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Optimizing Positivity Thresholds for a Risk-Adapted
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INTRODUCTION: Risk-adapted screening combining the Asia-Pacific Colorectal Screening score, fecal immunochemical
test (FIT), and colonoscopy improved the yield of colorectal cancer screening than FIT. However, the
optimal positivity thresholds of risk scoring and FIT of such a strategy warrant further investigation.

METHODS: We included 3,407 participants aged 50-74 years undergoing colonoscopy from a colorectal cancer
screening trial. For the risk-adapted screening strategy, subjects were referred for subsequent
colonoscopy or FIT according to their risk scores. Diagnostic performance was evaluated for FIT and the
risk-adapted screening method with various positivity thresholds. Furthermore, a modeled screening
cohort was established to compare the yield and cost using colonoscopy, FIT, and the risk-adapted

screening method in a single round of screening.

RESULTS: Risk-adapted screening method had higher sensitivity for advanced neoplasm (AN) (27.6%-76.3% vs
13.8%-17.3%) but lower specificity (46.6%-90.8% vs 97.4%-98.8%) than FIT did. In a modeled
screening cohort, FIT-based screening would be slightly affected because the threshold varied with a
reduction of 76.0%-80.9% in AN detection and 82.0%-84.4% in cost when compared with
colonoscopy. By contrast, adjusting the threshold of Asia-Pacific Colorectal Screening score from 3 to 5
points for risk-adapted screening varied from an increase of 12.6%-14.1% to a decrease of

55.6%—-60.1% in AN detection, with the reduction of cost from 4.2%-5.3% rising to 66.4%—-68.5%.

DISCUSSION: With an appropriate positivity threshold tailored to clinical practice, the risk-adapted screening could

save colonoscopy resources and cost compared with the colonoscopy-only and FIT-only strategies.

SUPPLEMENTARY MATERIAL accompanies this paper at http://links.lww.com/CTG/A666
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INTRODUCTION

Colorectal cancer (CRC) is the third most commonly diagnosed
cancer worldwide (1). Screening could decrease both the in-
cidence and mortality of CRC (2-4). However, the effectiveness
of the current CRC screening strategies may be suboptimal
owing to limited healthcare resources, low adherence, potential
complications for colonoscopy, or the omission of advanced
neoplasm (AN) for the fecal immunochemical test (FIT) (5-8).
Therefore, a risk-adapted screening strategy might be a useful
means to improve the efficacy and efficiency of CRC screening in

the era of precision medicine (9). Accordingly, various risk-
adapted screening modalities have been developed in recent
years (10,11).

Risk prediction models have been proposed for risk strati-
fication in population-based CRC screening. Despite their
modest discriminative power in detecting AN, such models
have the potential to be integrated into the current CRC
screening modalities (12,13). For instance, the Asia-Pacific
Colorectal Screening (APCS) score is one of the risk-
stratification models that has shown much improved
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sensitivity for AN (14,15). Our previous study demonstrated
that the risk-adapted screening strategy based on the APCS
score had a 2-fold higher detection rate for AN than FIT-only
screening with comparable colonoscopy load (16). However,
the positivity threshold of risk prediction score or the quanti-
tative FIT to define the high-risk population varies widely.
Thus, a tailored threshold combination for risk prediction score
and FIT needs further investigation.

This study aimed to explore the yield and health-economical
expenditure of the risk-adapted screening strategy at various
positivity thresholds and to compare them with FIT-only and risk
assessment-only strategies.

METHODS

Study design and population

The retrospective analysis was conducted using data from the
Target-C study (11,16). Briefly, the Target-C study is an ongoing
multicenter randomized controlled trial comparing the effec-
tiveness of colonoscopy, FIT, and risk-adapted screening strategy
in 19,582 participants aged 50-74 years recruited from 6 study
sites in China. A standardized epidemiological questionnaire
survey was conducted to collect information, such as socio-
demographic characteristics, living habits, and disease history.
For each participant undergoing colonoscopy, a stool sample was
requested before the appointment. For this study, we included all
3,407 subjects who had finished colonoscopy examination and
had provided stool samples in the baseline screening phase of the
Target-C study.

This study was approved by the Ethics Committee of the
National Cancer Center/Cancer Hospital, Chinese Academy of
Medical Sciences, and Peking Union Medical College (number:
18-013/1615). All participants provided informed consent.

