Terasawa et al. BMC Medicine (2025) 23:110 BMC Med icine
https://doi.org/10.1186/512916-025-03948-9

RESEARCH Open Access

: ®
Single-round performance of colorectal i

cancer screening programs: a network meta-
analysis of randomized clinical trials

Teruhiko Terasawa'”, Toshihiro Tadano?, Koichiro Abe?, Seiju Sasaki*, Satoyo Hosono®, Takafumi Katayama®,
Keika Hoshi”, Tomio Nakayama® and Chisato Hamashima®

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]
248, 95% credible interval [Crl] 1.52-4.21; moderate certainty). AN detection rates were not different in the CTC- (RR
1.01; Crl 0.43-2.23; very low certainty) and TCS-based (RR 1.03; Crl 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 [Crl 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 (WEQO) 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
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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, ES, 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



Terasawa et al. BMC Medicine (2025) 23:110

(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
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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.sourceforge.net) from R version 4.4.2 (R Core
Team. R Foundation for Statistical Computing, Vienna,
Austria. https://www.R-project.org/) or StataNow 18.5/
SE (StataCorp. Texas, USA) [26]. Summary RRs and
their 95% credible intervals (Crls), 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 Metalnsight [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
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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].
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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
ES-, 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, ES,
CTC, and TCS were 31.6% (range, 18.5-49.5%), 54.3%
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Fig. 1 Study flow diagram. *See Supplementary documents for excluded study reports and reasons for exclusion

(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;
Crl 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; Crl 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; CrlI 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; Crl 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; Crl
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
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Table 1 Study and participant characteristics

Page 6 of 19

Author and Study location  Study years Unit of Target age, Mean (SD) or % Male Screening test Sample size, n
year randomization years median [IQR]
age, years
Studies not allowing crossover
Verne 1998 [49] UK, East Hert- ND Individual 50-75 ND ND FS vs. gFOBT 2494
fordshire
Federici 2005 Italy, Lazio ND Cluster® 50-74 ND 46 FIT vs. gFOBT 7320
[50]
Segnan 2005 Italy, nationwide  1999-2001 Individual 55-64 ND 47 FIT vs. FS 23,051
[51]
Federici 2006 Italy, Rome ND Cluster® 50-74 ND 44 FS vs. gFOBT 2987
[52]
Segnan 2007 Italy, nationwide 2002-2004  Individual 55-64 ND 48 FITvs.FSvs. TCS 18,114
[53]
van Rossum Netherlands, 2006-2007  Individual 50-75 60.7 (7.1) 48 FIT vs. gFOBT 20,623
2008 [54] multiple cities
Lisi 2009 [55] Italy, nationwide 2003-2006  Cluster® 55-64 ND ND TCS vs. gFOBT 9889
Hol 2010 [56] Netherlands, ND Individual 50-74 ND ND FIT vs. FS vs. 15,011
Rijnmond gFOBT
Levi 2011 [57] Israel, Tel Aviv ND Cluster® 50-75 61.0(7.6) 44 FIT vs. gFOBT 12,537
Stoop 2012 [59]  Netherlands, 2009-2010  Individual 50-75 60.8 (6.6) 50 CTCvs. TCS 8844
Amsterdam
and Rotterdam
Sali 2016 [15] Italy, Florence 2012-2014  Individual 54-65 59.0(3.6) 46 CTC vs. FIT vs. 16,087
TCS
Regge 2017 [62] Italy, Piedmont ~ 2012-2013  Individual 58 58.6(1.08) 51 CTCvs. FS 5412
Chen 2020 [63]  China, five 2018-2019  Individual 50-74 60.5 (6.5) 42 FIT vs. TCS 11,795
provinces
Randel 2021 [14] Norway, two 2012-2019  Individual 50-74 60 [54-66) 49 FIT vs. FS 154,743
southeast
regions
Forsberg 2022 Sweden, 18 2014-2020  Individual 60 60 50 FIT vs. TCS 91,440
[13] regions
Studies allowing crossover
Quintero 2012 Spain, eight 2009-2011  Individual 50-69 592 (5.6) 46 FIT vs. TCS 57,404
[58] regions
Chubak 2013 USA, Washing- ~ 2010-2011  Individual 50-74 585 (6.0) 43 FIT vs. gFOBT 1513
[60] ton
Gupta 2013 [61]  USA, Texas 2011-2012  Individual 50-64 59(3) 36 FIT vs. TCS 2080

