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Abstract 

Background Risk-adapted colorectal cancer (CRC) screening has the potential to balance effectiveness with resource 

demands, yet evidence comparing it with established methods remains limited. This study aims to compare out-

comes of risk-adapted CRC screening with colonoscopy and fecal immunochemical test (FIT) strategies.

Methods We adopted a hybrid methodology combining real-world data from a population-based CRC screening 

randomized controlled trial (TARGET-C) with projections from a validated Markov-based microsimulation model 

(MIMIC-CRC). The TARGET-C trial enrolled 19,582 participants aged 50–74 years from 6 centers in China, randomized 

in a 1:2:2 ratio into 3 groups. After applying the exclusion criteria, the final analysis included 3883 participants 

in the one-time colonoscopy group, 7793 in the annual FIT group, and 7697 in the risk-adapted screening group. In 

the latter group, screening allocation was determined by a composite risk score incorporating age, sex, family his-

tory of CRC, smoking status, and body mass index, with high-risk participants referred for colonoscopy and low-risk 

participants for FIT. The primary outcome was detection rates of advanced neoplasm (CRC and advanced adenoma) 

over 4 rounds. Secondary outcomes included screening participation, colonoscopy demand, and costs from a societal 

perspective. Long-term effectiveness and cost-effectiveness were modeled over 15 years using MIMIC-CRC.

Results Across 4 rounds, overall participation rates (attending at least one screening round) were 42.3% (colonos-

copy), 99.8% (FIT), and 92.5% (risk-adapted). Detection rates of advanced neoplasms were 2.8%, 2.3%, and 2.6%, 

respectively, with no significant differences (P > 0.05). Colonoscopies needed to detect 1 advanced neoplasm were 

15.4, 7.9, and 9.3, respectively. From a societal perspective, the cost for detecting 1 advanced neoplasm was 15,341, 

21,754, and 24,300 Chinese Yuan, respectively. Over 15 years, risk-adapted screening reduced incidence by 16.7% 

and mortality by 21.5% compared with no screening, slightly less effective than colonoscopy (24.6% and 24.8%, 
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respectively). Under observed real-world adherence, colonoscopy was the most cost-effective; under perfect full 

adherence, risk-adapted screening was the most cost-effective.

Conclusions In this population-based CRC screening trial, risk-adapted screening, colonoscopy, and FIT demon-

strated comparable effectiveness, but differed in participation rates, resource utilization, and cost-effectiveness. 

Risk-adapted screening could serve as a complementary approach to established strategies, particularly when health 

resources are limited.

Trial registration Chinese Clinical Trial Registry (ChiCTR1800015506).

Keywords Colorectal cancer (CRC), Screening, Risk-adapted screening, Randomized controlled trial, Cost-

effectiveness

Background
In 2022, more than 1.9 million new colorectal cancer 

(CRC) cases and 0.9 million deaths occurred worldwide, 

making CRC the third most commonly diagnosed cancer 

and the second leading cause of cancer-related mortal-

ity [1]. While the benefits of screening for reducing the 

burden of CRC are widely acknowledged, implementing 

population-based screening programs remains challeng-

ing. Key influencing factors include participation rates, 

screening yield, healthcare professional engagement, pay-

ment mechanisms, and demands on healthcare resources 

[2–5].

Current CRC screening guidelines recommend a one-

size-fits-all approach for average-risk populations, advis-

ing colonoscopy or stool-based tests for individuals 

above a certain age, typically 45 or 50 years [6, 7]. How-

ever, individual risk profiles vary significantly. Moreo-

ver, available screening modalities differ in terms of test 

performance, adherence, and resource requirements 

[8]. Developing precise CRC screening strategies that 

incorporate factors beyond age to risk-stratify individu-

als could improve current approaches, optimize resource 

use, and benefit patients, providers, and healthcare sys-

tems [9].

Comparative evaluations against well-established strat-

egies in randomized controlled trials (RCTs) are essential 

to demonstrate the feasibility and effectiveness of precise 

risk-adapted CRC screening. Yet, such evidence remains 

scarce. We conducted a comprehensive multicenter RCT 

in China, the Comparative Evaluation of Novel Screening 

Strategies for Colorectal Cancer Screening (TARGET-C), 

to assess the feasibility, adherence, diagnostic yield, and 

costs associated with colonoscopy, fecal immunochemi-

cal testing (FIT), and a risk-adapted screening approach 

[10]. Baseline results and 2 rounds of follow-up screen-

ings showed that risk-adapted screening achieved sat-

isfactory participation rates and outcomes comparable 

to the gold-standard colonoscopy [11, 12]. However, its 

long-term impact on reducing CRC incidence and mor-

tality requires further exploration.

�is study aimed to compare the participation, diag-

nostic yield, resource demand, and costs of colonoscopy, 

FIT, and risk-adapted screening over 4 screening rounds 

in the TARGET-C trial, and to project their long-term 

effectiveness and cost-effectiveness using a well-validated 

microsimulation model (MIMIC-CRC) [13] adapted to 

population characteristics and parameters derived from 

the TARGET-C trial.

