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Abstract 

Background  Demonstrating mortality reduction in new colorectal cancer (CRC) screening programs through rand-
omized clinical trials (RCTs) is challenging. We systematically reviewed single-round program performance outcomes 
using a stepwise approach proposed by the World Endoscopy Organization CRC Screening Committee framework.

Methods  The MEDLINE, EMBASE, Central, and Ichushi Web databases were searched until October 28, 2024, to find 
RCTs comparing guaiac-based and immunochemical fecal occult blood testing (gFOBT and FIT), flexible sigmoi-
doscopy (FS), computed tomographic colonography (CTC), and total colonoscopy (TCS). Paired reviewers screened 
studies, extracted data, and assessed bias risk. A Bayesian random-effects network meta-analysis was conducted, 
and the certainty of evidence was evaluated using the Grading of Recommendations Assessment, Development 
and Evaluation approach. The primary outcome was advanced neoplasia (AN) detection, and the secondary out-
comes were participation and colorectal cancer (CRC) detection, all during the first screening round.

Results  Eighteen RCTs (437,072 invitees) were included. The risk of bias was low or raised some concerns for screen-
ing participation, but it was high for detection outcomes. In the network meta-analysis of 15 RCTs not allowing 
crossover, the FIT-based program had a higher AN detection rate than the gFOBT-based program (relative risk [RR] 
2.48; 95% credible interval [CrI] 1.52–4.21; moderate certainty). AN detection rates were not different in the CTC- (RR 
1.01; CrI 0.43–2.23; very low certainty) and TCS-based (RR 1.03; CrI 0.54–1.78; low certainty) programs compared 
with the FS-based program. All the visualization modality programs had higher AN detection rates than the FIT-based 
program (FS: RR 2.13 [CrI 1.38–3.77]; CTC 2.16 [1.11–4.51]; and TCS 2.19 [1.43–3.48]; all with low certainty). Low event 
rates precluded definitive conclusions regarding CRC detection (very low to low certainty). The TCS-based program 
had the worst participation rate (very low to low certainty). Comparative data allowing crossover were limited.

Conclusions  This is the first network meta-analysis that evaluates program-level initial performance indicators. FIT-
based programs likely detect more AN cases than gFOBT-based programs, while FS-, CTC-, and TCS-based programs 
may outperform FIT. Due to limitations in first-round results, long-term outcomes should be assessed after 10–15 
years.
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Background
Colorectal cancer (CRC) is the third most commonly 
diagnosed cancer and the second leading cause of 
cancer-specific mortality worldwide [1]. CRC screen-
ing reduces the incidence of CRC by detecting and 
removing advanced adenomas before they progress to 
cancer [2]. Currently, several screening methods are 
available, including the guaiac-based fecal occult blood 
test (gFOBT), fecal immunochemical test (FIT), flexible 
sigmoidoscopy (FS), total colonoscopy (TCS), and com-
puted tomographic colonography (CTC) among others 
[3].

Cancer screening is a test-triggered, multistep inter-
ventional program that includes subsequent treatments 
and high-risk surveillance. Demonstrating program effi-
cacy requires large randomized clinical trials (RCTs) with 
long-term follow-up. Currently, only screening programs 
with gFOBT or FS have demonstrated reduced CRC inci-
dence and mortality compared with standard care with-
out screening in population-based RCTs [4, 5]. Therefore, 
to recommend other screening modalities, guideline 
developers must use evidence from observational studies 
or microsimulation modeling [6–8].

The World Endoscopy Organization (WEO) CRC 
Screening Committee recently proposed a four-phased, 
stepwise approach to efficiently evaluate new and prom-
ising screening tests against an established reference test 
[9, 10]. For a new test successfully assessed in phase I and 
II studies, in addition to diagnostic accuracy in a screen-
ing population, this approach evaluates program per-
formance indicators in population-based RCTs using a 
standard test that has demonstrated benefits in reducing 
CRC mortality and incidence as the reference. For RCTs 
assessing single-round outcomes (phase III), screening 
participation and detection rates for advanced neoplasia 
(AN) and CRC are assessed as the initial performance 
indicators, respectively, for invitation alone and both 
invitation and the performance of the test itself.

Currently, randomized evidence of reductions in CRC 
mortality and incidence is insufficient in population-
based programs based on primary screening with FIT, 
CTC, or TCS. Additionally, randomized comparative 
evidence of multicycle fecal test-based programs ver-
sus single-cycle endoscopy-based programs, although 
beginning to emerge [11–17], is still sparse for a com-
prehensive evaluation, which is required for the pro-
posed phase IV evaluation [9, 10]. Therefore, formally 
assessing and synthesizing the available evidence from 
phase III program performance indicator outcomes com-
pared to those of gFOBT- or FS-based programs can be 
an informative intermediate step to complement com-
parative effectiveness. However, previous systematic 
reviews failed to address the totality of the comparative 

evidence and only conducted pairwise meta-analyses 
[18–20]. Given the limited comparisons among all avail-
able screening modalities and the clinical heterogeneity 
in the employed screening algorithms, a random-effects 
network meta-analysis is the preferred approach to better 
account for the direct and indirect comparative data from 
all available randomized evidence in a single analysis [21]. 
This study aimed to conduct a systematic review and net-
work meta-analysis on the comparative effectiveness of 
population-based CRC screening RCTs in average-risk 
adults. We focused on the single-round program perfor-
mance indicator outcomes using the WEO approach.