Fecal sample handling and FIT

Eligible participants were asked to collect one stool specimen into
a sterile container (SARSTEDT, Germany) from a single bowel
movement, without any diet or medicine restrictions, within 24
hours before colonoscopy examination. The collected stool
samples have been stored at —80 °C for further analysis. For this
study, the frozen fecal samples were tested using the quantitative
FIT (OC-Sensor; Eiken Chemical, Japan) following the manu-
facturer’s instructions in parallel by trained staff, and the test
results were recorded. The laboratory staff was blinded to the
colonoscopy results.

Risk assessment and risk-adapted screening strategy

We used the modified APCS score in this study. Briefly, it in-
corporates 5 CRC-related risk factors and assigns respective
values for each category by factor as follows: age (50-54 years = 0;
55-64 years = 1; 65-74 years = 2), sex (female = 0; male = 1),
family history of CRC among first-degree relatives (no = 0; yes =
1), smoking (never = 0; current or past = 1), and body mass index
(<23 =0;=23 =1) (17). According to the collected information,
each participant in our study was assigned a summary score
ranging from 0 to 6. Based on the risk score, a risk-adapted
screening strategy was developed: subjects with scores equal to or
higher than the positivity threshold were referred for colono-
scopy, whereas those with scores lower than the threshold were
referred for FIT and further underwent colonoscopy if the FIT
results were positive.
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Colonoscopy and pathology

All colonoscopy examinations were performed by experi-
enced endoscopists following standard procedures in the
designated hospitals. All subjects received adequate bowel
preparation before colonoscopy. During examination, ab-
normal findings were checked carefully. If necessary, biopsies
were conducted for pathological diagnosis. Endoscopists
were blinded to the risk assessment and FIT test results.
Colonoscopy and histology reports were collected and
documented in the online data management system. Ad-
vanced adenoma (AA) was defined as adenomas =10 mm in
size with villous architecture, high-grade dysplasia, or
intramucosal carcinoma. AN consisted of CRC and its pre-
cancerous lesion, AA.

Screening scenario

FIT and risk-adapted screening strategies with various dif-
ferent thresholds were analyzed in our study, respectively.
Based on the positivity threshold was commonly preset at 20
wg Hb/g for FIT and at 4 points for APCS, we establish several
adjusted screening scenarios by adjusting the positivity
thresholds to 10 and 30 wg Hb/g for FIT, and 3 and 5 points for
APCS, respectively. Finally, we established 3 FIT-based
screening scenarios with positivity thresholds of 10, 20, and
30 wg Hb/g and 9 risk-adapted screening scenarios consisting
of APCS and FIT with the combinations of the respective
positivity threshold.

Model setup and model parameters

We performed model calculations to estimate the expected
number of detected AN, colonoscopy load, total cost, and cost
per detected lesion in a 100,000 projected cohort. The model
takes into account the prevalence of CRC and its most common
precursor, AA, the sensitivity of APCS and FIT for detecting
CRC and AA, respectively, the specificity for the absence of any
AN, the participation rate of FIT, the colonoscopy adherence
rate in general population, or following a positive FIT result, or
assessed at high CRC risk by APCS, and the cost. The relative
parameters were derived from the Target-C study, as shown in
Supplementary Tables 1 and 2 (see Supplementary Digital
Content 1, http://links.lww.com/CTG/A666). The prevalence
of CRC and AA refers to the endoscopy results of the respective
lesion in this study (Pcrc = 0.8%; Pas = 7.5%). In our calcu-
lation, the sensitivity and specificity of FIT were derived from
laboratory-based testing, respectively. For colonoscopy, both
the sensitivity and specificity were assumed as 100%. In addi-
tion, participation into FIT or APCS and adherence to colo-
noscopy were supposed not to be affected by the change in
positivity thresholds within the same strategy. For economic
analysis, the direct costs per AN were calculated based on the
corresponding costs in China with Chinese yuan. Detailed in-
formation about unit costs is given in Supplemental Table 3
(see Supplementary Digital Content 1, http://links.Iww.com/
CTG/A666).