Methods
Study design and participants of the TARGET-C trial

�e TARGET-C study was an RCT conducted across 6 

study centers in 5 provinces of China (Jiangsu, Zhejiang, 

Anhui, Hunan, and Yunnan) since May 2018. A detailed 

study protocol has been published previously, with addi-

tional details provided in the supplementary materials 

[10]. Briefly, the study enrolled 19,582 eligible partici-

pants aged 50–74  years. Detailed inclusion and exclu-

sion criteria were provided in Additional file 1: Method 

1. After obtaining informed consent, participants were 

randomized in a 1:2:2 ratio into 3 groups: 1) one-time 

colonoscopy (n = 3937); 2) annual FIT (n = 7858); or 3) 

risk-adapted screening (n = 7787). In the risk-adapted 

group, high-risk individuals (based on an established risk 

score) were referred for colonoscopy, whereas low-risk 

individuals were referred for FIT. All screening interven-

tions were provided free of charge. Four screening rounds 

were completed between May 2018 and October 2023, 

reaching the designated endpoint according to the study 

protocol. T0–T3 denoted the 4 sequential annual screen-

ing rounds, with T0 representing the baseline assess-

ment (year 1) and T1–T3 representing the first (year 2), 

second (year 3), and third (year 4) follow-up screenings 

(Additional file 2: Fig. S1). �is study presented the final 

planned results. �e study was approved by the Ethics 

Committee of the National Cancer Center/Cancer Hos-

pital, Chinese Academy of Medical Sciences and Peking 
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Union Medical College (18-013/1615). �e trial was reg-

istered in the Chinese Clinical Trial Registry (Trial reg-

istration: ChiCTN, ChiCTR1800015506; registered April 

4, 2018; https:// www. chictr. org. cn/ showp rojEN. html? 

proj= 26005). All participants provided written informed 

consent.

Randomization and masking

An individual randomization scheme was generated 

using R version 3.5.1 software [14]. Allocation was 

revealed only after successful participant registration. 

�e staff performing randomization were not involved 

in participant recruitment. Investigators and partici-

pants were informed of the allocation after registration, 

but physicians who performed clinical examinations were 

blinded to the allocated arms.

Trial procedures

Eligible participants were recruited from the community 

by trained staff and registered in an online trial manage-

ment system that generated a personalized to-do list per 

trial protocol. Study staff (nurses or public health special-

ists) contacted participants via phone or instant messag-

ing apps (e.g., WeChat, QQ) to schedule appointments 

and ensure participation and compliance. Participants 

visited community health centers to complete a question-

naire, receive trial materials, and have biological samples 

collected or receive FIT kits, as required. Informed con-

sent was obtained at the community health centers. All 

clinical examinations were conducted at designated hos-

pitals, and screening interventions were offered free of 

charge.

Colonoscopy was performed by experienced 

endoscopists, with abnormal findings sent for patho-

logical examination. If colonoscopy results were nega-

tive, participants entered a 10-year surveillance interval. 

FIT was conducted using a self-administered, qualita-

tive point-of-care test (Pupu Tube, Hangzhou, China; 

threshold: 8  μg Hb/g feces), with diagnostic character-

istics comparable to laboratory-based tests [10]. Partici-

pants followed an operation manual to complete FIT at 

home and uploaded test results via a smartphone app. 

Uploaded results were verified by study staff to confirm 

completion and accuracy before diagnostic follow-up. 

Risk assessment was performed every 2  years (T0 and 

T2) using the modified Asia-Pacific Colorectal Screen-

ing (APCS) Score, which included age (0: 50–54 years; 1: 

55–64 years; 2: 65–74 years), sex (0: female; 1: male), fam-

ily history of CRC among first-degree relatives (0: absent; 

1: present), cigarette smoking (0: non-smoker; 1: current 

or past smoker), and body mass index (BMI, 0: < 23 kg/

m2; 1: ≥ 23 kg/m2) [15]. Participants with a score ≥ 4 were 

defined as high-risk (referred for colonoscopy), and those 

with a score < 4 were defined as low-risk (referred for 

FIT). Colonoscopy and FIT procedures were performed 

in the same way as previously described.

Outcome ascertainment

Clinical diagnoses were classified based on the most 

advanced findings from colonoscopy or histology. CRC 

was defined as adenocarcinoma of the colon or rectum. 

Advanced adenoma included adenomas with any of the 

following: high-grade dysplasia, villous/tubulovillous 

histology, or size ≥ 10  mm. Advanced serrated adenoma 

encompassed serrated adenomas (traditional or sessile 

serrated lesions) ≥ 10  mm or with dysplasia [16]. Both 

advanced adenomas and serrated lesions were considered 

advanced precancerous lesions. To ensure consistency, 

a subset of pathology slides underwent central review 

by independent pathologists blinded to the original 

diagnosis.

�e primary outcome was the detection rate of 

advanced colorectal neoplasms (CRC and advanced pre-

cancerous lesions). Secondary outcomes included detec-

tion of any neoplasm, participation, compliance, and 

cost. A post hoc power analysis for the detection rate of 

advanced neoplasm was performed using the χ2 test.