Methods
This study was based on an updated evidence review to 
revise the Japanese National Guidelines for Colorectal 
Cancer Screening [22]. Similarly to the previous sys-
tematic reviews, the evidence review evaluated the com-
parative evidence among screening programs based on 
stool-based and endoscopic tests only and performed 
pairwise meta-analysis of direct data. The protocol for 
this extended study was not prospectively registered. This 
report followed the PRISMA Network Meta-Analysis 
Extension Statement (see Additional file 1) [23]. For com-
plete details on the methods, see Additional file 2: Sup-
plementary Methods.

Information sources
The MEDLINE, EMBASE, Central, and Ichushi Web 
databases were searched for publications up to October 
14, 2023, with no language restrictions. We updated the 
search using these four databases to identify pertinent 
reports published between January 1, 2023, and Octo-
ber 28, 2024 (December 14, 2024, for the Ichushi Web 
only), without language restrictions. Search strategies are 
detailed in the Additional file 2: Supplementary Methods. 
Reference lists of eligible studies and relevant review arti-
cles were also screened for potentially pertinent studies.

Study selection and data collection
Paired reviewers independently double-screened and 
determined the eligibility of the selected full-text arti-
cles, with discrepancies adjudicated by discussion. We 
included RCTs with designs that compared screening 
programs using gFOBT, FIT, FS, CTC, or TCS as the pri-
mary test to detect advanced adenomas and invasive can-
cers in average-risk adults. We included RCTs with any 
designs irrespective of the unit of randomization (i.e., 
individual vs cluster), the number of compared screen-
ing program groups, or crossover to alternative screening 
programs. We included RCTs that compared screen-
ing programs based on a single primary screening test 
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(followed by TCS as the post-triage diagnostic test for 
positive results) or upfront primary screening with TCS.

We excluded RCTs that evaluated screening programs 
based on sequential testing (e.g., gFOBT triage followed 
by FIT), screening programs based on parallel testing 
with two primary screening modalities (e.g., primary 
screening with combined gFOBT and FS) before diag-
nostic TCS, or risk-adapted screening programs based on 
the application of a risk prediction score and risk-based 
selection of screening tests (e.g., TCS for those with high 
risk and FIT for those with low risk). When these ineligi-
ble screening programs were additionally compared with 
eligible single-modality screening programs in an RCT, 
we included the RCT but excluded the ineligible screen-
ing programs.

One main data extractor with another data verifier in 
pairs extracted descriptive data (see Additional file  2: 
Supplementary Methods for complete details). Paired 
reviewers independently double-extracted numerical 
data. Any discrepancies were resolved by consensus. Two 
attempts at email correspondence with authors of RCTs 
without extractable data failed to salvage potentially eli-
gible RCTs.

Risk of bias
Paired independent reviewers double-rated the risk of 
bias using the revised risk of bias tool [24]. Operationally, 
a study was rated as having appropriately dealt with miss-
ing outcome data only when the screen-positive samples 
had been histologically verified in all invitees or results 
were statistically corrected for the potential for bias 
caused by missing outcome data. For screening partici-
pation, we considered any reported methods of outcome 
measurement to be appropriate if they were clinically 
relevant for the assigned specific modalities (e.g., attend-
ance and receipt for endoscopy and CTC, and direct sub-
mission or mailing back of the test samples for any fecal 
tests), even if the methods differed across the assigned 
groups. Any discrepancies were resolved via a consensus.

Data synthesis
Our primary outcome was the detection of AN at the 
program level (i.e., the intention-to-screen [ITS] effect). 
Secondary outcomes included screening participation 
and CRC detection as the ITS effect. We separately ana-
lyzed RCTs that allowed crossover of the invitees across 
alternative screening modalities because our focus was 
on a program-level effect in which screening invitees are 
exposed to the invitation of a specific screening modal-
ity. Relative risks (RRs) were used as the effect measure. 
As the outcomes were positive, an RR > 1 corresponded 
to the beneficial effects of a comparator vs. a reference 
program. Additionally, these outcomes were assessed in 

the screening participants only as the per-protocol (PP) 
effect. In the PP analysis, the rates for screening positiv-
ity, positive predictive value (PPV), and number needed 
to screen (NNTS) for detecting one screening-positive 
participant with at least one AN lesion, calculated as the 
inverse of the PPV were assessed as additional outcomes.

To reflect the heterogeneity and uncertainty in the true 
effects estimated by each RCT, all meta-analyses were 
based on random-effects models and performed in a fully 
Bayesian framework [25] using JAGS 4.3.1 (Plummer M. 
JAGS: Just Another Gibbs Sampler [Software]. https://​
mcmc-​jags.​sourc​eforge.​net) from R version 4.4.2 (R Core 
Team. R Foundation for Statistical Computing, Vienna, 
Austria. https://​www.R-​proje​ct.​org/) or StataNow 18.5/
SE (StataCorp. Texas, USA) [26]. Summary RRs and 
their 95% credible intervals (CrIs), the surface under the 
cumulative ranking curve (SUCRA), and the probability 
of ranking [27, 28] were calculated with a Bayesian ran-
dom-effects network meta-analysis based on binomial 
likelihood and log link [29] using the GEMTC package 
[30] and MetaInsight [31]. For cluster RCTs, the variance 
of an effect estimate was conventionally increased using 
the C adjustment [32, 33]. We conducted a Bayesian 
random-effects meta-analysis based on binomial likeli-
hood and probit link to calculate summary estimates of 
proportions, including screening positivity and PPV [34]. 
For details of the C adjustment [32, 35–37], model fit-
ting [38], and selection of prior distributions for param-
eters assessed [39], see Additional file 2: Supplementary 
Methods.

