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Abstract
Background  White light (conventional) colonoscopy (WLC) is widely used for colorectal cancer screening, diagnosis 
and surveillance but endoscopists may fail to detect adenomas. Our goal was to assess and synthesize overall and 
subgroup-specific adenoma miss rates (AMR) of WLC in daily practice.

Methods  We conducted a systematic review in MEDLINE, EMBASE, Cochrane Library, and grey literature on studies 
evaluating diagnostic WLC accuracy in tandem studies with novel-colonoscopic technologies (NCT) in subjects 
undergoing screening, diagnostic or surveillance colonoscopy. Information on study design, AMR overall and specific 
for adenoma size, histology, location, morphology and further outcomes were extracted and reported in standardized 
evidence tables. Study quality was assessed using the QUADAS-2 tool. Random-effects meta-analyses and meta-
regression were performed to estimate pooled estimates for AMR with 95% confidence intervals (95% CI) and to 
explain heterogeneity.

Results  Out of 5,963 identified studies, we included sixteen studies with 4,101 individuals in our meta-analysis. One 
in three adenomas (34%; 95% CI: 30–38%) was missed by WLC in daily practice individuals. Subgroup analyses showed 
significant AMR differences by size (36%, adenomas 1–5 mm; 27%, adenomas 6–9 mm; 12%, adenomas ≥ 10 mm), 
histology (non-advanced: 42%, advanced: 21%), morphology (flat: 50%, polypoid: 27%), but not by location (distal: 
36%, proximal: 36%).

Conclusions  Based on our meta-analysis, one in three adenomas could be missed by WLC. This may significantly 
contribute to interval cancers. Our results should be considered in health technology assessment when interpreting 
sensitivity of fecal occult blood or other screening tests derived from studies using WLC as “gold standard”.
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Introduction
Colorectal cancer (CRC) is one of the leading cancers 
worldwide, representing almost 10% of the global cancer 
incidence [1] and causing an estimated 930,000 deaths 
worldwide in 2020 [2]. Up to 90% of CRCs likely origi-
nate from preexisting adenomatous polyps (adenomas) 
[3]. Early detection and removal of these precancerous 
lesions have proven to be effective in the reduction of 
incidence and mortality of CRC [4]. 

Colonoscopy is currently considered the “gold stan-
dard” for detecting adenomas. Any adenomas detected 
can be removed during the procedure, but adenomas can 
also be missed, potentially leading to interval cancers. 
Factors that may influence the adenoma miss rate (AMR) 
include: (1) adenoma location (e.g., behind colonic folds, 
at internal curves, or in the right (proximal) colon); (2) 
morphology (e.g., depressed, flat, pedunculated); (3) 
inadequate bowel preparation; (4) inadequate insertion 
or withdrawal technique; and (5) physician experience 
[4]. 

To reduce the AMR of conventional white-light colo-
noscopy (WLC), novel colonoscopic technologies (NCT) 
have been developed including behind-folds visualizing 
colonoscopic technologies (BF-CT), image-enhance-
ment colonoscopic technologies (IE-CT), and computer-
aided detection (CADe). BF-CT methods, such as the 
EndoRings™ system, enhance visualization by flattening 
or retracting mucosal folds to detect hidden polyps [5]. 
IE-CT, such as narrow-band imaging (NBI), improves 
mucosal contrast using specific light wavelengths to bet-
ter identify abnormal tissue [6]. CADe systems, such as 
GI Genius™, use AI algorithms to identify and flag poten-
tial polyps in real time during colonoscopy [7]. Although 
some of these technologies have demonstrated improved 
diagnostic accuracy, they have not replaced WLC in 
daily practice [8]. The slow adoption could be explained 
by increased costs, the need for training to use the new 
technology, and a relative lack of evidence. While WLC 
remains the cornerstone of screening, an accurate esti-
mation of AMR remains especially important.

The AMR of WLC is also needed to adequately inter-
pret the accuracy of other CRC screening technologies 
(e.g., stool tests) derived from studies that use WLC as 
the reference (“gold standard”) [9]. Moreover, the AMR 
and sensitivity of screening technologies are important 
input parameters in decision-analytic modeling studies 
on effectiveness and cost-effectiveness for CRC screening 
programs to inform clinical guidelines and national reim-
bursement recommendations [10–12]. 

Previously published reviews have highlighted the 
problem of miss rates with colonoscopy. However, pre-
vious studies have methodological shortcomings. For 
example, previous studies included second-look WLC, 
compared WLC and adjusted WLC, included studies 