Microsimulation analysis for long-term effectiveness 

and cost-effectiveness

Because evaluating the incidence and mortality of CRC 

typically requires more than 10 years of observation, we 

conducted long-term effectiveness and cost-effectiveness 

analyses using a previously developed microsimulation 

model (MIMIC-CRC) [13]. A detailed description of the 

model was provided in Additional file 1: Method 2. Using 

population characteristics from the TARGET-C study, 

a simulated cohort of 200,000 individuals (10 times the 

original sample size) was constructed to represent the 

target population for long-term screening outcomes. �e 

MIMIC-CRC model was internally calibrated against 

age-specific CRC incidence and lesion prevalence from 

the Chinese cancer registry and screening datasets, and 

externally validated by comparing model-derived hazard 

ratios for flexible sigmoidoscopy screening with those 

observed in the UKFSS trial [17]. �e cohort was divided 

into 3 screening groups in a 1:2:2 ratio, each imple-

menting a distinct screening strategy, as defined in the 

TARGET-C study. Risk status transitions (high-to-low 

or low-to-high) were permitted at each reassessment, 

with annual probabilities derived from TARGET-C: 

10% for high-to-low and 40% for low-to-high. A 15-year 

simulation was performed to evaluate the long-term 

effectiveness and cost-effectiveness of these strate-

gies, focusing on key outcomes such as CRC incidence, 
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mortality, costs, and resource utilization. Resource uti-

lization was assessed by modeling the number of colo-

noscopies, FIT tests, and diagnostic follow-ups required 

per strategy. A 15-year simulation horizon was chosen to 

align with the follow-up duration of major international 

CRC screening RCTs. �is timeframe balances clinical 

relevance with model stability, as longer horizons intro-

duce greater uncertainty due to demographic and health-

care system changes. Multiple scenario analyses were 

conducted to assess cost-effectiveness under varying par-

ticipation rates. Deterministic and probabilistic sensitiv-

ity analyses were performed to ensure the robustness of 

findings.

Statistical analysis

�e study population characteristics were calculated and 

compared among the 3 arms. �e Pearson χ2 test was 

used to compare differences in categorical variables. �e 

participation rate was calculated as the number of indi-

viduals who completed the designated screening divided 

by the total number of participants in the correspond-

ing screening group. �e overall participation rate for 

each group was defined as the proportion of individuals 

who attended at least 1 round of screening during the 4 

screening rounds. �e participation rates and their corre-

sponding 95% confidence intervals (CIs) were estimated 

using the Wilson method. We used multinomial non-

conditional logistic regression models to calculate odds 

ratios (ORs) and 95% CIs for colorectal neoplasm detec-

tion rates, adjusting for age, sex, and study center. �e 

main results were reported according to the intention-to-

treat (ITT) principle (i.e., participants were analyzed in 

their original allocation arm, regardless of screening sta-

tus). Per-protocol (PP) analyses (defined as participants 

undergoing screening per protocol) were also reported. 

Subgroup analyses were conducted by sex and anatomi-

cal location of neoplasms. Costs were estimated from 

both societal and government perspectives. Detailed 

methods and aggregated cost parameters were provided 

in the supplement. �e cost per neoplasm detected was 

used as a key indicator across screening arms and rounds. 

All costs were reported in Chinese Yuan (CNY) and US 

dollars (1 USD = 6.8996 CNY, based on the 2020 annual 

average exchange rate). In the modeling analyses, we esti-

mated year-by-year health outcomes, costs, and resource 

utilization for the TARGET-C population over 15 years. 

Primary outcomes were CRC incidence, CRC-related 

mortality, costs, and quality-adjusted life-years (QALYs) 

of the different screening strategies from a societal per-

spective. To compare the cumulative incidence and mor-

tality of CRC between groups, the percentage change was 

computed as the difference between the screening and 

no-screening groups divided by the number of cases in 

the no-screening group. We also calculated incremental 

cost-effectiveness ratios (ICERs) by dividing incremen-

tal costs by incremental QALYs gained for each strategy, 

discounted at 5%, following China’s healthcare economic 

guidelines. Strategies were ranked by ICERs relative to 

the next-best alternative, and the cost-effectiveness fron-

tier was identified at different willingness-to-pay (WTP) 

thresholds. Strategies with ICERs of 0.5- and 2-times 

China’s gross domestic product per capita (CNY 35,446 

and 141,784) per QALY gained were classified as strongly 

and weakly cost-effective, respectively. �e median of 

1000 iterations of the best parameter set was used to rep-

resent the point estimates, with 95% uncertainty intervals 

(UI) to quantify uncertainty. Deterministic and proba-

bilistic sensitivity analyses were conducted to assess 

the sensitivity of the results to changes in model input 

parameters. All analyses were performed using R version 

4.4.0 software [14]. All tests were two-sided, with statisti-

cal significance set at a P-value < 0.05.

Results
Study population characteristics

A total of 19,582 participants were recruited, of whom 

209 were excluded for not meeting the inclusion crite-

ria. �e final analysis included 19,373 participants, with 

3883 in the colonoscopy group, 7793 in the FIT group, 

and 7697 in the risk-adapted screening group (Fig.  1). 

Characteristics of the study population are shown in 

Additional file 2: Table S1. Among all participants, 8022 

(41.7%) were men, with a mean age of 60.5 years. �e dis-

tribution of basic characteristics was generally compara-

ble across the 3 study arms, except for a slightly higher 

proportion of participants with a family history of CRC 

in the risk-adapted group.