The across-study heterogeneity of direct evidence was 
first visually assessed using forest plots and then quanti-
fied as the between-study standard deviation, tau. Next, 
inconsistencies between the direct and indirect evidence 
were evaluated globally by comparing the mean residual 
deviance (MRD) and deviance information criterion 
(DIC) statistics between the primary network meta-anal-
ysis model (i.e., the consistency model) and an unrelated 
mean effect (UME) inconsistency model [40] and locally 
by performing node-splitting models [41, 42]. Fun-
nel plot analysis was not conducted since no contrasts 
comprised ≥ 10 studies [43]. Few RCTs without CRC 
detection data precluded the risk of bias due to missing 
evidence [44].

We performed a network meta-analysis for a subgroup 
of RCTs conducted in Europe only to address clinical 
heterogeneity arising from geographical and cultural 
variability. For age (59 years and younger vs. 60 years and 
older) and sex, the paucity of data on these individual-
level subgroup outcomes precluded a full network meta-
analysis; only a pairwise random-effects meta-analysis of 
the interaction was performed [45]. Additionally, to eval-
uate the stability of the C adjustment and the inclusion of 

https://mcmc-jags.sourceforge.net
https://mcmc-jags.sourceforge.net
https://www.R-project.org/
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cRCTs, we performed sensitivity network meta-analyses 
using an alternative, conventional C value or excluding all 
cRCTs from the analysis.

Assessing the certainty of the evidence
To evaluate the certainty of the evidence, we highlighted 
the comparative effectiveness of selected comparison 
pairs on the ITS effects following the WEO-proposed 
phase III framework [10] and applied the Grading of Rec-
ommendation Assessment, Development, and Evalua-
tion (GRADE) tool for network meta-analysis [46]. First, 
we used gFOBT and FS as reference screening tests for 
FOB-based modalities (defined as gFOBT and FIT) and 
visualization modalities (defined as FS and TCS [as direct 
visualization methods] and CTC [as indirect visualiza-
tion methods]), respectively [10]. Second, we extended 
the comparative effectiveness of all visualization modali-
ties being compared with FIT as the reference test since 
this was the most commonly recommended modality 
worldwide [47, 48]. In each comparison, we evaluated 
the risk of bias, inconsistency, indirectness, and intran-
sitivity of direct and indirect evidence and then assessed 
incoherence between direct and indirect evidence and 
imprecision of network evidence to rate the certainty of 
the evidence according to the Pragmatic Guide [46]. The 
indirectness of this outcome was operationally down-
graded by default because participation in screening is 
an intermediate outcome before the detection of AN and 
CRC. One reviewer (T.T.) assessed each domain for each 
comparison per outcome, with uncertainties resolved 
via a discussion with an internal cancer screening expert 
(C.H.). To obtain illustrative estimated absolute risk dif-
ferences (RDs), we assumed an average-risk screening 
population of 10,000 individuals, where the absolute 
event rate of the reference program was calculated based 
on the relevant event data from all included RCTs (e.g., 
event data from all gFOBT arms in case the comparison 
between gFOBT- and FIT-based programs were com-
bined) using random-effects meta-analysis of propor-
tions. For all other comparisons, we did not formally 
apply the GRADE approach and only explored the com-
parative effectiveness based on the SUCRA and ranking 
analysis [27].

Results
Study selection
Our literature search identified 11,274 citations, which 
included 18 eligible RCTs (14 from Europe, 2 from the 
US, and 1 each from Israel and China) [13–15, 49–63], 
involving a total of 437,072 average-risk screening 
invitees (Fig. 1; Additional file 2: Fig. S1). The details of 
the excluded studies are provided in Additional file 2: List 
of Excluded Study Reports [11, 16, 17, 64–93].

Study characteristics
Eleven RCTs had a standard, two-armed individual ran-
domization design [13, 14, 49, 51, 54, 58–63], three had 
a three-armed individual randomization design [15, 53, 
56], and the remaining four had a two-armed, cluster 
design [50, 52, 55, 57] (Table 1). Three RCTs that included 
FIT- vs. gFOBT- [50], FIT- vs. FS- [52], and gFOBT- vs. 
TCS-based programs [55] allowed the participants to 
crossover to an alternative screening test program. The 
most assessed programs were FIT-based, which were 
commonly compared with gFOBT-based programs (five 
trials; 51,614 invitees), TCS-based programs (six trials; 
180,101 invitees), and FS-based programs (four trials; 
183,603 invitees). Included RCTs consistently excluded 
high-risk individuals and similarly defined AN (Addi-
tional file 2: Table S1).

The most common target age group was 50–75 years. 
The median number of invitees was 12,166 (range, 1513–
154,743), with a median percentage of male participants 
of 47% (range, 36–51%).

The interventions for gFOBT- and FIT-based programs 
differed for the applied test kits, positive cutoff values 
of hemoglobin concentrations, and delivery methods 
(Additional file 2: Table S2). Test kits were mailed directly 
with the screening invitation letter in approximately 
50% (4/8 for gFOBT and 6/13 for FIT) of the programs. 
Conversely, the bowel preparation methods and positiv-
ity criteria were relatively similar within and across the 
FS-, CTC-, and TCS-based programs (Additional file  2: 
Table S3).

Risk of bias
For screening participation, the overall risk of bias was 
generally rated low, or some concerns due to inappro-
priate randomization, the possibility of selective report-
ing, or both (Additional file 2: Fig. S2–S4). For detection 
outcomes, all RCTs were deemed to have a high risk of 
bias due to missing outcome data, inappropriate meas-
urement of outcomes for evaluating ITS effects, and 
deviations from intended interventions for evaluating PP 
effects.