Derivation of expected yield of screening and costs

Figure 1 illustrates the derivation with a numerical example of a
cohort of 100,000 participants using primary colonoscopy, FIT,
and risk-adapted screening method, respectively. In the follow-
ing, the expected number of CRC, AA, and no AN detected was
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Figure 1. The screening process for one-time colonoscopy-based screening (a), one-time FIT screening (b), and risk-adapted screening method (c) in a
hypothetical cohort of 100,000 participants. The gray-shaded cells indicate the CRC or AA cases detected by the screening method. AA, advanced
adenoma; CRC, colorectal cancer; CSgy, colonoscopic follow-up rate; CS+/CS—, uptake of colonoscopy yes/no; FIT, fecal immunochemical test; FIT+/
FIT—, positive/negative result of FIT; Pcre/Pana, prevalence of CRC/AA; PRy, participation rate of FIT; SEcre tested by FIT/SEAA tested by FiT, SENSsitivity of CRC/AA
tested by FIT; SEcre assessed by APCS/SEna assessed by Apcs, Sensitivity of detecting CRC/AA assessed by APCS-based risk assessment; SPng AN tested by APCS,
specificity for the absence of AN assessed by APCS-based risk assessment; SPro an tested by FiT; SPECIficity for the absence of AN tested by FIT.

calculated using different methods and was edited as gray-shaded
cell, respectively.

Colonoscopy-based screening. CRC (or AA) cases or those with
no AN were directly verified through screening colonoscopy.
These components are given as follows:

American College of Gastroenterology

Number of CRC detected = 100,000 X Pcrc X CSgy

Number of AA detected = 100,000 X Pys X CSgy

Number of no AN detected = 10,000 X (1 — Pcpc — Paa)
X CSgy

where Pcrc/Paa represents for the prevalence of CRC/AA and
CSgy for the follow-up rate of colonoscopy.
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FIT-based screening. CRC (AA) cases or those with no AN were
tested by FIT first, and those with positive FIT results were
verified through subsequent colonoscopy. These components
are given by

Number of CRC detected = 100,000 X Pcre X PRy X
SECRC tested by FIT X CSpu
Number of AA detected = 100,000 X Pys X PRgr X
SEAA tested by FIT X CSpu
Number of no AN detected = 10,000 X (1 — Pcre — Pas) X
PRerr X (1= SEno AN tested by FIT) X CSpu

where Pcrc/Paa represents the prevalence of CRC/AA, PRgrr
the PartiCiPation rate 0fFIT> SECRC assessed by FIT/SEAA assessed by FIT
the sensitivity of CRC/AA tested by FIT, CSgy the follow-up rate
of colonoscopy, and SP,, AN tested by FrT the specificity for the
absence of AN tested by FIT.

Risk-adapted screening. CRC (AA) cases or those with no AN
were initially assessed by the APCS system. According to the
APCS score, participants assessed at high-risk were verified by
subsequent colonoscopy, whereas those at low-risk were tested by
subsequent FIT and were verified through subsequent colono-
scopy if the FIT results were positive. These components are
given by

Number of CRC detected = 100,000 X Pcrc
X SECRC assessed by Apcs X CSpy 1 100,000 X Pcre

X (1= SECRC assessed by ApCs) X PRt
X SEcRC tested by FIT X CSpu
Number of AA detected = 100,000 X Py
X SEAA assessed by apcs X CSpy + 100,000

X Ppp X (1= SEpA assessed by Apcs) X PRy
X SEAA tested by FIT X CSpy
Number of no AN detected = 10,000 X (1 — Pcrc — Paa)

X PRprr X (1= SEno AN assessed by Apcs) X CSpu
+10,000 X (1 = Pcre = Paa) X (SPho AN assesed by APCS)
X PRgyr X (1 — SPho AN assessd by FIT) X CSry

where Pcrc/Paa represents the prevalence of CRC/AA, CSgy
the follow-up rate of colonoscopy, SECrc assessed by apcs/SEaa
assessed by Apcs the sensitivity of detecting CRC/AA assessed by
APCS-based risk assessment, PRy the participation rate of FIT,
SECRC assessed by FIT/SEAA assessed by FIT the SenSiﬁVitY of CRC/AA
tested by FIT, SP.,, AN tested by apcs the specificity for the absence
of AN assessed by APCS-based risk assessment, and SP,,, AN tested
by riT the specificity for the absence of AN tested by FIT.

Statistical analysis

Diagnostic performance was compared among screening
scenarios using FIT and risk-adapted screening methods for
detecting CRC, AA, and AN according to sensitivity, speci-
ficity, positive predictive value (PPV), and negative predictive
value (NPV) with their corresponding 95% confidence in-
tervals (ClIs). The 95% CIs were calculated using the Clopper-
Pearson method. Receiver operating characteristic (ROC)
analysis was conducted, and the areas under the curves were
determined for FIT and risk-adapted screening. To evaluate
the yield and cost burden of screening, the expected number of
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detected AN, colonoscopy load, total cost, and cost per
detected lesion were estimated and compared using screening
colonoscopy as a reference in a projected cohort. Further-
more, to assess the influence of alternative participation rates
on the results, we conducted sensitivity analyses in 2 other
types of participation settings: higher participation settingata