Participation and compliance

Additional file 2: Table S2 and Fig. S1 illustrate the partic-

ipation across the 3 arms from the T0 to T3 phases. �e 

overall participation declined for both the FIT arm and 

the risk-adapted screening arm. In the FIT arm, partici-

pation at baseline was 94.0% (95% CI 93.5–94.5), which 

gradually decreased in subsequent rounds, although it 

remained relatively high (> 80%). In the risk-adapted 

screening arm, baseline participation was 85.2% (95% 

CI 84.4–86.0), declining to 63.4% (95% CI 62.3–64.5) by 

the 4th round. Additional file  2: Table  S3 illustrates the 

participation of the risk-adapted screening arm, catego-

rized by risk profile, from the T0 to T3 phases. In the 

risk-adapted arm, FIT participation rates among low-risk 

individuals were similarly high, ranging from 94.0% (95% 

CI 93.4–94.6) at baseline to 78.8% (95% CI 77.7–79.9) 

in the 4th round. However, among high-risk individu-

als, the colonoscopy participation rate was 49.0% (95% 
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CI 46.4–51.6) at baseline; in the following 3 rounds, this 

rate decreased to 6.4% (95% CI 4.8–8.5), 10.5% (95% CI 

8.6–12.7), and 3.7% (95% CI 2.7–5.0). Additional file  2: 

Table  S4 illustrates the cumulative participation across 

the 3 arms from the T0 to T3 phases. �e overall partici-

pation rates (attending at least 1 screening round) were 

42.3% (1644/3883, 95% CI 40.8–43.9) in the colonoscopy 

arm, 99.8% (7775/7793, 95% CI 99.6–99.9) in the FIT 

arm, and 92.5% (7122/7697, 95% CI 91.9–93.1) in the 

risk-adapted arm. Regarding colonoscopy compliance 

among FIT-positive participants across the 4 screening 

rounds, the compliance rates in the FIT arm were 76.3% 

(817/1071), 75.7% (258/341), 71.7% (243/339), and 66.9% 

(81/121) for rounds 1 through 4, respectively, yielding an 

overall compliance rate of 74.7% (1399/1872). In the risk-

adapted screening arm, the corresponding compliance 

rates among low-risk participants were 76.9% (601/782), 

74.6% (182/244), 60.1% (98/163), and 63.5% (66/104) 

across the same rounds, with an overall compliance rate 

of 73.2% (947/1293) (Additional file 2: Fig. S1).

Detection rate for advanced neoplasm

Screening yield results from the ITT analysis are 

presented in Table  1, Fig.  2a, and Additional file  2: 

Table  S5. �e cumulative detection rates of advanced 

neoplasms over the 4 screening rounds were 2.8% (95% 

CI 2.3–3.3), 2.3% (95% CI 2.0–2.6), and 2.6% (95% CI 

2.3–3.0) in the colonoscopy, FIT, and risk-adapted 

screening arms, respectively (Fig.  2a  and Additional 

file 2: Table S5). After adjusting for age, sex, and study 

center, the ORs for the cumulative detection rate of 

advanced neoplasms were 1.21 (95% CI 0.95–1.55, 

P = 0.124) for colonoscopy vs. FIT, 1.06 (95% CI 

0.83–1.34, P = 0.658) for colonoscopy vs. risk-adapted 

screening, and 1.15 (95% CI 0.93–1.41, P = 0.197) for 

risk-adapted screening vs. FIT (Table 1 and Additional 

file  2: Table  S5). We observed that the risk-adapted 

screening arm had a slightly higher detection rate of 

advanced neoplasms among men compared to the FIT 

arm (OR = 1.30, 95% CI 1.01–1.67, P = 0.046), while the 

colonoscopy arm showed a higher detection rate among 

Fig. 1 Flow diagram of the study participants. a1644 had colonoscopy screening per protocol at baseline, 2 had colonoscopy, and 8 

had FIT at the third round of screening, 1 had colonoscopy and 14 had FIT at the fourth round of screening. b7775 had attended at least 

1 round of screening per protocol, and 5 examinations without having FIT or with a negative FIT result. c7122 had attended at least 1 

round of screening per protocol, 103 underwent colonoscopy screening among low-risk individuals without having FIT or with negative FIT results, 

and 350 had FIT screening among high-risk individuals. FIT fecal immunochemical test, ITT intention-to-treat
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women compared to the risk-adapted screening arm 

(OR = 1.52, 95% CI 1.00–2.28, P = 0.046) (Table  1 and 

Additional file  2: Table  S5). No statistically significant 

differences were found in the detection of advanced 

neoplasms in the proximal or distal colon/rectum 

across the 3 arms. A post hoc power analysis demon-

strated 82.4% power to detect the observed differences 

in detection rates (Cohen’s w = 0.043), with a χ2 statistic 

of 4.76 (df = 2, P = 0.093). �e results of detection rates 

for any colorectal neoplasm are shown in Additional 

file 2: Table S6.

In the PP analyses (Additional file 2: Table S7), detec-

tion rates of advanced neoplasms in the colonoscopy, 

FIT, and risk-adapted screening arms were 6.5%, 2.3%, 

and 2.7%, respectively, with an adjusted ORcolonoscopy vs. 

FIT of 2.42 (95% CI 1.87–3.11, P < 0.001), an adjusted 

ORcolonoscopy vs. risk-adapted screening of 1.90 (95% CI 1.48–

2.44, P < 0.001), and an adjusted ORrisk-adapted screening vs. 

FIT of 1.32 (95% CI 1.07–1.63, P = 0.011).

Resource demand and costing outcomes

Detailed resource utilization and cost analysis results are 

shown in Fig. 2b, c, and Additional file 2: Tables S8–S10. 