RCTs not allowing crossover
Screening participation
Fourteen RCTs involving 357,576 screening invitees, pro-
vided data (Fig. 2A; Additional file 2: Table S4; and Addi-
tional file  2: Fig. S5). No evidence of inconsistency was 
detected globally (MRD = 31.20 and DIC = 62.06 in the 
consistency model versus MRD = 31.21 and DIC = 62.16 
in the UME model) or locally for all eight contrasts 
(Bayesian P-value range, 0.40–0.99). Median partici-
pation rates for programs based on gFOBT, FIT, FS, 
CTC, and TCS were 31.6% (range, 18.5–49.5%), 54.3% 
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(28.6–96.1%), 32.3% (7.9–52.1%), 30.1% (26.7–33.6%), 
and 24.0% (10.0–42.5%), respectively.

In the network meta-analysis, the participation rate 
for the FIT-based program was similar to that for the 
gFOBT-based program (RR 0.98; CrI 0.69–1.40), with 
an estimated RD of 72 fewer participations per 10,000 
invitees, ranging from 1120 fewer to 1445 more per 
10,000. This wide credibility interval indicated that 
there could still be clinically significant increases and 
decreases in screening participation (very low cer-
tainty) (Fig. 3 and Table 2). Compared with that in the 
FS-based program, the participation rate was not sig-
nificantly lower in the CTC-based program (RR 0.91; 
CrI 0.45–1.83), with an estimated RD of 306 fewer par-
ticipations per 10,000 invitees, ranging from 1869 fewer 
to 2820 more per 10,000. This wide credibility interval 
suggested that there could still be clinically significant 
increases and decreases in screening participation (very 
low certainty). In contrast, the participation rate was 
marginally significantly lower in the TCS-based pro-
gram (RR 0.62; CrI 0.39–1.01), resulting in an RD of 

1291 fewer participations per 10,000 screening invitees, 
ranging from 2073 fewer to 34 more per 10,000. This 
indicated that the TCS-based program could decrease 
participation rates (low certainty). When compared 
with the FIT-based program as the reference, the par-
ticipation rate was significantly lower in the TCS-based 
program only (RR 0.49; CrI 0.34–0.73), resulting in an 
RD of 2627 fewer participations per 10,000 screen-
ing invitees, ranging from 3400 to 1391 fewer per 
10,000. This suggested that the TCS-based program 
could cause a clinically significant decrease in partici-
pation rates (low certainty). In contrast, the participa-
tion rate was not significantly lower in the FS-based 
program (RR 0.79; CrI 0.55–1.15), with an estimated 
RD of 1082 fewer participations per 10,000 screen-
ing invitees, ranging from 2318 fewer to 773 more per 
10,000. Similarly, the participation rate was not signifi-
cantly lower in the CTC-based program (RR 0.72; CrI 
0.39–1.35), with an estimated RD of 1442 fewer partici-
pations per 10,000 invitees, ranging from 3142 fewer to 
1803 more per 10,000. These wide credibility intervals 

Fig. 1  Study flow diagram. *See Supplementary documents for excluded study reports and reasons for exclusion
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indicated that there could still be clinically significant 
increases and decreases in screening participation (low 
certainty).

The ranking analysis and SUCRA plots showed that 
the gFOBT- and FIT-based programs were the two 
best screening programs, with the probability of being 
the best at 48 and 39%, respectively (Additional file  2: 
Table  S5 and Additional file  2: Fig. S6). Conversely, the 
TCS-based program was the worst with the probability of 
being the worst at 94%.

AN detection
Thirteen RCTs involving 334,900 screening invitees pro-
vided data on the ITS effect (Fig.  2B, Additional file  2: 
Table S6 and Additional file 2: Fig. S7). No inconsistency 
was suggested globally (MRD = 29.68 and DIC = 54.21 
in the consistency model versus MRD = 29.34 and 
DIC = 55.65 in the UME model) or locally for all eight 
contrasts (P-value range, 0.15–0.99). The median AN 
detections per 100,000 invitees for programs based 
on gFOBT, FIT, FS, CTC, and TCS were 279 (range, 

Table 1  Study and participant characteristics

CTC​ Computed tomography colonography, FIT Fecal immunochemical test, FS Flexible sigmoidoscopy, gFOBT Guaiac fecal occult blood test, ND No data, TCS Total 
colonoscopy
a General practitioners were randomized
b Primary care clinics were randomized

Author and 
year

Study location Study years Unit of 
randomization

Target age, 
years

Mean (SD) or 
median [IQR] 
age, years

% Male Screening test Sample size, n

Studies not allowing crossover 

Verne 1998 [49] UK, East Hert-
fordshire

ND Individual 50–75 ND ND FS vs. gFOBT 2494

Federici 2005 
[50]

Italy, Lazio ND Clustera 50–74 ND 46 FIT vs. gFOBT 7320

Segnan 2005 
[51]

Italy, nationwide 1999–2001 Individual 55–64 ND 47 FIT vs. FS 23,051

Federici 2006 
[52]

Italy, Rome ND Clustera 50–74 ND 44 FS vs. gFOBT 2987

Segnan 2007 
[53]

Italy, nationwide 2002–2004 Individual 55–64 ND 48 FIT vs. FS vs. TCS 18,114

van Rossum 
2008 [54]

Netherlands, 
multiple cities

2006–2007 Individual 50–75 60.7 (7.1) 48 FIT vs. gFOBT 20,623

Lisi 2009 [55] Italy, nationwide 2003–2006 Clustera 55–64 ND ND TCS vs. gFOBT 9889