Table 1. Baseline characteristics of 3,407 participants included
in this study

Characteristic N (%)
Sex
Male 1,753 (51.5)
Age, yr
50-54 773 (22.7)
55-64 1,558 (45.7)
65-74 1,076 (31.6)

Family history of colorectal cancer among
first-degree relatives

Yes 372 (10.9)

Smoking status

Current or former smoker 1,041 (30.6)
BMI, kg/m?
=23 2,257 (66.2)
Fecal hemoglobin concentration detected by
FIT, ng Hb/g
<10 2,437 (71.5)
10-19 671 (19.7)
20-29 119 (3.5)
=30 180 (5.3)
APCS?
=2 1,572 (46.1)
3 748 (22.0)
4 792 (23.2)
=5 295 (8.7)
Findings at colonoscopy
Advanced neoplasm 283 (8.3)
Colorectal cancer 28 (0.8)
Advanced adenoma 255 (7.5)
No advanced neoplasm 3,124 (91.7)
Nonadvanced adenoma 677 (19.9)
Hyperplastic polyp 261 (7.7)
None of the above 2,186 (64.2)

APCS, Asia-Pacific Colorectal Screening; BMI, body mass index; CRC,
colorectal cancer; FIT, fecal immunochemical test.

@The APCS score synthesizes 5 risk factors of CRC (age, sex, family history of
CRC among first-degree relatives, smoking, and BMI). Each factor is allocated a
score, and the cumulative score is calculated. Subjects with scores at or greater
than the positivity threshold were defined as high-risk and were referred for a
colonoscopy; those with scores less than the positivity threshold were defined as
low-risk and were referred for FIT screening.
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perfect adherence rate (100%) and lower participation setting
at rates of 20% lower than the actual rates (see Supplemental
Table 1, Supplementary Digital Content 1, http://links.lww.
com/CTG/A666). All statistical analyses were performed us-
ing R version 5.3 and Microsoft Excel (18). P values <0.05
were considered statistically significant.

RESULTS

Participant characteristics

Among the 3,407 included participants, 1,753 (51.5%) were male
and the mean age (SD) was 60.5 (6.3) years. Only a minority
(10.9%) of participants had first-degree relatives with CRC. In
total, 30.6% were current or former smokers and 66.2% had a
body mass index =23. A total of 970 (28.5%) participants had a
fecal hemoglobin concentration = 10 g Hb/g on FIT. As for the
APCS score, 3,108 (68.1%), 792 (22.0%), and 295 (8.7%) partic-
ipants had = 2 or 3 points, 4 points, and =5 points, respectively.
There were 283 (8.3%) cases of AN, including 28 (0.8%) cases of

Optimal Thresholds for Risk-Adapted Screening

CRC, 255 (7.5%) cases of AA, and 3,124 (91.7%) subjects with no
AN in our study. The participants’ characteristics are given in
Table 1.

Comparison of test accuracy among different CRC

screening strategies

Table 2 displays the variations in sensitivities, specificities, PPV,
and NPV for detecting CRC, AA, and AN using FIT and risk-
adapted screening scenarios under different positivity thresholds,
respectively. Overall, the sensitivities for AN increased at a higher
threshold while the specificities decreased at lower thresholds
across scenarios.

For the FIT strategy, the sensitivity, specificity, and NPV
varied slightly while PPV changed greatly across different
screening strategies. The sensitivity remained 57.1% (95% CI,
40.0%-73.1%), with the positivity threshold increasing from 10
pg Hb/g to 30 wg Hb/g. A slight decrease in the sensitivity was
observed with a value of 12.9% (95% CI, 9.6%-16.9%) at 10 g

Table 2. Diagnostic performance of FIT and APCS combined with FIT for detecting colorectal neoplasms among 3,407 participants

Screening strategies Sensitivity, % (95% CI)

PPV, % (95% CI)