In the colonoscopy arm, 15.4 colonoscopies were needed 

to detect 1 advanced neoplasm. In the FIT arm, the num-

ber of colonoscopies needed to detect 1 advanced neo-

plasm was 9.1, 8.3, 7.8, and 7.9 at T0, T0–T1, T0–T2, and 

T0–T3, respectively. In the risk-adapted screening arm, 

the corresponding values were 10.3, 10.5, 10.2, and 9.3 

(Fig. 2b and Additional file 2: Table S8). From a societal 

Table 1 Numbers and proportions of participants with detected colorectal neoplasms after 4 rounds of screening (ITT analysis)

a Odds ratios and 95% confidence intervals were adjusted for age, sex (not for subgroup analysis of men and women), and participating center in the logistic 

regression models

b The sum may exceed the total number because of the possibility of findings in both the proximal and distal colon/rectum

CI confidence interval, FIT fecal immunochemical test, ITT intention-to-treat, OR odds ratio

Colorectal 
neoplasm

Colonoscopy
[n = 3883, n (%)]

FIT
[n = 7793, n (%)]

Risk-
adapted 
screening
[n = 7697, n 
(%)]

Colonoscopy vs. FIT Colonoscopy vs. 
Risk-adapted 
screening

Risk-adapted
screening vs. FIT

OR (95% CI) a P-value OR (95% CI)a
P-value OR (95% CI)a

P-value

Overall

 Colorectal 
cancer

10 (0.3) 10 (0.1) 15 (0.2) 2.03
(0.83–4.96)

0.113 1.32
(0.57–2.91)

0.497 1.53
(0.70–3.53)

0.295

 Advanced 
precancerous 
lesion

97 (2.5) 167 (2.1) 184 (2.4) 1.16
(0.90–1.50)

0.252 1.03
(0.80–1.33)

0.802 1.12
(0.90–1.39)

0.295

 Non-advanced 
adenoma

293 (7.6) 284 (3.6) 378 (4.9) 2.21
(1.86–2.62)

 < 0.001 1.61
(1.37–1.89)

 < 0.001 1.39
(1.18–1.63)

 < 0.001

 Advanced 
neoplasm

107 (2.8) 177 (2.3) 199 (2.6) 1.21
(0.95–1.55)

0.124 1.06
(0.83–1.34)

0.658 1.15
(0.93–1.41)

0.197

 Any neoplasm 400 (10.3) 461 (5.9) 577 (7.5) 1.89
(1.63–2.18)

 < 0.001 1.45
(1.26–1.67)

 < 0.001 1.32
(1.15–1.50)

 < 0.001

Advanced neoplasm

 Proximal colon b 61 (1.6) 95 (1.2) 96 (1.2) 1.28
(0.92–1.77)

0.133 1.26
(0.90–1.74)

0.170 1.02
(0.77–1.36)

0.883

 Distal colon/
rectum b

73 (1.9) 125 (1.6) 154 (2.0) 1.16
(0.86–1.56)

0.324 0.92
(0.69–1.22)

0.562 1.26
(0.99–1.61)

0.060

 Men 66 (4.1) 115 (3.5) 143 (4.5) 1.14
(0.83–1.56)

0.409 0.88
(0.65–1.19)

0.409 1.30
(1.01–1.67)

0.046

 Women 41 (1.8) 62 (1.4) 56 (1.2) 1.35
(0.90–2.01)

0.144 1.52
(1.00–2.28)

0.046 0.89
(0.62–1.28)

0.531

Any neoplasm

 Proximal colon b 199 (5.1) 236 (3.0) 276 (3.6) 1.75
(1.44–2.13)

 < 0.001 1.46
(1.21–1.77)

 < 0.001 1.20
(1.00–1.44)

0.047

 Distal colon/
rectum b

249 (6.4) 296 (3.8) 388 (5.0) 1.77
(1.48–2.11)

 < 0.001 1.30
(1.09–1.53)

0.003 1.37
(1.17–1.60)

 < 0.001

 Men 232 (14.4) 280 (8.5) 405 (12.8) 1.82
(1.50–2.20)

 < 0.001 1.13
(0.94–1.36)

0.176 1.60
(1.36–1.89)

 < 0.001

 Women 168 (7.4) 181 (4.0) 172 (3.8) 1.99
(1.59–2.48)

 < 0.001 2.15
(1.71–2.69)

 < 0.001 0.93
(0.75–1.16)

0.540
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Fig. 2 Comparison of screening yield and cost-effectiveness among different arms over 4 rounds of screening. a Detection rate for detecting 

advanced neoplasm or any neoplasm (ITT analysis). b Number of colonoscopies needed to be performed to detect 1 advanced neoplasm or any 

neoplasm. c Cost (in CNY 1000) for detecting 1 advanced neoplasm from the societal perspective and government perspective. CNY Chinese Yuan, 

FIT fecal immunochemical test, ITT intention-to-treat
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perspective (Fig. 2c and Additional file 2: Table S9), the 

costs of detecting 1 advanced neoplasm were CNY 

15,341 ($ 2223) for colonoscopy, CNY 21,754 ($ 3153) for 

FIT, and CNY 24,300 ($ 3522) for risk-adapted screening. 