Hol 2010 [56] Netherlands, 
Rijnmond

ND Individual 50–74 ND ND FIT vs. FS vs. 
gFOBT

15,011

Levi 2011 [57] Israel, Tel Aviv ND Clusterb 50–75 61.0 (7.6) 44 FIT vs. gFOBT 12,537

Stoop 2012 [59] Netherlands, 
Amsterdam 
and Rotterdam

2009–2010 Individual 50–75 60.8 (6.6) 50 CTC vs. TCS 8844

Sali 2016 [15] Italy, Florence 2012–2014 Individual 54–65 59.0 (3.6) 46 CTC vs. FIT vs. 
TCS

16,087

Regge 2017 [62] Italy, Piedmont 2012–2013 Individual 58 58.6 (1.08) 51 CTC vs. FS 5412

Chen 2020 [63] China, five 
provinces

2018–2019 Individual 50–74 60.5 (6.5) 42 FIT vs. TCS 11,795

Randel 2021 [14] Norway, two 
southeast 
regions

2012–2019 Individual 50–74 60 [54-66] 49 FIT vs. FS 154,743

Forsberg 2022 
[13]

Sweden, 18 
regions

2014–2020 Individual 60 60 50 FIT vs. TCS 91,440

Studies allowing crossover 

Quintero 2012 
[58]

Spain, eight 
regions

2009–2011 Individual 50–69 59.2 (5.6) 46 FIT vs. TCS 57,404

Chubak 2013 
[60]

USA, Washing-
ton

2010–2011 Individual 50–74 58.5 (6.0) 43 FIT vs. gFOBT 1513

Gupta 2013 [61] USA, Texas 2011–2012 Individual 50–64 59 (3) 36 FIT vs. TCS 2080
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Fig. 2  Geometry of the network of included randomized clinical trials without crossover. Network diagrams showing included randomized 
clinical trials (RCTs) for screening participation ( A ), and advanced neoplasia and colorectal cancer detection ( B and C , respectively) evaluated 
for the intention-to-screen effect. Numbers indicate the number of trial participants, followed by the number of RCTs that compared specific 
screening test programs in parentheses. The size of the nodes and the thickness of the links represent the number of trial participants 
and the number of RCTs evaluated, respectively. CTC = computed tomography colonography; FIT = fecal immunochemical test; FS = flexible 
sigmoidoscopy; gFOBT = guaiac-based fecal occult blood test; TCS = total colonoscopy

Fig. 3  Network meta-analysis of screening participation. Squares and solid horizontal lines represent the summary risk ratios and their 95% credible 
interval (CrI), respectively, estimated by network meta-analysis. CTC = computed tomography colonography; FIT = fecal immunochemical test; 
FS = flexible sigmoidoscopy; gFOBT = guaiac-based fecal occult blood test; TCS = total colonoscopy
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141–584), 1133 (379–2193), 2362 (219–2747), 1722 
(1389–2055), and 1875 (677–2400), respectively.

In the network meta-analysis, the FIT-based program 
had a higher AN detection rate than the gFOBT-based 
program (RR 2.48; CrI), resulting in an increase in the RD 
of 56 more detections per 10,000 screening invitees, rang-
ing from 20 to 122 more per 10,000. This indicated that the 
FIT-based program could significantly improve the detec-
tion rates (moderate certainty) (Fig. 4 and Table 2). As com-
pared with the FS-based program, there was no significant 
difference in the AN detection rates in the CTC-based 
program (RR 1.01; CrI 0.43–2.23), with an estimated RD 
of 3 more detections per 10,000 screening invitees, rang-
ing from 151 fewer to 326 more per 10,000. Similarly, the 
AN detection rates did not show a significant difference 
in the TCS-based program (RR 1.03; CrI 0.54–1.78), with 
an estimated RD of 8 more detections per 10,000 invitees, 

ranging from 122 fewer to 207 more per 10,000. These 
wide credibility intervals indicated that there could still be 
clinically significant increases and decreases in AN detec-
tions (very low to low certainty). Compared with those in 
the FIT-based program as a reference, the detection rates 
of all the visualization modality programs were significantly 
higher. The RRs of AN detection were 2.13 (CrI 1.38–3.77) 
for FS, 2.16 (CrI 1.11–4.51) for CTC, and 2.19 (CrI 1.43–
3.48) for TCS. These results indicate clinically important 
and comparable increases in AN detections in all visualiza-
tion modality programs: 123 more, ranging from 41 to 302 
more for FS; 126 more, ranging from 12 to 383 more for 
CTC; and 130 more, ranging from 47 to 270 more for TCS, 
all per 10,000 screening invitees.

In the ranking analysis, the gFOBT-based program 
was the worst in detecting AN with the probability of 
being the worst of 100%. However, no program was 

Fig. 4  Network meta-analysis of AN detection for evaluating the intention-to-screen effect. Squares and solid horizontal lines represent 
the summary risk ratios and their 95% credible interval (CrI), respectively, estimated by network meta-analysis. AN = advanced neoplasia; 
CTC = computed tomography colonography; FIT = fecal immunochemical test; FS = flexible sigmoidoscopy; gFOBT = guaiac-based fecal occult 
blood test; TCS = total colonoscopy
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superior to any other among the FS-, CTC-, and TCS-
based programs, with the best program of these three 
modalities ranging from 31 to 36% (Additional file  2: 
Table S7 and Additional file 2: Fig. S8).