CTC Computed tomography colonography, FIT Fecal immunochemical test, FS Flexible sigmoidoscopy, gFOBT Guaiac fecal occult blood test, ND No data, TCS Total

colonoscopy

2 General practitioners were randomized

® Primary care clinics were randomized

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,



Terasawa et al. BMC Medicine

A

N

14705 (2)

cTC

(2025) 23:110

gFOBT
5844(1)

13891 (3)

»-

183603 (4)

12080.(1)

36263 (4)
124727 (4)

12143 (1)

FIT

N

5844-(1)

12039 (1)

14705 (2)
124727 (4)

36263 (4)
crc @
14443 (1)

gFOBT

36263 (4)

FIT

13891 (3)

» -

160927 (3)

Cc

Y

14705 (2)

CcTC

Page 7 of 19

gFOBT

5844-(1)

11994 (2)
12039.(1)

S

31260 (3)
124727 (4)

160927 (3)

FIT

14113.(1)

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

Comparisons

Network RR (95% Crl)

gFOBT (Reference)
FIT vs gFOBT
FS vs gFOBT
CTC vs gFOBT
TCS vs gFOBT

f

FIT (Reference)
FSvs FIT
CTCvs FIT
TCS vs FIT

FS (Reference)
CTCvsFS
TCSvs FS

CTC (Reference)

TCSvs CTC

0.98 (0.69-1.40)
0.78 (0.52-1.16)
0.71 (0.36-1.41)
0.49 (0.31-0.77)

0.79 (0.55-1.15)
0.72 (0.39-1.35)
0.49 (0.34-0.73)

0.91 (0.45-1.83)
0.62 (0.39-1.01)

0.69 (0.39-1.22)

I
0.5 1

« Favors Reference Program

T
2

Favors Comparator Program —
RR (95% Crl)

Fig. 3 Network meta-analysis of screening participation. Squares and solid horizontal lines represent the summary risk ratios and their 95% credible
interval (Crl), 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