From a government perspective (Fig.  2c and Additional 

file 2: Table S10), the costs for detecting 1 advanced neo-

plasm were comparable between the 3 strategies, with 

CNY 6914 ($ 1002) for colonoscopy, CNY 6313 ($ 915) 

for FIT, and CNY 6589 ($ 955) for risk-adapted screening.

Effectiveness on CRC incidence and mortality

Figure 3 and Additional file 2: Table S11 present the pro-

jected CRC incidence and mortality across the 3 screen-

ing arms and the no-screening scenario over 15  years. 

Over the 15  years, all screening strategies were associ-

ated with substantial reductions in both CRC incidence 

and mortality compared with no screening. Under the 

observed real-world adherence, the cumulative CRC inci-

dence per 100,000 persons over 15 years was 1171, 1325, 

and 1293 for the colonoscopy, FIT, and risk-adapted 

screening arms, respectively, and 1552 for the no-screen-

ing group, corresponding to relative reductions of 24.6%, 

14.6%, and 16.7%. �e cumulative CRC mortality per 

100,000 persons over the same period was 224, 210, and 

234 for the colonoscopy, FIT, and risk-adapted screen-

ing arms, respectively, and 298 for the no-screening 

group, corresponding to reductions of 24.8%, 29.5%, and 

21.5% relative to no screening. �erefore, in the TAR-

GET-C trial (status quo), colonoscopy screening outper-

formed both FIT and risk-adapted screening. In addition, 

under the ideal scenario of 100% adherence, all strate-

gies showed further improvements, with colonoscopy 

remaining the most effective in reducing CRC incidence 

and mortality. Compared with no screening, the relative 

reductions in CRC incidence and mortality were 41.0% 

and 45.3% for colonoscopy, 16.9% and 25.5% for FIT, and 

37.9% and 35.9% for risk-adapted screening, respectively.

Fig. 3 Long-term predicted colorectal cancer incidence and mortality of the 3 different screening arms and no screening. a Incidence 

under the status quo. b Mortality under the status quo. c Incidence under 100% adherence scenario. d Mortality under 100% adherence scenario. 

CRC colorectal cancer, FIT fecal immunochemical test
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Cost-effectiveness analysis

Table  2 presents the cost-effectiveness analyses of the 

screening strategies over 15  years. All screening strate-

gies were more cost-effective than no screening, using a 

WTP threshold of CNY 141,784 per QALY saved. Under 

the current scenario, colonoscopy screening yielded 

the highest discounted QALY per person at 9.631 (95% 

UI 9.618–9.645), with an ICER of 9060 CNY/QALY 

compared with no screening after 15  years. Within 

15 years, risk-adapted screening and FIT screening were 

both dominated by colonoscopy.

To explore the impact of adherence on cost-effective-

ness, we varied the probabilities of colonoscopy and FIT 

uptake (Additional file 2: Fig. S2a, b). FIT was the most 

cost-effective strategy in most scenarios when colonos-

copy adherence fell to 20%. As colonoscopy adherence 

Table 2 Cost-effectiveness analyses of colonoscopy group, fecal immunochemical test group and the risk-adapted screening group in 

modeling analysis over 15 years

a The participation rate of status quo in the colonoscopy screening group is 42.34%; the participation rate of status quo in the FIT screening group is 94.62%; the 

participation rate of status quo in the risk-adapted screening group is 49.00% for the high-risk group and 94.60% for the low-risk group. †The discount rate is 5% per 

year

CNY Chinese Yuan, FIT fecal immunochemical test, ICER incremental cost-effectiveness ratio, QALY quality-adjusted life year, UI uncertainty interval

Scenario Year 
after 
start

Screening 
 strategya

Discounted QALY 
per person (95% 
UI)†

Discounted cost 
per person (CNY, 
95% UI)†

Colonoscopy 
used per 100,000 
persons

ICER compared 
to no screening 
(median, CNY/
QALY)

ICER compared 
to colonoscopy 
screening 
(median, CNY/
QALY)