In 14 RCTs evaluating the PP effect, TCS was the 
best screening modality with a mean ranking of 1 and 
the probability of being the best modality at 99% (Addi-
tional file  2: Tables S8–S9). The detection rate of AN 
lesions was higher among TCS recipients than among 
those of all other screening modalities other than CTC, 
CTC (RR 1.37; CrI 0.91–2.09), FS (RR 1.44; CrI 1.00–
2.10), FIT (RR 4.06; CrI 3.05–5.79), and gFOBT (RR 
8.71; CrI 5.61–14.53) (Additional file 2: Fig. S9–S11).

CRC detection
Ten RCTs involving 327,005 screening invitees pro-
vided data on the ITS effect (Fig.  2C, Additional file  2: 

Table  S10, and Additional file  2: Fig. S12). One cluster 
design RCT with no events in all arms was excluded from 
the analysis [57]. No inconsistency was suggested glob-
ally (MRD = 26.04 and DIC = 43.62 in the consistency 
model versus MRD = 25.27 and DIC = 44.50 in the UME 
model) or locally for all eight contrasts (P-value range, 
0.06–0.87). Median CRC detections per 100,000 invitees 
for programs based on gFOBT, FIT, FS, CTC, and TCS 
were 102 (range, 0–125), 179 (33–289), 220 (170–292), 
158 (145–171), and 140 (0–230), respectively.

In contrast to AN detection, the CrIs of all summary 
estimates were wide (Fig. 5 and Table 2). The CRC detec-
tion rate for the FIT-based program was marginally 
significantly higher than that for the gFOBT-based pro-
gram (RR 2.25; CrI 0.94–6.92), resulting in an increase 
in the RD of 9 more per 10,000 screening invitees, rang-
ing from almost zero to 41 more per 10,000 screening 

Fig. 5  Network meta-analysis of CRC detection for evaluating the intention-to-screen effect. Squares and solid horizontal lines represent 
the summary risk ratios and their 95% credible interval (CrI), respectively, estimated by network meta-analysis. CRC = colorectal cancer; 
CTC = computed tomography colonography; FIT = fecal immunochemical test; FS = flexible sigmoidoscopy; gFOBT = guaiac-based fecal occult 
blood test; TCS = total colonoscopy
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invitees. This suggested that the FIT-based program 
could increase the detection of CRC (low certainty). As 
compared with the FS-based program, the rates of CRC 
detection did not show a significant difference in the 
CTC-based program (RR 2.11; CrI 0.52–8.76), with an 
estimated RD of 29 more detections per 10,000 screen-
ing invitees, ranging from 12 fewer to 202 more per 
10,000. Similarly, CRC detection rates were not signifi-
cantly different in the TCS-based program (RR 1.35; CrI 
0.49–3.42), with an estimated RD of 9 more detections 
per 10,000 invitees, ranging from 13 fewer to 63 more 
per 10,000. These wide credibility intervals suggested 
that there could still be clinically significant increases 
and decreases in CRC detections (very low to low cer-
tainty). Compared with those in the FIT-based program 
as a reference, the detection rates of all the visualization 
modality programs were not significantly higher. The RRs 
of AN detection were 1.25 (CrI 0.64–3.15) for FS, 2.69 
(CrI 0.85–10.34) for CTC, and 1.70 (CrI 0.85–3.87) for 
TCS. These results similarly included clinically significant 
increases and the possibility of decreases in CRC detec-
tions in all the visualization modality programs: 4 more, 
ranging from 6 fewer to 37 more for FS; 29 more, ranging 
from 3 fewer to 159 more for CTC; and 12 more, ranging 
from 3 fewer to 270 more for TCS, all per 10,000 screen-
ing invitees.

In the ranking analysis, the gFOBT-based program was, 
again, the poorest at detecting CRC, with a 96% prob-
ability of being the worst (Additional file  2: Table  S11 
and Additional file 2: Fig. S13). Conversely, the CTC- and 
TCS-based programs were the two best screening pro-
grams: the probabilities of being the best modality for 
the CTC- and TCS-based programs were 76% and 17%, 
respectively.

In 12 RCTs evaluating the PP effect, TCS and CTC 
were the two best screening modalities, with probabili-
ties of being the best modality of 76 and 17%, respectively 
(Additional file 2: Tables S12–S13). The detection rate of 
CRC was higher among TCS recipients than in those of 
FIT (RR 2.54; CrI 1.63–5.13) and gFOBT (RR 4.89; CrI 
2.12–14.34), whereas no difference was found in the CRC 
detection among recipients between TCS and FS (RR 

1.69; CrI 0.89–3.36) and between TCS and CTC (RR 0.98; 
CrI 0.41–2.40) (Additional file 2: Fig. S14–S16).

Screening positivity, PPV, and NNTS
Although the summary point estimates of screening posi-
tivity and PPV were ordered from lowest to highest for 
gFOBT, FIT, FS, and CTC, statistical heterogeneity across 
studies was suggested, with widely reported percentages 
of individual studies and wide CrIs for summary esti-
mates (Table 3 and Additional file 2: Fig. S17–S18). The 
summary NNTS for identifying AN for gFOBT, FIT, FS, 
and CTC was 3.7 (CrI 2.3–6.3), 3.5 (CrI 2.5–5.0), 1.7 (CrI: 
1.3–2.7), and 1.6 (CrI 1.2–2.8), respectively.

