92)

71.8(70.1-73.5)

65.8 (64.0-67.5)

68.9 (67.2-70.6)

70.4 (68.7-72.1)

57.8 (56.7-58.8)

58.2 (57.1-59.2)

Specificity
(95% Cl), %

No. of subjects needed to
screen for 1 case

No. of colonoscopies
needed to detect 1 case

77.9(77.8-78.0) 401 89
86.6 (86.5-86.7) 438 59
82.6 (82.5-82.7) 418 73
80.1 (80.1-80.2) 409 82
64.6 (64.2-65.0) 15 6
63.0 (62.6-63.4) 14 6

ANN, artificial neural network; Cl, confidence interval; CRC, colorectal cancer; FIT, fecal immunochemical test; LR, logistic regression.

aFIT, positive referring to positive in either FIT.
®Among subjects attending colonoscopy.

diagnosis of any cancer were identified as predictors for CRC (23).
In stratified analysis by FIT results, urban residency was addi-
tionally identified as a predictor for CRC in both FIT-positive and
FIT-negative groups, whereas a history of chronic diarrhea and
diagnosis of any cancer were no longer associated with CRC in the
FIT-positive group (Table 2). Among subjects attending colo-
noscopy, 8 variables (age, sex, area of residence, constipation,
chronic appendicitis or appendectomy, serious unhappy life
events, CRC in first-degree relatives, and colorectal polyps) were
identified as predictors for colorectal neoplasia (CRC and ade-
noma) in FIT-positive subjects, while 4 factors (age, sex, area of
residence, and CRC in first-degree relatives) were selected for
FIT-negative subjects. It is of note that opposite associations were
observed for the area of residence in FIT-positive and FIT-
negative subjects, and a negative association was observed for
chronic constipation (B: —0.267, P < 0.001), chronic appendicitis
or appendectomy (3: —0.089, P = 0.025), and colorectal polyps
(B: —0.300, P < 0.001) among subjects positive in FIT (Table 2).

Development and validation of predictive models and

scoring systems

Based on the selected predictors, we developed predictive
models and corresponding scoring systems using LR and ANN
methods. As presented in Table 3, the regression coefficients of
risk predictors for CRC ranged from 0.610 (0.395-0.824) to
0.056 (0.047-0.065) in FIT-positive subjects and from 0.740
(0.424-1.056) to 0.058 (0.046-0.069) in FIT-negative subjects,
based on which FIT-specific risk scoring systems with scores of
0-10 and scores of 0-14 were developed, respectively. For CRC and
adenoma, the highest regression coeflicient was observed for sex,
while the lowest for age at screening, yielding a scoring system of
0-17 for FIT-positive participants and a system of 0-9 scores for
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FIT-negative participants. The weights of the predictors in ANN
models are presented in the Supplementary Digital Content (see
Supplementary Table 1, http://links.lww.com/CTG/A867). The
corresponding weights for CRC predictors ranged from 35.1% to
12.4% in FIT-positive subjects and from 20.2% to 9.2% in FIT-
negative subjects, while those for predictors of colorectal neoplasia
varied from 24.4% to 4.3% and from 37.5% to 11.9% in FIT-positive
and FIT-negative subjects, respectively.

The developed FIT-specific risk scoring systems demonstrated
good discrimination and calibration in predicting colorectal
neoplasia. As presented in Table 4, the AUCs (95% confidence
interval [CI]) of the LR-based FIT-specific systems in predicting
CRC were 0.804 (0.794-0.814) (P for calibration = 0.516) in the
derivation set and 0.855 (0.836-0.874) (P for calibration = 0.777)
in the validation set, while those for CRC and adenoma were 0.660
(0.654-0.667) (P for calibration = 0.008) and 0.659 (0.645-0.672)
(P for calibration = 0.044), respectively. The AUCs for ANN-
based scoring systems were comparable with those of LR-based
systems for CRC (P for heterogeneity = 0.166) but were slightly
inferior for CRC and adenoma (P for heterogeneity <0.05). Re-
gardless of the FIT results, however, the values of the LR-based
systems in predicting CRC and colorectal neoplasia were better
than the ANN-based systems, with all net reclassification im-
provement >0 and integrated discrimination improvement >0
(all P values < 0.01).