Status quo 5 No screening 4.857 (4.855–4.860) 161 (152–166) 289 Ref –

Colonoscopy 
screening

4.864 (4.863–4.866) 530 (502–547) 42,659 52,307 Ref

FIT screening 4.860 (4.858–4.867) 633 (599–653) 22,074 157,590 Dominated

Risk-adapted 
screening

4.860 (4.859–4.862) 788 (746–813) 41,836 241,594 Dominated

10 No screening 7.677 (7.671–7.683) 344 (326–355) 747 Ref –

Colonoscopy 
screening

7.696 (7.689–7.702) 665 (630–686) 42,997 16,631 Ref

FIT screening 7.685 (7.677–7.692) 757 (717–781) 22,386 51,812 Dominated

Risk-adapted 
screening

7.685 (7.679–7.690) 917 (868–946) 42,159 69,102 Dominated

15 No screening 9.604 (9.591–9.617) 603 (571–622) 1568 Ref –

Colonoscopy 
screening

9.631 (9.618–9.645) 852 (807–879) 43,592 9060 Ref

FIT screening 9.621 (9.610–9.632) 975 (923–1006) 23,075 21,882 Dominated

Risk-adapted 
screening

9.618 (9.606–9.631) 1132 (1072–1168) 42,846 37,524 Dominated

100% adherence 5 No screening 4.857 (4.829–4.886) 161 (152–166) 289 Ref –

Colonoscopy 
screening

4.863 (4.861–4.865) 1041 (986–1074) 100,123 145,224 Ref

FIT screening 4.860 (4.857–4.865) 680 (644–702) 24,713 173,269 –

Risk-adapted 
screening

4.866 (4.863–4.871) 1136 (1076–1172) 83,982 113,460 37,483

10 No screening 7.677 (7.671–7.683) 344 (326–355) 747 Ref –

Colonoscopy 
screening

7.691 (7.686–7.698) 1119 (1060–1155) 100,324 54,157 Ref

FIT screening 7.684 (7.675–7.693) 806 (763–832) 25,030 66,265 –

Risk-adapted 
screening

7.696 (7.689–7.705) 1219 (1154–1258) 84,194 45,359 20,076

15 No screening 9.604 (9.591–9.617) 603 (571–622) 1568 Ref –

Colonoscopy 
screening

9.623 (9.611–9.637) 1285 (1217–1326) 100,856 35,011 Ref

FIT screening 9.620 (9.609–9.632) 1011 (957–1043) 25,684 25,500 –

Risk-adapted 
screening

9.634 (9.620–9.646) 1378 (1305–1422) 84,703 25,749 8759
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increased to 80%, colonoscopy screening became the 

most cost-effective approach in a greater number of sce-

narios. However, under the assumption of 100% adher-

ence for both colonoscopy and FIT, the risk-adapted 

screening strategy was identified as the most cost-effec-

tive. �e cost-effectiveness plane plot (Additional file  2: 

Fig. S2c), which illustrates this specific 100% adherence 

scenario, confirms the cost-effectiveness of the risk-

adapted strategy under this condition.

Sensitivity analysis

In the sensitivity analysis, one-way analyses revealed 

that the ICERs of the screening strategies were sensitive 

to changes in the costs of FIT and colonoscopy, as well 

as transition rates across different disease states (Addi-

tional file 2: Fig. S3). Probabilistic sensitivity analyses and 

cost-effectiveness acceptability curves showed that colo-

noscopy screening had the highest probability of being 

cost-effective at the WTP threshold of 141,784 CNY/

QALY (Additional file 2: Fig. S4).

Discussion
�is study provides a comparative evaluation of partici-

pation, screening yield, and the long-term impact of colo-

noscopy, FIT, and risk-adapted screening approaches on 

CRC incidence and mortality. Across 4 screening rounds, 

the risk-adapted screening approach demonstrated high 

participation rates, with a screening yield for advanced 

neoplasms comparable to colonoscopy but with a 

reduced demand for endoscopy resources. Microsimu-

lation modeling demonstrated that colonoscopy was the 

most effective screening modality, achieving the largest 

reductions in incidence and mortality [18]. However, its 

low participation rate limits population-level impact, and 

cost-effectiveness highly depends on adherence to colo-

noscopy or FIT.

Repeated screening is critical for CRC prevention. 

Although the detection rates of CRC and advanced pre-

cancerous lesions were slightly lower in the risk-adapted 

and FIT arms during the first round of screening com-

pared with the colonoscopy arm, additional neoplasms 

were identified in subsequent rounds. After 4 rounds of 

screening, no statistically significant differences were 

observed in advanced neoplasm detection among the 

arms, consistent with findings from previous large-scale 

studies [19–21]. Secondary outcomes revealed statisti-

cally significant differences in neoplasm detection rates 

across screening strategies. Colonoscopy demonstrated 

superior detection of non-advanced adenomas com-

pared with FIT and risk-adapted screening, likely reflect-

ing its higher sensitivity for smaller lesions. However, 

this advantage did not translate to statistically signifi-

cant differences in advanced neoplasm detection rates, 

suggesting that noninvasive strategies may achieve com-

parable performance for clinically significant lesions 

while reducing colonoscopy demand. It is worth noting 

that the marginal benefits of detecting additional cases 

diminish over time. �e dynamic risk-adapted approach 

balances precision and resource use. Biennial reassess-

ment allows timely identification of emerging risks, while 

limiting colonoscopies to initial high-risk cases prevents 

overuse. �e modeled risk transitions (10% high-to-low 

and 40% low-to-high annually) align with real-world 

longitudinal data, supporting the strategy’s adaptability 

without compromising effectiveness. Consequently, the 

question of whether to extend screening intervals for 

participants with multiple rounds of negative findings 

warrants further investigation, which is beyond the scope 

of this trial.

Determining the long-term impact of different CRC 

screening strategies is crucial for translating findings into 

population-based programs; however, such evaluations 

typically require rigorously designed RCTs with over 

10 years of follow-up. Current RCTs evidence is limited 

to fecal occult blood test [16, 22], flexible sigmoidoscopy 

[17, 23–25], and colonoscopy [26], with the TARGET-C 

trial being the only RCTs assessing risk-adapted screen-

ing [9]. To provide timely evidence, we used the validated 

MIMIC-CRC microsimulation model [13] to predict the 

long-term impact on CRC burden. Comparable mod-

els, such as MISCAN, CRC-SPIN, and SIM-CRC, have 

been well developed and widely used to inform screening 

guidelines [18, 27]. Similarly, the MIMIC-CRC model, 

calibrated with parameters from the trial, provides cred-

ible predictions. However, validation using other micro-

simulation models tailored to different populations 

would further improve generalizability.