Subgroup and sensitivity analyses
Only seven RCTs provided subgroup aggregate data on 
age (< 60 vs > 60 years) or sex (Additional file  2: Tables 
S14–S18) [15, 51, 53, 54, 59, 62, 63]. Data were gener-
ally sparse, and subgroup evidence of all available com-
parisons was based on only one or two RCTs, except for 
the comparison between FIT- and TCS-based programs, 
which were based on three RCTs. Multiple RCTs con-
sistently reported significant results only in the follow-
ing three contexts: men were less likely to participate in 
the FIT-based program than women in the comparison 
between FIT- and FS-based programs, individuals < 60 
years were less likely to participate in the FIT-based 
program than individuals > 60 years in the comparison 
between FIT- and FS-based programs, and individu-
als < 60 years were less likely to participate in FIT-based 
program than individuals > 60 years in the comparison 
between FIT- and TCS-based programs (Additional 
file  2: Table  S14). However, the random-effects meta-
analysis of the limited data calculated significant results 
only for the interaction between sex and the comparison 
between FIT- and FS-based programs (relative RR 0.78; 
CrI 0.62–0.97).

In the subgroup network meta-analyses, where the 
analysis was restricted to European RCTs excluding two 
RCTs conducted outside Europe [57, 63] or to individ-
ual randomization design RCTs excluding four cluster 
design RCTs [50, 52, 55, 57], the summary results were 
similar to the results in the main analysis (Additional 

Table 3  Meta-analysis of screening positivity and PPV and NNTS for detecting one advanced neoplasia in screened populations

CrI Credible interval, CTC​ Computed tomography colonography, FS Flexible sigmoidoscopy, FIT Fecal immunochemical testing, gFOBT Guaiac-based fecal occult blood 
testing, NE Not estimable, NNTS Number needed to scope, PI Prediction interval, PPV Positive predictive value

Modality Positivity, % (95% CrI [95% PI]) PPV, % (95% CrI [95% PI]) NNTS (95% CrI)

gFOBT 4.9 (2.9–10.1 [0.9–21.8]) 27.0 (15.8–42.8 [3.7–73.4]) 3.7·(2.3–6.3)

FIT 8.2 (6.0–12.0 [2.5–22.1]) 28.3 (19.9–39.5 [6.2–66.9]) 3.5 (2.5–5.0)

FS 9.2 (6.9–15.0 [4.1–21.7]) 59.5 (36.5–76.7 [11.3–94.0]) 1.7 (1.3–2.7)

CTC​ 9.6 (5.3–23.2 [2.4–35.9]) 60.8 (35.6–81.1 [16.5–93.1]) 1.6 (1.2–2.8)
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file  2: Table  S19). Furthermore, using an alternative C 
adjustment for cluster design RCTs as sensitivity analy-
sis did not materially change the results (Additional file 2: 
Table S19).

When the FOB-based modality programs were subcat-
egorized by kit delivery method (i.e., direct mailing vs. 
conventional receipt), participation rates across deliv-
ery methods did not significantly differ in the gFOBT- 
(RR 0.54; CrI 0.28–1.03) and FIT-based (RR 0.87; CrI 
0.54–1.39) programs (Additional file  2: Table  S20). This 
potential over-stratification widened the CrIs of the com-
parative effects by reducing the statistical power, pre-
cluding valuable interpretation of specific comparisons. 
Therefore, we did not perform similar analyses for AN 
and CRC detection rates.

RCTs allowing crossover
An RCT comparing gFOBT- and FIT-based programs 
[60] and another two RCTs comparing FIT- and TCS-
based programs [58, 61] allowed participants to crosso-
ver to screening modalities different from those originally 
allocated and provided data on ITS effects. Similar to the 
RCTs that did not allow crossover, the overall risk of bias 
was generally rated low or some concerns for screening 
participation and high for detection outcomes regardless 
of the ITS or PP effects (Additional file 2: Fig. S19).

Data on the crossover to different screening modalities 
were extractable from only two RCTs [58, 60]. Overall 
participation rates were increased by 9.4% (from 53.4 to 
62.9%; RR 1.18; 95% confidence interval [CI] 1.13–1.23) 
[60] in the gFOBT-based program, 0.4% (from 35.2 to 
35.6%; RR 1.01; CI 1.01–1.02) [58] and 6.2% (from 64.0 
to 70.2%; RR 1.10; CI 1.07–1.13) [60] in the FIT-based 
program, and 6.3% (from 21.2 to 27.5%; RR 1.30; CI 1.29–
1.32) [58] in the TCS-based program.

Participation rates were significantly higher in the FIT-
based program than in the gFOBT- (RR point estimate 
1.12) [60] or TCS-based programs (RR point estimate 
range 1.30–1.64) [58, 61]. However, sparse data coupled 
with no consistent increase or decrease in detection rates 
of AN and CRC between groups precluded a conclusion 
(Additional file 2: Table S21).

Discussion
This systematic review and network meta-analysis fol-
lows the WEO approach [9, 10] and provides, for the 
first time, a comprehensive overview of the comparative 
evidence of single-round program performance indica-
tors in average-risk screening invitees, reported primarily 
from Europe. The strengths of this study include a com-
prehensive literature search involving multiple databases, 
dual-screen, dual-selection of eligible studies, dual-
extraction of data, dual-assessment of risk of bias, and 

Bayesian random-effects model network meta-analysis 
with multiple subgroup and sensitivity analyses to evalu-
ate the result stability.