Page 8 of 19

110

(2025) 23

Icine

Terasawa et al. BMC Med

suon psuone | qsuoneyw|
(210w 20z 01 suonew| suop  ~BMWI| SNOLas ON pa5sasse 10N SNOLISS  ,SUOIIRIIWI| SNOLISS SNOLISS
ssuonewl !
JaM3) 7 1) 10w 67 9z (9/'8-7S0) LT MO| KIA SNOLSS  -BljWI| SNOLISS ON — — — — — — S SA
S4
suon suoi
-B1JWI| SNOLISS ON passasse 10N -B1|WI| SNOLI3S ON
(10w Jsuoneyul| suol suon suon
L7 01 0) 2I0W 6 /[ (T69-¥60) ST MO SNOLISS  -BlIWI| SNOLISS ON — P35595S2 JON  -BIWI| SNOLSS ON  -B1IWI| SNOLS ON SNoLIS 5(€) 097’ L€ 14 sA
18046
uo133333p DY
suon psuone | suon qsuonenw|
(B10u -e)jWi| SNOL3S ON Pa5sasse 10N SNOLSS  -BMIWI| SNOLSS ON SNOLIS
0/ 0} 2I0W suonewl| suon suon qsuonewl|
%) 210W 0E L 60l  (Bre-€v1)61T Mo SNO3S ON  -BIWI| SNOL3S ON —  PossesselON  -BJWI| SNOUSS ON  ,SUOLEIIWI| SNOLISS snouas (v) L2LvTL SOLSA
suon psuone | qsuoneyw|
Amgog -BlIWI| snolas ON passosse 10N sSNolaS  ,suoielul| snolies SNOlILS
€8¢ 0} I0W suonewl| suon suon suon qsuonew|
1) 20w oz| 60l (ISP-LL'1)9LT Mo SNOLSS ON  -BWI| SNOLI3S ON —  PosSeSSEION  -BMWI| SNOUSSON  -)WI| SNOLas ON snouag (1) ety DI SA
suon psuone | suon qsuonew|
AngC(_ -B1IWI| SNOUas ON passasse 10N snouasg -BlWl| SNOlSS ON snolas
Z0€ 01 210w suonewl| suon suon qsuonew|
L) 210w €71 60l (LL€-8E1)€ELT Mo SNOLSS ON  -BjWI| SNOLI3S ON —  PoSSeSSEION  -B)WI| SNOUSS ON  ,SUOHEIIWI| SNOLISS snouas (€) £26'091 54 SA
14
suon psuonel |
-B1IWI| SNOLISS ON passasse 10N SNOLIRS  ,SUONLLIWI| SNOLISS
210W /07 O} suolieyjwi suon suon suon suoneywl
E) | q
J9Ma) 77 |) 2iow g S97  (8/£'1-¥50) €0'L MO SNOLISS  -R1IWI| SNOLISS ON — P3sSaSSe 10N -BIIWI| SNOLISS ON -BYJWI| SNOLISS ON SNoLIRS (1) 6£0'CL SDLSA
suon psuoney qsuoney
(3I0W 97§ 03 suonew| suop  BHWII SNOLISS ON passasse 10N SNOLSS  ,SUOMRLIWI| SNOLISS SNoLIRS
o e |
JOM3J |G 1) 10w € S9C  (€TT-€70) LO'L Moy A1A SNOLSS  -eIWl| SNOLISS ON — — — — — — D1 SA
S4
suon psuonew| qsuoneyw|
-B1|W| SNOLS ON passasse JON SNOLAS  ,SUONRIIWI| SNOLISS SNOLIS
2I0W 77| 0} suonelwi| suon suon suon suoneyw!
q |
2I0W 07) dI0W 95 8¢ (LTv-¢SL) 8F'e 91RISPOI SNOLIJS ON  -BYUI| SNOLISS ON — Pa5SISSR JON  -BIWI| SNOLSS ON  -BIIWI| SNOL3S ON SNoLIS () €97'9¢ 114 sA
18046
uoi1>313p NY
u‘(sa1pnas)
saajiAul (KJuo 2d>uspIre 2OUIPIND
buua3.13s 00001 (Ph) 129.1pu)) selq 1241p Ul
Jad,'abeIdNyY  9%G6) onel dSIY uoispaidwy aduaIayodu| uonedijqnd ssauydalIpu| £A>ud)sisuodu| seiq Jo ysiy syuedpiyed sweiBoid
saajiaul Buiuaaids
buuaaids sbuipuy 196.4e) pue
00001 42d  3>ud1331 Jo de4 ji0M)dU Jo SUTEYETEY]
‘DdUBIBYIP YSIY  JUSAS A)Njosqy frewwng JAVYD SDUDPIAD HI0M]SU JO JUDWISSISSY DUIPIAS (MOJ 19MO]) 1311pul pue (mod 1addn) 15311p JO JUBWISSISSY !sawod1nQ

swie1601d BuIUSIDS J1DUED [B1D2I0[0D JO SI0IRDIPUI 9DURWIOHSd [9A3]-Welboid punoi-s|buls JO JUBWISSISSe JAVHD T dlqeL