Our findings indicate that risk-adapted screening can 

reduce CRC incidence and mortality to levels compa-

rable with colonoscopy, while also lowering demand for 

colonoscopy resources. Although colonoscopy and FIT 

screening are cost-effective in specific scenarios, par-

ticularly when adherence rates are high, risk-adapted 

screening remains the most cost-effective strategy across 

adherence combinations. In the long term, risk-adapted 

screening offers substantial economic benefits by reduc-

ing CRC incidence and late-stage diagnoses, thereby 

reducing the high costs of cancer treatment. While the 

initial implementation costs of risk-adapted screening 

may be higher due to the complexity of its protocol, these 

costs are offset by reductions in cancer-related healthcare 

expenditures and improvements in QALYs.

An effective risk-prediction model is the core of risk-

adapted screening. Most well-established risk predic-

tion models incorporate personal and lifestyle risk 

factors, such as age, sex, family history of CRC among 



Page 11 of 13Chen et al. Military Medical Research           (2025) 12:82  

first-degree relatives, BMI, and smoking [9]. Although 

the model derivation method differed among these 

models, their predictive performance was compara-

ble for different populations, with the areas under the 

receiver operating characteristic (ROC) curve ranging 

from 0.61 to 0.70 in a meta-analysis [28]. �e APCS 

score used in the current study utilizes common per-

sonal and lifestyle risk factors and has been validated in 

previous research [15]. Its generalizability is most likely 

assured when applied to other populations. However, 

the APCS risk score’s reliance on age and sex dispro-

portionately categorizes women as low-risk, poten-

tially under-referring them for colonoscopy. While 

this reflects lower CRC incidence in younger women, 

the subgroup analysis revealed that colonoscopy 

detected significantly more neoplasms in women than 

risk-adapted screening. �is raises ethical concerns, 

as sex-based under-referral could inadvertently delay 

diagnosis in women with atypical risk profiles. Ensuring 

equity in screening recommendations requires further 

validation of risk scores across sex-specific subgroups. 

Future refinements may consider sex-specific thresh-

olds or incorporate additional risk factors to reduce the 

risk of systematic under screening. Emerging genomic 

and epigenomic markers are increasingly being 

explored for CRC screening and early detection. Poly-

genic risk scores combined with lifestyle and clinical 

factors may support more individualized risk commu-

nication [29, 30], while next-generation molecular stool 

assays using multitarget DNA or RNA markers have 

also demonstrated encouraging performance in large 

prospective, colonoscopy-controlled studies [31, 32]. 

Despite their potential to complement or refine current 

noninvasive tests, critical questions remain regarding 

their cost-effectiveness, implementation feasibility, and 

equitable access. �ese aspects require careful evalua-

tion in diverse healthcare settings before integration 

into routine population-based screening programs.

Participation is essential for determining the overall 

screening yield, yet improving participation and com-

pliance is a major challenge in population-based CRC 

screening. �e results in this study demonstrated that the 

overall compliance rate for colonoscopy was low, consist-

ent with findings from previous population-based studies 

[26, 33]. A critical limitation of risk-adapted screening is 

the low colonoscopy participation rate among high-risk 

individuals, which may diminish the theoretical benefits 

of this strategy. Future implementations should incor-

porate evidence-based adherence-enhancing meas-

ures, such as reminder systems, patient navigation, 

personalized communication, or financial incentives. 

�ese strategies, which have proven effective in improv-

ing participation in other cancer screening programs, 

could further strengthen the effectiveness of risk-adapted 

screening in real-world practice. Participation is even 

lower in a real-world screening setting [34]. We demon-

strated that noninvasive testing and risk assessment sig-

nificantly enhance overall participation, particularly after 

multiple rounds of screening. �e integration of novel 

blood-based biomarkers into risk-adapted screening war-

rants further investigation to optimize effectiveness.

Our study has some limitations. First, participation in 

colonoscopy and compliance with diagnostic follow-up 

among FIT-positive individuals were suboptimal, with 

noncompliance primarily observed in older participants 

with comorbidities, reflecting real-world barriers to colo-

noscopy acceptance across diverse populations. Second, 

in the risk-adapted screening arm, high-risk individuals 

who declined colonoscopy were not offered alternative 

screening modalities per protocol, to avoid bias when 

assessing repeated screening yields. �ird, the absence 

of re-invitations for colonoscopy in the one-time screen-

ing arm prevented direct comparisons of longitudinal 

participation dynamics between strategies. While the 

risk-adapted arm allowed repeated colonoscopy refer-

rals for high-risk non-responders, the colonoscopy arm’s 

protocol restricted screening to T0 only. Fourth, while 

the microsimulation model provided robust projec-

tions, its accuracy depended on the quality of input data 

for risk stratification and disease progression. It did not 

account for potential changes in population characteris-

tics or healthcare policies over time, which could affect 

future applicability. Fifth, the exclusion of serrated pol-

yps from the MIMIC-CRC model might have influenced 

the results. Finally, because study parameters and popu-

lations were derived from China, the generalizability of 

the findings to other settings or populations might be 

limited.

Conclusions
In summary, in this population-based CRC screen-

ing trial, risk-adapted screening, colonoscopy, and FIT 

showed comparable effectiveness but differed in partici-

pation, resource use, and cost-effectiveness. By prioritiz-

ing colonoscopy for high-risk individuals and FIT for 

low-risk individuals, this approach complements exist-

ing screening modalities, particularly in resource-limited 

settings.
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