(positivity threshold: Positivity Specificity, % NPV, %
APCS; FIT, pg Hb/g) rate, % CRC AA AN (95% CI) CRC AA AN (95% CI)
FIT
None; 10 3.8 57.1 129 17.3 97.4 12.2 25.2 374 929
(40.0-73.1) (9.6-16.9) (13.7-21.4) (96.9-97.8) (7.8-18.0) (19.0-32.2) (30.3-44.9) (92.1-93.6)
Noneg; 20 2.8 57.1 11.0 155 98.3 16.7 29.2 45.8 92.8
(40.0-73.1) (7.9-14.7) (12.1-19.5) (97.9-98.7) (10.7-24.2) (21.6-37.7) (37.1-54.7) (92.0-93.5)
None; 30 2.2 57.1 9.0 13.8 98.8 21.1 30.3 51.3 92.7
(40.0-73.1) (6.2-12.5) (10.5-17.6) (98.4-99.1) (13.7-30.2) (21.6-40.1) (41.3-61.2) (91.9-93.4)
Risk-adapted screening
method?
3; 10 .3 85.7 783 76.3 46.6 1.3 10.2 115 95.6
(70.2-95.0) (70.4-79.7) (71.8-80.4) (45.1-48.1) (09-1.8) (9.1-114) (10.3-12.7) (94.6-96.4)
3; 20 54.8 85.7 74.5 75.6 47.1 1.3 10.2 115 <55
(70.2-95.0) (69.6-79.0) (71.1-79.8)  (45.6-48.5) (0.9-1.8) (9.0-11.4) (10.3-12.7) (94.5-96.4)
3;30 54.6 85.7 74.1 75.3 47.3 13 10.2 115 95.5
(70.2-95.0) (69.2-78.6) (70.7-79.4)  (45.8-48.8) (09-18) (9.0-11.4) (10.3-12.7) (94.5-96.3)
4; 10 34.4 714 57.6 59.0 67.9 1.7 12.6 14.3 94.8
(54.3-84.9) (52.3-62.8) (54.0-63.9) (66.5-69.2) (1.1-2.5) (11.0-14.3) (12.6-16.1) (94.0-95.6)
4; 20 338 714 56.5 58.0 68.4 1.7 12.5 14.3 94.7
(54.3-84.9) (51.1-61.7) (52.9-62.9) (67.0-69.8) (1.2-2.5) (10.9-14.2) (12.6-16.1) (93.9-95.5)
4; 30 334 71.4 55.7 57.2 68.8 1.8 125 14.2 94.7
(54.3-84.9) (50.3-60.9) (52.2-62.2) (67.4-70.1) (1.2-2.5) (10.9-14.2) (12.6-16.1) (93.8-95.4)
5; 10 12.2 64.3 27.1 30.7 89.5 43 16.6 21.0 93.4
(47.0-79.2) (22.5-32.0) (26.2-35.6) (88.6-90.4) (2.8-6.4) (13.7-19.9) (17.7-24.5) (92.7-94.2)
5; 20 11.2 64.3 25.1 29.0 90.4 4.7 16.7 214 93.4
(47.0-79.2) (20.7-30.0) (24.5-33.7) (89.5-91.2) (3.1-6.9) (13.6-20.2) (18.0-25.1) (92.6-94.1)
5; 30 10.7 64.3 235 27.6 90.8 49 16.4 21.3 93.3
(47.0-79.2) (19.2-28.3) (23.2-32.3) (89.9-91.6) (3.2-7.2) (13.3-19.9) (17.8-25.1) (92.5-94.0)

AA, advanced adenoma; AN, advanced neoplasm; APCS, Asia-Pacific Colorectal Screening; Cl, confidence interval; CRC, colorectal cancer; FIT, fecal immunochemical

test; NPV, negative predictive value; PPV, positive predictive value.

@Risk-adapted screening method was conducted based on the APCS score. Subjects with scores at or greater than the positivity threshold were defined as high-risk and
were referred for a colonoscopy; those with scores less than the positivity threshold were defined as low-risk and were referred for FIT screening.
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Hb/g drop to 9.0% (95% CI, 6.2%-12.5%) at 30 wg Hb/g for AA
and 17.3% (95% CI, 13.7%-21.4%) at 10 g Hb/g drop to 13.8%
(95% CI, 10.5%-17.6%) at 30 g Hb/g for AN, respectively. For
PPV, the highest PPV for AN was observed at 51.3% (95% CI,
41.3%-61.2%) with 30 wg Hb/g while the lowest one was 37.4%
(95% CI, 30.3%-44.9%) at 10 pug Hb/g.