Page 9 of 19

110

(2025) 23

Icine

Terasawa et al. BMC Med

suon | pSuonenwI| suonewl|
(@i0w -B)UWI| SNOUSS ON passasse 10N SNOLSS  ,SUORIWI| SNOLISS SNOLI3S ON
€// 011aM3} suonel | suon \suoneyu| suonelw|
8LET) 1oM3) 7801 1S1S  (S1'1=550) 640 mo| Aip SNOLSS  -BljWi| SNOLI3S ON - passasse 10N SNOWSS  ;suonelWI| SNOLSS SNOLI3S ON (¥) €09'e8 L S4SA
114
suon | pSuoneNw| suoneyw|
-e)JUl| SNOL3S ON passasse 10N SNOLSS  SUOIIRYIWI| SNOLIDS SNOLIAS ON
(2I0W 7€ 01 Jomay Suonel | suon \suonenu| suon suoneyw|
€/07) 1amay 1671 86c€  (LO'L-6£0) 790 MO SNOLAS  -BYWI| SNOLIAS ON — passasse 10N SNOLAS  -BlIWI| SNOLSS ON SNOLIAS ON (1) 6£0T1L SDLSA
(210w | pSuoneNwI| suoneuwl|
0787 01 Jamay suoneNwy suon Passasse 10N SNOLSS  ,sUOHRIWI| SNOLISS SNOLI3S ON
6981) 19Ma} 90€ 86£€  (£8'1-5¥0) L60O mo| Aiap SNOPSS  -elWI| sNOLSs ON - - - — - - 21D sA
S4
suon
(210w -e]JWi| SNOLISS ON pa5sasse J0N SNOLAS  ,SUOMRLIWI| SNOLISS SNOLIAS ON
ShL 01 oMy jpsuoneu| suon suoneu| suoneyw|
0zLL) lamay z/ €19¢  (0¥'1-690) 860 Mo| AIap SNOLISS  -B1JWI| SNOLISS ON — Pa5sasse 10N SNOLSS  ,SUOIIRIIWI| SNOLISS SNOLIAS ON () €97'9¢ 114 SA
18046
uonpdinapd buiuaaids
suon psuoneyw| qsuoneyw|
-B)UWI| SNOUSS ON passasse 10N SNOLSS  ,suUoRWI| SNOLISS SNOLISS
(210W 61 01 psuonelw| suon suon suon qsuoneyw|
19M3) €) sJow 7| Ll (£8€-580)0L1 MO SNOUSS  -BlWI| SNOLSS ON - poss2sSeION - -BHWI| SNOLSS ON - -BjWI| SNOSS ON RACEN ) LeL'vel SDLSA
suon psuoneyw| suon qsuonenw|
-B)UWI| SNOUSS ON pa5sasse 10N SNOLSS  -B1IWI| SNOLSS ON SNOLI3S
(10w 651 01 (r€01-58°0) [pSuonel| suon suon suon qsuonenu]|
19M3) €) 10U 67 /1l 69T MO SNOLSS  -BIIUI| SNOLIS ON| — P3SSaSSR 10N -BUWI| SNOLUS ON  -BIWI| SNOLISS ON SNOLI3S (1) ELLYL DDA
suon psuone | suon qsuoneyw|
-e1jWi| SNOLISS ON pa5sasse 10N SNOLSS  -BIWI| SNOLSS ON SNOLI3S
(s10W /€ 01 lpSuonenw| suon suon qsuone |
IaMa) 9) aloW /L (SI'E-+90) ST'L Mo| AIap SNOSS  -elIWI| SNOLI3S ON — [PsSaSSR 10N -BIWI| SNOUSS ON  ,SUONeIWI| SNOLISS snouss (€) Lz6'091 G4 SA
114
suon suon
-B)UWI| SNOUSS ON pa5sasse 10N ,SUOIIRIWI| SNOLISS | SNOLISS
(s10W €9 01 lpSuonenw| suon suon suon qsuonew|
JoMmaj 1) alow 6 9z (tre-6%0)SE'L Mo SNOLISS  -R1IWI| SNOLISS ON — [PsSaSSR ION  -BIIWI| SNOLISS ON -elIWi| SNOLSS ON snolss (1) 6£0'CL SDLSA
u‘(sa1pnis)
saajIAul (Ajuo @>uapins DUBPIND
buuaaids 00001 ((I5) 123.1pu)) seiq P3P Ul
13d,'a6RINY  9%S6) OlIRI sy uoispaidw 2d>ua13Y0dU| Ananisuenu uonesiqnd ssaupRIpU| fouzsisuodul selqodisly  swedpdiled sweiboid
LEE Y] Buiuaaids
bujuaais sbuipuy 196.e) pUe
000°01 42d  3>u319)31 Jo kI J}MoMiau Jo RUEITITY]
‘adUIBYIP YSIY JUBAD 3njosqy Krewwng QYYD SOUSPIAS HI0M]IBU JO JUBWISSDSSY DDUIPIAS (MOJ 19MO]) 1311pul pue (mod 1addn) 10311p JO JUBWISSISSY Isawod1no