First, the FIT-based program, with moderate cer-
tainty, appears to detect more AN cases (an average of 
56 more cases per 10,000 screening invitees) than the 
gFOBT-based program. This finding supports the cur-
rent guidelines recommending FIT-based programs 
alongside evidence-based gFOBT-based programs as 
the reference standard [6–8]. Second, all the visuali-
zation modality programs, FS-, CTC-, and TCS-based 
programs, with low certainty, appear to detect more AN 
cases (averages of 123–130 cases per 10,000 screening 
invitees) than FIT-based programs. Among the three 
visualization modality programs, none is shown to be 
superior to any other, and the CrIs of RD in these com-
parisons include clinically important differences favor-
ing either of the compared programs (very low to low 
certainty). These findings do not deny but rather sup-
port the current guidelines recommending CTC-based 
and TCS-based programs alongside evidence-based 
FS-based programs as the reference standard [6–8]. As 
indicated by the ranking analysis, the TCS-based pro-
gram’s lower participation rate could partly explain why 
this program did not outperform the FS-based or CTC-
based programs in detecting AN. Third, although the 
ranking analysis demonstrates results similar to those 
of AN detection, due to the low event rates, which spe-
cific program is superior to any other in detecting CRC 
cases remains uncertain; in most comparisons, the 
wide CrIs of RD include clinically important differences 
favoring either of the compared programs (very low to 
low certainty).

Fourth, when results were limited to participants who 
had received invited modalities, TCS showed optimal 
performance in detecting AN and CRC, which agreed 
with theoretical expectations. Notably, this observation 
is based on highly selective populations and lacks the 
across-group comparability created by random alloca-
tions. Fifth, randomized evidence allowing crossover to 
other screening modalities was limited.

Although three previous pairwise meta-analyses have 
evaluated single-round screening results similar to this 
study, none formally addressed the WEO approach, 
used the GRADE approach, or performed a network 
meta-analysis [18–20] (Additional file  2: Table  S22). 
Furthermore, other methodological remarks in these 
meta-analyses include old literature searches [18], lack 
of adjustment for the intercluster correlations in clus-
ter RCTs [18], use of odds ratio as the outcome meas-
ure [19], joint meta-analysis of RCTs that did not allow 
crossover and RCTs that did [18–20], and inclusion of 
RCTs that only assessed screening participation [18]. 
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Despite these differences, the summary results were 
generally congruent with our results.

Our meta-analysis has limitations. All included RCTs 
were designed with varying degrees of pragmatism. 
Hence, all studies lacked blinding and were subject 
to bias due to deviations from intended interventions 
and biased measurement of the outcome. Moreover, 
the effects observed in the ITS could be influenced by 
several factors with various levels of diversity, includ-
ing participation rates and screening algorithms. How-
ever, the unadjusted PP effects presented here cannot 
replace the program-level comparisons among dif-
ferent screening modalities. Sophisticated analyti-
cal approaches addressing the bias due to deviations 
from the intended interventions [94] and advanced 
data imputation methods for missing outcome data 
[95] may have merit in addressing the issues in analyz-
ing pragmatic RCTs. Given the absence of these sta-
tistical approaches, the single-round ITS effects, such 
as the results in our study, are particularly subject to 
selection bias resulting from participation in screen-
ing, including participation in diagnostic colonoscopy 
that follows the screening results, which highly affects 
AN and CRC detection, potentially resulting in biased 
estimates in long-term outcomes, including CRC 
mortality.

Furthermore, our systematic review exclusively 
focused on the results observed in the first-round 
screening only, that is the introductory phase results in 
an entire screening program. Screening programs must 
be evaluated at the entire program level to consider 
the effects of multiple screening rounds, including a 
crossover between modalities, if allowed, as subsequent 
performance indicators, including interval cancers, 
cumulative detection rates, and cumulative colonos-
copy workload, all of which are proposed as the phase 
IV outcomes [10]. In this line of thinking, although 
our single-round results may facilitate the design and/
or modification of a future program or be applied to 
simulation models to estimate long-term clinical and 
economic impact [10, 96], they should never be viewed 
as the final outcome. Thus, CRC mortality and/or 
incidence, the long-term outcomes that comprehen-
sively account for these effects, remain the ultimate 
and desired goal. Additionally, several countries and 
regions offer multiple alternative screening modalities, 
generating comparative data that account for crossover 
between these alternatives.

Lastly, our findings were based on an extended, explor-
atory analysis of an evidence review conducted to update 
the national guidelines [22], which did not formally fol-
low a prospectively registered protocol. Although we fol-
lowed the PRISMA extension for network meta-analysis 

[23] to maintain transparency of the methodologies used, 
the results need to be validated in future studies.

Recently, several RCTs utilizing multicycle fecal testing 
programs compared with a single-cycle FS or TCS have 
shown that, as theoretically expected, a higher number 
of screening cycles produced higher screening partici-
pation and higher AN detection rates in the fecal testing 
group [11–17]. Nevertheless, challenges remain in rigor-
ously assessing the comparative effectiveness, including 
diversity in targeted populations, cumulative participa-
tion rates, and screening and follow-up algorithms. These 
points should be addressed in future research.

Conclusions
This is the first network meta-analysis that compre-
hensively evaluated program-level initial performance 
indicator outcomes formally following the approaches 
proposed by the WEO and GRADE for network meta-
analysis. In the first round, moderate certainty of evi-
dence shows that FIT-based programs are likely to detect 
more AN cases than the gFOBT-based programs. FS-, 
CTC-, and TCS-based programs may detect more AN 
cases than FIT-based programs, although the certainty 
of evidence is low. Low certainty evidence fails to show 
that any one of the FS-, CTC-, and TCS-based programs 
is superior or inferior to any others. Importantly, these 
single-round results lack long-term outcomes. More 
research is warranted to evaluate these performance indi-
cator outcomes cumulatively after 10–15 years and, more 
ideally, CRC mortality and incidence.
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