without specified indication and non-randomized stud-
ies [9, 13]. Second-look WLC is not always conducted as 
a tandem colonoscopy and may include follow-up colo-
noscopy conducted at a later date after initial screening, 
accounting for variations over time, reevaluating specific 
regions, or performing a second-look WLC with specific 
interventions (e.g., changed body position or enhanced 
bowel preparation). Comparing WLC and adjusted WLC 
and including, for example, results from forward view 
and retroflexed view [9, 14] may introduce bias since the 
areas visualized in the retroflexed view differ and do not 
represent daily practice. For example, Zhao et al. [13] 
also included studies that compared auto-fluorescence 
imaging versus high-resolution white light [15], which 
do not represent daily clinical practice or a study focus-
ing on high-risk populations [16]. In addition, the pub-
lished reviews did not obtain AMRs specific for clinical 
characteristics such as histology, morphology or location 
of adenomas [17], and no information was reported on 
further relevant outcomes such as adenoma detection 
rate, patient miss rate, and surveillance interval change 
rate [18]. Shao et al. assessed AMR by AI-assisted tech-
nology only [19]. Therefore, we conducted a systematic 
review and meta-analysis of tandem colonoscopy studies 
comparing white light colonoscopy and NCT to assess 
the overall and subgroup-specific AMR and further out-
comes of WLC in individuals undergoing daily practice 
colonoscopy including screening, diagnostic, and surveil-
lance colonoscopy. We planned subgroup analyses for 
adenoma size, histology, morphology, and location.

Methods
Study eligibility criteria
Studies were included that reported the diagnostic accu-
racy of WLC for CRC in individuals undergoing daily 
practice colonoscopy (i.e., considering a mix of inter-
ventions) and applied all of the following study design 
features: (1) prospective same-day tandem colonoscopy 
studies with randomization (i.e., participants receive 
two same-day colonoscopies); (2) comparative trials of 
WLC with NCT; (3) cross-over design (i.e., crossing over 
from WLC to NCT or vice versa); and (4) tandem stud-
ies with polyp removal at either both procedures (tandem 
study type I) or only during the second procedure (tan-
dem study type II). No restrictions on publication year 
were applied and only studies published in English were 
included.

Excluded studies were: (1) non-randomized studies; 
(2) studies comparing different WLC variants (e.g., dif-
ferent withdrawal times) or different NCTs; (3) studies 
without a proper cross-over design (i.e., one NCT-WLC 
study arm and in the other arm individuals receiving 
WLC twice; 4) studies focusing only on one indication 
for colonoscopy (either screening, diagnostic work-up or 
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surveillance) or indications for colonoscopy not reported; 
and 5) reviews, case reports or studies performed in ani-
mals or in vitro colon models.

Information sources
A comprehensive systematic literature search was per-
formed in three electronic databases (Medline via 
PubMed, EMBASE via Ovid, and Cochrane Library). The 
full search code is reported in the Appendix.

We also manually searched the reference lists of all 
articles included in the systematic review. The last search 
was performed in July 2023. If reported study data were 
incomplete or there was uncertainty about extracted data, 
we requested additional information from the authors by 
email. For three of the included studies, detailed informa-
tion on AMRs (without classifying sessile serrated pol-
yps as adenomas as in the original studies) or additional 
information not presented in the original studies was 
extracted from the study by Brand and colleagues [20], 
which pooled these three studies.

Data collection and extraction process
Two independent reviewers (MB, MS, IK, JK) systemati-
cally extracted all data using standardized forms designed 
prior to the study. Any disagreement was resolved by a 
third reviewer (BJ). Extracted information included: (1) 
number of detected adenomas; (2) main study character-
istics including study type, intervention and individual 
and adenoma characteristics; (3) colonoscopy setting and 
bowel preparation (indication for colonoscopy, quality 
of bowel preparation); and (4) further characteristics of 
devices and procedures.

Data items, outcome definitions and summary measures
The primary outcome of our study is the overall 
AMR of WLC. Secondary outcomes are AMRs strati-
fied by subgroups including size (1–5  mm, 6–9  mm, 
and ≥ 10  mm diameter according to the colonoscopy 
report), histology (advanced vs. non-advanced adeno-
mas), morphology (polypoid vs. flat adenomas), ana-
tomical location (proximal colon vs. distal colon or 
rectal adenomas). Further secondary outcomes are: 
(1) adenoma detection rate (ADR) representing the 
proportion of individuals with at least one adenoma 
detected among all individuals; (2) patient miss rate 
(PtMR) representing the proportion of individuals with 
no adenomas detected during colonoscopy despite 
having one or more adenomas; (3) surveillance inter-
val change rate (SICR) representing the proportion 
of individuals who would be recommended to change 
their surveillance interval after the second examina-
tion (NCT) in comparison to the first examination 
(WLC) applying the guidelines of the European Society 
of Gastroenterology (ESGE) [21, 22], European Union 

(EU) [23], or United States Multi-Society Task Force 
on Colorectal Cancer (MSTF); [24, 25] and (4) the rate 
of complete colonoscopic examination reaching the 
cecum (CIR). CIR of WLC and NCT from both study 
arms were combined because they served as a quality 
indicator of the studies.

In particular, AMR was defined as the proportion of 
detected adenomas in the second examination rela-
tive to the total number of adenomas detected in both 
examinations in the WLC-NCT arm with the exception 
of tandem study type II where the second examination 
was conducted by a second endoscopist blinded to the 
results of the first examination [26]. In this tandem study 
type II, AMR was defined as the proportion of adenomas 
missed by WLC in both study arms (WLC-NCT, NCT-
WLC) relative to the number of adenomas detected by 
either WLC or NCT in both study arms (WLC-NCT and 
NCT-WLC).