(panunuod) g ajqey



Page 10 of 19

110

(2025) 23

Icine

Terasawa et al. BMC Med

Hneyap Ag papeibumop sem ‘Uo1dRIRP DYD PUB NY JO SWODINO Slelpawiaiul ue ‘uorteddinied buluaains

sweboid pasedwod Y1oq Ul SJUSAS 019Z 01 NP PIPN|IXS SeM ‘[£S] | DY-191sn|d e ‘Apnis suQ 4

1D 3|Buls e UO paseq sem DUSPIAS 123.Ip 3SNeISq UMOP patey

129)J9 ||NU 3] PISSOID S31BWISD AlRWIWNS BY]

Hneyap Aq papesbumop sem 35USpIAS 13311pU| |,

s10|d 15310} Aq pa1sab6ns sem Alsusboislay |ednsness

selq 4o st ybiy oyanq 4

paw.oyad

SeM SJUDAS 3Jel 1oy sisA|eue-elaw 129)J9-paxy e aiaym ‘weiboid paseq-19046 ayi ul 1 uoid919p DY Y1 J10j 1dadxd suoniodoud Jo sish[eue-e1aw $129)J9-WOPURI B UO PISE] PR1BUIISD 919M S91J JUIAS abesany ,
Adodsouo|od [e10] §D ‘|el) [eD1UID PaZIWopuUeY DY ‘uoiien|eAs pue uswdolaasq

JUBISSISSY SUOIIBPUSWIWOIRY JO Bulpeln 3gyyD ‘1591 poo|q 130 [ed3) delens [gO4b ‘Adodsopiowbis a|qixa]4 S4 ‘1591 [edIWaydoUNWWI [B334 [/ ‘AYydeibouo|od Aydesbowoy parndwod 5 ) ‘[eAldiul 3|qipald 11D

suon | pSuonenwl| suoneul|
(19m3y -elJWi| SNOLISS ON pa5sasse J0N SNOUBS  ,SUONRIIWI| SNOLISS Snowas oN
L6E | 01 Jomay suopneywl| suon suoneu| suonelul|
00%€) JaMa) /29T LSLS  (€£0-¥€0) 650 MO SNOMSS ON  -BIWI| SNOUSS ON - passasse J0N SNOUS  ,SUOKELIWI| SNOLSS SNOL3s ON () L2yl SDLSA
suon | psuoneNwl| suonelul|
-R1IUI| SNOLISS ON passasse 10N SNOLIRS  ,SUONR1IWI| SNOLISS SNOLas ON
(2u0w
€081 011aMa) lpSUoneNw| suon suoneuw| suon suonelwl|
P LE) JoMa) T | 1G1S  (SE1-6£0) 240 MO SNOLSS  -BUWI| SNOLISS ON — passasse 10N SNOLSS -B1IUWI| SNOI3S ON SNOLI3S ON () €Lyl JID SA
u‘(se1pnis)
$223IAU] (Ajuo @dudpIne EIETIIE]
buiuaai3s 000°01 (] 13u1pu)) selq 1allp ut
Jad,'9beIdNY  9%56) Onel dSIY uoispaidw] adUuIBYOodU| Ayanisuenu| uonediiqnd ssauldalIpu| £>ouajsisuodu| selq Joysiy sjuedpiieq sweiboid
saa31AUl buusains
bujuaaids sbuipuy 196.e) pUE
000°01 42d  3>UBIB)D1 JO d)eA ji0M1BU jJo JUEIETEY]
‘DUDIDYIPSIY  JUDAD ANjoSqY Arewwng JAYYD DUSPIAD YIOMIBU JO JUSWISSISSY OUBPIAS (MOJ 19MO]) 3231Ipul pue (Moa Jaddn) 10311 JO JUBWISSDSSY ’sawod1no