Performance of scoring systems for colorectal neoplasia

Presented in Table 5 are the performance of the parallel use of risk
stratification and FIT, the unified LR-based scoring system in-
corporating FIT results, and the FIT-specific systems established
in this study. Using the score “1” as the cutoft point for the LR-
based FIT-specific system to predict CRC in FIT-positive subjects
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and the score “6” in FIT-negative subjects, we observed a higher
specificity, a smaller number of high-risk individuals for colo-
noscopy, and less colonoscopies needed to identify 1 CRC than
the parallel use of risk stratification and FIT, but with a reduced
sensitivity and a larger number of subjects needed to screen. The
performance of the LR-based FIT-specific systems was slightly
better than the ANN-based ones but was inferior to the unified
LR-based system incorporating FIT results.

For CRC and adenoma, the LR-based FIT-specific scoring
systems using the score of “9” for FIT-positive subjects and “7” for
FIT-negative subjects as an optimal cutoff point achieved a sen-
sitivity of 57.8% (95% CI: 56.7-58.8), a specificity of 64.6% (95%
CI: 64.2-65.0), a detection rate of 6.87% by identifying 38.1%
subjects as at high risk for colonoscopy, with 15 subjects needed to
screen and 6 colonoscopies needed to detect 1 case. The perfor-
mance of ANN-based systems was comparable, with a slightly
higher sensitivity but a slightly lower specificity.

Sensitivity analysis

When redefining FIT-positive as positive in the first FIT, the
selected predictors for CRC were similar to those in the main
analysis. For CRC and adenoma, however, mucus or bloody
stool was selected instead of colorectal polyps and family
history of CRC in FIT-positive subjects, while a negative as-
sociation was observed for almost all risk factors in FIT-
negative subjects. Presented in the Supplementary Digital
Content (see Supplementary Table 2 and 3, http://links.Iww.
com/CTG/A867) are the scoring systems developed by in-
tegrating these selected predictors for colorectal neoplasia.

In sensitivity analyses by supplementing missed or interval
CRC with those diagnosed within 1 year of screening, or by
using detected CRC and adenoma within 90 days of screening
as the outcome, the selected predictors were similar to those in
the main analysis (data not shown in the tables). Consistent
with the main results, all the sensitivity analyses demonstrated
better discrimination and calibration of LR-based FIT-specific
scoring systems than the ANN-based ones (see Supplementary
Table 4, http://links.Iww.com/CTG/A867) and showed better
performance of the LR-based FIT-specific systems in pre-
dicting colorectal neoplasia (see Supplementary Table 5,
http://links.lww.com/CTG/A867). The performance of LR-
based FIT-specific system was also found comparable with the
unified LR-based system incorporating FIT results in pre-
dicting CRC.

DISCUSSION

In this study, we found that the FIT-specific scoring systems
outperformed the currently used primary screening method in
identifying high-risk individuals. More importantly, the novel
FIT-risk assessment primary screening, proposed in this study
enables more accurate identification of high-risk individuals and
more efficient allocation of the limited colonoscopy and thereby
bears a potential to improve effectiveness and cost-effectiveness of
CRC screening.

Almost all previous risk predictive models or risk scoring
systems for CRC or advanced colorectal neoplasia were estab-
lished for the whole screening populations. These models usually
included demographics, medical history, lifestyle habits, specific
symptoms or signs, or even biomarkers as risk predictors (31-33).
Although the risk factors significantly differed between subjects
positive in FIT and those negative (19,34,35), no predictive model
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was specifically developed by the test results. So far, only 2 models
have been established for FIT-positive subjects by integrating FIT
concentration and other factors to predict the outcome of CRC or
advanced neoplasia (20,21).