When compared with the FIT strategy, each risk-adapted
screening scenario has higher sensitivity for AN detection but
lower specificity. Furthermore, great changes in sensitivity
and specificity were found with APCS threshold varying;
however, there existed small variation with FIT threshold
changing within the same APCS score. At a threshold of 3
points for the APCS and 10 pg Hb/g for FIT, the risk-adapted

screening method achieved the highest sensitivity of AN
at 76.3% (95% CI, 71.8%-80.4%) but the lowest specificity
at 46.6% (95% CI, 45.1%-48.1%). Meanwhile, a threshold at
5 points for the APCS and 30 pg Hb/g for FIT yielded
the lowest sensitivity of 27.6% (95% CI, 23.2%-32.3%) but
the highest specificity of 90.8% (95% CI, 89.9%-91.6%). By
contrast, PPV changed slightly because the positivity
thresholds varied.

Figure 2 shows the results by ROC analyses where there was no
significantly difference in area under the curve between FIT and
risk-adapted screening for detecting CRC (0.907, 95% CI,
0.842-0.973 vs 0.838, 95% CI, 0.748-0.928; P = 0.102), AA
(0.657, 95% CI, 0.621-0.692 vs 0.678, 95% CI, 0.644-0.712; P =
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Figure 2. Receiver operating characteristic curves of the FITand RAS method for detecting colorectal cancer (a), advanced adenoma (b), and advanced
neoplasm (c). AUC, area under the curve; Cl, confidence interval; FIT, fecal immunochemical test; RAS, risk-adapted screening.
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Table 3. Diagnostic yield and cost per advanced neoplasm for screening strategies with single round of screening in a hypothetical cohort of

100,000 participants
Positivity threshold (APCS;  No. of AN Missed AN Total Averted Total cost Saved Cost per lesion Reduced cost per
FIT, ug Hb/g) detected cases (%)  colonoscopy colonoscopy (%)  needed cost (%) detected AN (%)
Colonoscopy 3,320 Reference 40,000 Reference 17,822,400 Reference 5,368 Reference
FIT

None; 10 798 76.0 2,133 94.7 3,211,464 82.0 4,024 25.0

None; 20 718 78.4 1,591 96.0 2,956,531 834 4,118 23.3

None; 30 634 80.9 1,250 96.9 2,777,950 84.4 4,382 184
Risk-adapted screening
method?®

3; 10 3,788 -14.1 33,118 17.2 17,069,730 4.2 4,506 16.1

3; 20 3,755 -13.1 32,839 17.9 16,947,009 49 4,513 159

3; 30 3,738 -126 32,699 183 16,877,100 5.3 4,515 159

4; 10 2,905 125 20,506 48.7 11,845,065 Bb 4,077 24.0

4;20 2,857 13.9 20,172 49.6 11,685,953 344 4,090 23.8

4; 30 2,822 15.0 19,959 50.1 11,578,930 35.0 4,103 23.6

5; 10 1,475 55.6 7,159 82.1 5,980,076 66.4 4,054 24.5

5; 20 1,394 58.0 6,653 834 5,740,395 67.8 4,118 233

5; 30 1,326 60.1 6,397 84.0 5,611,525 68.5 4,232 21.2

AA, advanced adenoma; AN, advanced neoplasm; APCS, Asia-Pacific Colorectal Screening; CRC, colorectal cancer; FIT, fecal immunochemical test.
Risk-adapted screening method was conducted based on the APCS score. Subjects with scores at or greater than the positivity threshold were defined as high-risk and
were referred for a colonoscopy; those with scores less than the positivity threshold were defined as low-risk and were referred for FIT screening.

0.325), and AN (0.686, 95% CI, 0.652-0.720 vs 0.700, 95% CI,
0.667-0.733; P = 0.494), respectively.

Comparison of yield of screening and cost in the modeled cohort
In a projected screening population of 100,000 invited persons,
colonoscopy, FIT, and risk-adapted screening method were
evaluated concerning the diagnostic yield and cost per lesion
detected across scenarios with different positivity thresholds
(Table 3).

For the FIT screening strategy, the diagnostic yield and cost
burden were also scarcely affected by the varying thresholds.
When compared with colonoscopy-based screening as reference,
it would miss 76.0%-80.9% AN detection, with a reduction of
94.7%-96.9% in colonoscopy load, 82.0%-84.4% in total cost, and
18.4%-25.0% in cost per AN.