(PanuNUOd) Z 3jqey



Terasawa et al. BMC Medicine (2025) 23:110

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; CrlI 0.54—1.78), with
an estimated RD of 8 more detections per 10,000 invitees,

Comparisons
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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

Network RR (95% Crl)

gFOBT (Reference)

FIT vs gFOBT e 2.48 (1.52-4.21)
FS vs gFOBT e 5.31(3.13-10.53)
CTC vs gFOBT - 5.36 (2.41-13.18)
TCS vs gFOBT e 5.45 (3.00-10.55)

FIT (Reference)
FS vs FIT

CTCvs FIT

2.13 (1.38-3.77)
2.16 (1.11-4.51)

TCS vs FIT

FS (Reference)

CTCvs FS

TCS vs FS

J

CTC (Reference)

TCSvs CTC

4

-

2.19 (1.43-3.48)

1.01 (0.43-2.23)
1.03 (0.54-1.78)

1.02 (0.52-1.92)

I
0.5

«— Favors Reference Program
RR (95% Crl)

T
2

-

I I
5 10

Favors Comparator Program —

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 (Crl), 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), ES (RR 1.44; Crl 1.00—
2.10), FIT (RR 4.06; Crl 3.05-5.79), and gFOBT (RR
8.71; Crl 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:

Comparisons
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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 Crls 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; Crl 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

Network RR (95% Crl)

gFOBT (Reference)
FIT vs gFOBT
FS vs gFOBT

2.25 (0.94-6.92)
2.85 (1.15-11.02)

CTC vs gFOBT

= 6.06 (1.51-36.85)

3.82 (1.37-15.55)

1
1
1
1
1
:
TCS vs gFOBT |
1
1
:
FIT (Reference) |

1

]

FS vs FIT

1.25 (0.64-3.15)

PR T —

]

CTCvs FIT ! - 2.69 (0.85-10.34)
]

TCSvs FIT 4 . 1.70 (0.85-3.87)
]
]
|

FS (Reference) X
]

CTCvsFS ! - 2.11 (0.52-8.76)
]

TCSvs FS S — 1.35 (0.49-3.42)
]
|
]

CTC (Reference) X
]

TCSvs CTC .- 0.64 (0.18-2.04)

T T i T T T T
02 05 1 2 5 10 20

«— Favors Reference Program
RR (95% Crl)

Favors Comparator Program —

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 (Crl), 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; Crl 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; Crl
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; Crl
2.12—14.34), whereas no difference was found in the CRC
detection among recipients between TCS and FS (RR
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1.69; CrI 0.89-3.36) and between TCS and CTC (RR 0.98;
Crl 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 CTGC, statistical heterogeneity across
studies was suggested, with widely reported percentages
of individual studies and wide Crls for summary esti-
mates (Table 3 and Additional file 2: Fig. S17-S18). The
summary NNTS for identifying AN for gFOBT, FIT, ES,
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;
Crl 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

Modality Positivity, % (95% Crl [95% PI]) PPV, % (95% Crl [95% PI]) NNTS (95% Crl)
gFOBT 4.9 (2.9-10.1 [0.9-21.8]) 27.0(15.8-42.8 [3.7-73.4]) 3.7:23-6.3)
FIT 8.2 (6.0-12.0 [2.5-22.1]) 28.3(19.9-39.5 [6.2-66.9]) 35(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 (1.3-27)
CcTC 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)

Crl 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, Pl Prediction interval, PPV Positive predictive value
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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; Crl 0.28-1.03) and FIT-based (RR 0.87; Crl
0.54-1.39) programs (Additional file 2: Table S20). This
potential over-stratification widened the CrlIs 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
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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 Crls 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 Crls 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
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[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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