In this study, for the first time, we developed FIT-specific
scoring systems for CRC and colorectal neoplasia and provided
tailored risk assessment tools to identify individuals with pos-
sible bleeding or nonbleeding colorectal lesions. With an AUC
of more than 0.800 in identifying CRC, the FIT-specific scoring
systems, either LR-based or ANN-based, outperformed those in
previous studies demonstrating an AUC of 0.53-0.75 (20,33,36),
including the parallel use of risk stratification and FIT in the
Shanghai CRC screening program. The higher specificity, less
demand for colonoscopy, and less colonoscopies needed to
detect 1 CRC of the FIT-specific scoring systems suggest the
value of our systems in reducing unnecessary colonoscopies
(37), improving adherence to colonoscopy (8), and thus
replacing the parallel use of risk stratification and FIT. In-
terestingly, we found that the performance of the FIT-specific
scoring systems was comparable with the unified LR-based
scoring system incorporating 2-sample FIT results (23), in-
dicating that both scoring systems can be adopted in the
population.

The LR-based FIT-specific scoring systems also performed
well in predicting CRC and adenoma, with an AUC of 0.660.
The AUC of our systems was within the AUCs of 0.62-0.75 for
other scoring systems in predicting advanced colorectal neo-
plasia (20,21,31,38,39) and slightly higher than 0.62 of a scoring
system for both advanced and nonadvanced neoplasia (40).
Similar to previous studies (20,21), however, our systems for
colorectal neoplasia were derived from high-risk individuals
who attended colonoscopy and thus cannot be directly applied
to general populations. Moreover, due to lack of detailed in-
formation to distinguish advanced adenoma from those non-
advanced, we used CRC and all adenomas as the outcomes,
which is not consistent with those having using CRC and ad-
vanced adenomas as outcomes (31,33). Our systems may lead to
a higher level of colonoscopy utilization in practice and com-
promise the cost-effectiveness of the screening program.
However, it is estimated that close to 30% of those with non-
advanced adenoma (but no advanced neoplasia) at the age of 55
years would develop CRC in the absence of adenoma detection
and removal (41). The information regarding the combined
risk of CRC and adenoma may be of interest to those who might
wish to have their nonadvanced adenomas removed (40).
Moreover, colorectal serrated lesions, a kind of nonadvanced
adenoma in adults, particularly among those negative in FIT,
were found to progress more rapidly and lead to approximately
10%-20% of CRC cases (17). All of these support the benefits of
detecting nonadvanced adenomas and indicate the desirability
of extra colonoscopy examinations.

It is of note that chronic constipation, chronic appendicitis or
appendectomy, and prior polyp seemed as protective factors for
CRC and adenoma in FIT-positive population. The results were
partly consistent with the report of Hreinsson et al. (42), in which
CRC patients with overt or occult bleeding were less likely to have
symptoms of constipation, diarrhea, and obstruction compared
with nonbleeders. It is possible that subjects with constipation or
appendicitis are at a higher risk of nonbleeding colorectal neo-
plasia, posing a competing risk for bleeding neoplasia (43). The
instant polypectomy and regular medical examinations for
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subjects with a history of colorectal polyp may help to explain the
protective effect of this factor.

Evidently, the FIT-specific scoring systems developed in this
study have important clinical and public health implications.
First, the systems provide a simple-to-use risk assessment tool
after a FIT, the most widely used screening test worldwide, fa-
cilitating risk assessment of colorectal neoplasia by screened
subjects or healthcare providers. Second, the novel FIT-risk as-
sessment primary screening, proposed in this study help to im-
prove colonoscopy adherence in FIT-positive subjects through
enhancing their awareness of CRC risk and allow for more ac-
curate risk stratification in FIT-negative subjects. Finally, the
scoring systems can be optimized by adjusting the cutoff points
for consideration of cost-effectiveness, enabling policymakers to
select the most suitable screening modality.