By contrast, the related results of the risk-adapted screening
method would be greatly influenced by the variation in threshold
for the APCS score but for FIT. When compared with
colonoscopy-based screening, risk-adapted screening methods at
an APCS threshold of 3 points led to 12.6%-14.1% increased
detection of AN, with 17.2%-18.3% reduction of colonoscopy
load, 4.2%-5.3% total cost, and 15.9%-16.1% cost per AN.
However, the results changed greatly that risk-adapted screening
methods at a 4-point threshold for APCS would miss
48.7%-50.1% AN, with averting 48.5%-50.0% colonoscopy,
saving 33.5%-35.0% total cost, and 23.6%-24.0% cost per AN
while the respective value changing to 55.6%-60.1%,
82.1%-84.0%, 66.4%-68.5%, and 21.2%-24.5% at a 5-point
threshold for APCS. However, such variation was observed with
only a change in the positivity threshold of FIT. For example, with
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the APCS threshold fixed at 3 points, risk-adapted screening
methods yield a 14.1% increase in AN detection, with 17.2% re-
duction of colonoscopy load, 4.2% total cost, and 16.1% cost per
AN when the FIT threshold was adjusted to 10 g Hb/g while the
respective value changed slightly to 13.1%, 17.9%, 4.9%, and
15.9%, respectively, when the FIT threshold was adjusted to 30 g
Hb/g.

Sensitivity analysis

In sensitivity analyses, risk-adapted screening scenarios differed
in higher and lower participation settings. In the lower partici-
pation settings (see Supplemental Table 4, Supplementary Digital
Content 1, http://links.lww.com/CTG/A666), similar patterns
were observed for the proportion for AN missed, averted colo-
noscopy, total cost, and cost per AN, respectively, when com-
pared with in the actual participation setting. By contrast, in the
higher participation settings (see Supplemental Table 5, Supple-
mentary Digital Content 1, http://links.Ilww.com/CTG/A666),
although the respective values increased to a greater extent, the
trend of overall results was consistent with that in the actual
participation setting.

DISCUSSION

This study demonstrated that the overall diagnostic perfor-
mances for AN detection were similar between FIT-based and
risk-adapted screening strategies according to the ROC analyses.
Based on a modeled screening cohort, when compared with
colonoscopy-based screening, FIT-based screening would miss
more than 76% AN cases, although it saved substantial colono-
scopy load and cost. By contrast, the positivity threshold,
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especially for the APCS, strongly affected the performance of the
risk-adapted screening strategy. Adjusting the APCS threshold
from 3 to 5 points for the risk-adapted screening method varied
from an increase of 12.6%-14.1% to a decrease of 55.6%-60.1% in
AN detection, with the reduction of cost from 4.2%-5.3% rising to
66.4%-68.5%. These findings demonstrate that implementing a
novel risk-adapted screening strategy may be cost-benefit in a
single CRC screening because it could lead to a remarkable re-
duction of colonoscopy load and cost, at a cost of an acceptable
missed rate of AN, when compared with colonoscopy-based
screening.

AN is the most important outcome of interest in CRC
screening. In our study, FIT had limited sensitivities between
15.5% and 17.3% for AN, which was within the range of reported
findings (9%-60%) (19-21). These results demonstrate that even
at the decreased positivity threshold, most FIT hardly could
achieve high sensitivity for detecting AN to meet the demand for
the efficacy of CRC screening. However, as demonstrated by the
current studies, the risk-adapted screening strategy had higher
sensitivity ranging from 27.6% to 68.8%, which could be a po-
tential tool to facilitate and improve the identifying asymptomatic
subjects with AN for early colonoscopy (14,22).

Colonoscopy is still the gold standard for colorectal neo-
plasm diagnosis and provides an opportunity to resect suspi-
cious lesions in the CRC screening. Despite the proven efficacy,
using colonoscopy as a primary screening tool for all eligible
subjects incurs heavy burdens for workload and costs in medical
care systems. Because the overall prevalence reported was 0.4%
(95% CI, 0.3%-0.5%) for CRC and 4.6% (95% CI, 3.8%-5.5%)
for AA, respectively, substantial colonoscopies would be con-
ducted unnecessarily if offered to the whole population (23,24).
Our simulated analyses suggested that the risk-adapted
screening strategy reduced 17.2%-84.0% colonoscopy load
when compared with using colonoscopy as the primary method.
Thus, the risk-adapted screening strategy may be a desirable
method to save colonoscopy resources, especially for regions
where healthcare resources are constrained. However, to bal-
ance the effectiveness and cost of CRC screening, an optimal
threshold still needs to be determined for the risk-adapted
screening strategy, provided the large variation in yielding for
AN with threshold changing.