This study has several strengths. First, the large sample size
provides enough statistical power to develop and validate the
FIT-specific predictive models and scoring systems. Second, the
data in the CRC screening program were collected under su-
pervision, and the colonoscopy findings were available for all
subjects in the analysis for CRC and adenoma. The high quality
and the integrity of the data contribute to the accuracy of our
results. Third, we reported this cross-sectional study following
the guidelines of the Strengthening the Reporting of Observa-
tional Studies in Epidemiology and the Transparent Reporting
of a multivariable prediction model for Individual Prognosis Or
Diagnosis statements. Specifically, we established the scoring
systems using an age-standardized method for LR coefficients
and using weights from ANN models, which ensures the validity
and interpretability of the scoring systems. Finally, the adjust-
able cutoff values of FIT-specific scoring systems may facilitate
their utilities in screening practices according to the availability
of healthcare resources.

There are several limitations that deserve attention. First, since
the subjects in our study were screening volunteers, selection bias
could not be excluded. However, this concern is partly mitigated by
the relatively large sample size included in our analysis. Second,
several important risk factors of colorectal neoplasia, such as
smoking, body mass index, drinking, physical inactivity, and poor
dietary habits included in previous studies (31,38), were not col-
lected in our screened subjects. These unmeasured variables may
decrease the predictive values of the developed risk scoring systems.
However, smoking and body mass index, the 2 common risk fac-
tors for CRC, were not significantly associated with advanced co-
lorectal neoplasia in the Chinese population (44), and sex may be a
proxy for smoking due to the huge difference in smoking rate
between Chinese men and women (45). Third, more than half of
the high-risk subjects identified by the initial tests did not undergo
scheduled colonoscopy in the program. The less representative
study population may have underestimated the current risk of
adenoma in the population and limited the generalization of our
scoring systems for CRC and adenoma. For the outcome of CRC,
the factors associated with the interval cancers may be different
from those most strongly associated with the screen-detected CRC,
which may have attenuated the accuracy of the scoring systems.
However, in this study, we aimed to develop respective risk scoring
systems by FIT results, which should be based on all the prevalent
CRCs, including the interval cases. Finally, the predictive models
and scoring systems were validated internally. External validation
is warranted to extend the generalizability of our findings to other
population groups.
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In conclusion, the established LR-based scoring systems in-
tegrating specific risk factors for bleeding or nonbleeding co-
lorectal neoplasia provide a more refined risk assessment in
screened subjects having FIT. The novel FIT-risk assessment
primary screening, may help to identify high-risk individuals for
necessary colonoscopy and improve the efficacy of CRC screen-
ing. Further investigations are warranted to externally validate
the scoring systems and evaluate the effectiveness and cost-
effectiveness of the FIT-risk assessment primary screening, in
large-scale population-based programs.
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Study Highlights
WHAT IS KNOWN

\/ Nonbleeding colorectal lesions differed in biological
characteristics, progression, carcinogenesis, and risk factors
from those bleeding.

/ Fecal immunochemical test (FIT) is sensitive to bleeding
lesions, but not to nonbleeding neoplasia.

Suboptimal adherence to colonoscopy was observed among
participants of colorectal cancer screening, including those
with positive FIT.

WHAT IS NEW HERE

\/ This is the first study to develop tailored risk scoring systems
among subjects positive or negative in FIT.

The developed FIT-specific scoring systems outperformed
the currently used initial screening method in Mainland,
China.

/ The novel FIT-risk assessment primary screening, provided
more refined identification of individuals with bleeding or
nonbleeding lesions.

/ The novel FIT-risk assessment primary screening, can be
applied to improve effectiveness of screening and
colonoscopy adherence.

The developed risk scoring systems can be used by screened
subjects or healthcare providers.

The cutoff points of the risk scoring systems can be adjusted
for a cost-effectiveness consideration.
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