In a simulated screening setting, our results show that the
effectiveness and cost of the risk-adapted screening strategy
were more profoundly affected by the positivity threshold for
APCS but for FIT. Among all alternative scenarios, the risk-
adapted screening scenarios with a positivity threshold of 4 for
the APCS and at each of the 3 thresholds for FIT were acceptable
with saving 48.7%-50.1% colonoscopy load at a cost of
12.5%-15.0% missed AN. By contrast, it would be inefficacy for
the risk-adapted screening with APCS threshold presetting at 3
or 5 points. The former led to an 18% reduction of colonoscopy
load and costs, although achieving around 13% increase in AN
detection, and the latter resulted in missing more than one half
of AN, although saving more than 65% colonoscopy load. As
reported by previous studies, a similar level of threshold for
APCS of 4 points is also commonly used in many Asian coun-
tries currently (17,25,26).

The superiority of the risk-adapted screening strategy may be
partly attributed to the introduction of a risk assessment ques-
tionnaire to CRC screening. Given the impact of these risk factors
on CRC development and death, individuals at high risk for CRC
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are more prone to develop CRC and its precancerous lesions,
when compared with those at low CRC risk (27,28). It is thus
understandable that screening with colonoscopy among indi-
viduals with higher risk scores may confer a more efficient use of
colonoscopy resources with higher AN detection. In addition, a
previous study conducted by Wang demonstrated that according
to individuals’ risk profiles, the absolute benefit of colonoscopy
screening was more than twice higher for individuals with the
highest CRC risk score compared with the lowest score from a
long-term perspective (29). However, previous studies showed
that the existing risk prediction models based on environmental
risk factors had modest discriminatory capabilities, which may
reduce the cost-effectiveness of a risk-adapted screening strategy
(30). Hence, further research is still needed to explore potential
technology that enables improving the discriminatory capabil-
ities of the risk prediction models, such as polygenic risk scores,
circulating microRNA, and fecal DNA (31-33).

The main strength of our study was that we conducted a
comprehensive comparison between risk-adapted screening
and FIT-only according to test accuracy, effectiveness, and cost
in a screening setting. Such analyses would provide a potential
reference for designing personalized CRC screening strategies in
the future. However, some limitations still need to be consid-
ered. First, although the long-term effectiveness and cost-
effectiveness are crucial for CRC screening, our study only
considered the yield and cost in one single round of screening
among colonoscopy, FIT, and risk-adapted screening. It could
be attributed to the short time from the APCS system being
established on. Therefore, the long-term evaluation could not be
conducted, and the respective parameters that used in the model
cohort are not available, although the APCS-based risk-adapted
screening strategy has been applied in many Asian countries
(17,25,26). Given the long-term effectiveness and cost-
effectiveness counts, the ongoing Target-C study will further
make a long-term comparison among the 3 screening strategies
in the future. Second, separate analyses on CRC were not con-
ducted because of the limited number of CRC cases. Because our
CRC cases were derived from the population-based screening,
the distribution of CRC in our study reflected the CRC preva-
lence in a real population to some extent. Third, the generaliz-
ability of the current findings based on the hypothetical cohort
might be limited. Therefore, further investigations are needed
based on a real population-based screening.

In summary, this study demonstrated that risk-adapted
screening using the APCS combined with FIT guaranteed the
yield of screening with saving healthcare resources and cost,
which could be a promising alternative strategy to the primary
colonoscopy-based screening strategy, especially for regions
where there were medical resources limited. However, the posi-
tivity thresholds of this strategy, especially for APCS, need to be
tailored considering colonoscopy resources to ensure effective-
ness and cost savings.
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Study Highlights

WHAT IS KNOWN

/ Risk-adapted screening integrating risk stratification score and

established screening modalities might improve effectiveness
and cost-effectiveness in colorectal cancer screening.

A risk-adapted screening approach including Asia-Pacific
Colorectal Screening (APCS) score, fecal immunochemical
test, and colonoscopy was developed and showed promising
screening efficacy in previous studies.

/ Optimization of the positivity thresholds of such risk-adapted

screening warrants further investigation but with sparse
evidence.

WHAT IS NEW HERE

/ Adjusting the APCS threshold from 3 to 5 points for the risk-

adapted screening method varied from an increase of
12.6%-14.1% to a decrease of 55.6%—60.1% in advanced
neoplasm detection, with the reduction of cost from
4.2%-5.3% rising to 66.4%-68.5%.

/ The positivity threshold of APCS rather than the fecal

immunochemical test strongly affected the yield and
efficiency of the risk-adapted screening approach.

/ Risk stratification is the core of risk-adapted screening, and the

positivity threshold of which needs to be tailored considering
colonoscopy resources to ensure effectiveness and cost savings.
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