Similarly, ADR and PtMR were defined based on indi-
viduals with one or more adenomas and individuals 
falsely classified as healthy (see glossary in the Appendix 
for further definitions).

As advanced adenomas, we classified adeno-
mas ≥ 10  mm in size or with villous histology or high-
grade dysplasia. Adenomas detected in the cecum, the 
ascending colon, the hepatic flexure, or the transverse 
colon were considered proximal adenomas, whereas 
adenomas detected in the splenic flexure, the descend-
ing colon or the rectum were considered distal adenomas 
[27]. 

Quality assessment of included studies
The Quality Assessment of Diagnostic Accuracy Stud-
ies-2 (QUADAS-2) tool [28, 29] was utilized to assess 
study quality of the included studies in the four domains: 
patient selection, index test characteristics, reference 
standard characteristics, and flow and timing. Applica-
bility of the primary studies is assessed for the first three 
domains [28]. 

Synthesis of results and statistical analysis
As we expected heterogeneity due to study charac-
teristics and technologies applied, random-effects 
meta-analyses were applied to combine primary and 
secondary outcomes of WLC, that is total AMRs, 
AMRs in subgroups, PtMRs, ADRs, CIRs, and SICRs. 
We used generalized linear mixed-effects models 
(GLMM) suggested by Hamza et al., Stijnen et al., [30, 
31] in which the normal within-study likelihoods are 
replaced by the binomial likelihoods. We used GLMMs 
with a binomial-normal model for pooling single pro-
portions, and GLMMs with a hypergeometric-normal 
model for pooling odds ratios (OR) comparing the out-
comes between WLC and NCT. For the pooled AMR 
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(p-AMR) and other pooled proportions, the 95% confi-
dence interval (95% CI) was based on the Wilson score 
method; for the pooled CIR (p-CIR) the 95% confidence 
interval (95% CI) was based on the Clopper-Pearson 
method to account for extreme proportions.

Heterogeneity of the outcomes was assessed by the 
likelihood ratio test (LRT). A p-value of < 0.1 was con-
sidered statistically significant for the LRT. The I2 statis-
tic was used to quantify the heterogeneity across studies 
[18]. I2 values of 25%, 50%, and 75% are considered low, 
moderate, and high. In addition, between-studies vari-
ance τ2 was estimated.

A random-effects meta-regression was conducted to 
investigate the sources of heterogeneity and the effect of 
study features and adenoma characteristics on miss rates. 
The study characteristics covariates were first tested in 
univariate regression models, and thereafter used in the 
multivariate meta-regression model in a stepwise back-
ward selection process (p < 0.05). For each characteristic, 
the proportion of explained between-study variance (τ2) 
was determined.

Sensitivity analyses for p-AMR were performed on 
tandem study type by excluding tandem type II studies. 
Tandem type II studies, where adenomas are removed 
only after the second intervention, eliminate the risk of 
observer bias, but they are also performed less often. In 
addition, a sensitivity analysis was conducted on ade-
noma location because of existing evidence about dif-
ferences in performance of coloscopy technologies. We 
excluded studies where only the right colon was exam-
ined, as the right colon is assumed to be associated with 
higher miss and interval cancer rates.

The Jonckheere-Terpstra test was applied to test for 
trends for p-AMR in subgroups with different adenoma 
sizes.

Results of the meta-analyses are presented as forest 
plots created with the meta package, version 7.0–0 [32], 
and the metaphor package, version 4.6–0 [33] for R sta-
tistics software, version 4.4.0 (April 24, 2024) (R Foun-
dation for Statistical Computing, Vienna). The results 
of this study are reported according to the Preferred 
Reporting Items for Systematic Reviews and Meta-Analy-
sis (PRISMA) statement [34]. The study was registered at 
the Research Committee for Scientific Ethical Questions 
(RCSEQ) of UMIT TIROL – University for Health Sci-
ences and Health Technology, Hall in Tirol, Austria (reg-
istration # 2283).

Role of the funding source
The study was funded by the Main Association of Aus-
trian Social Security Institutions. The funding body 
had no influence on the design of the study, collection, 
analysis, and interpretation of data or the writing of the 
manuscript.

Results
Study selection
Our systematic search identified 5,963 records (see 
Appendix Fig. 1). No further articles were detected by the 
manual search through the reference lists. After removal 
of 1,252 duplicates and screening titles and abstracts, 75 
articles were assessed in full text. Among these, sixteen 
studies met the inclusion criteria and were included in 
our systematic review and meta-analyses.

Study characteristics
The main characteristics of studies included in our sys-
tematic review are summarized in Table  1. In eight 
studies WLC was compared to behind-folds visualizing 
colonoscopic technologies (BF-CT); in four studies WLC 
was compared to image-enhancement colonoscopic tech-
nologies (IE-CT); and in another four studies WLC was 
compared to computer-aided detection colonoscopic 
technologies (CADe). Our primary analysis is based on 
data from 4,101 randomized individuals. The number of 
randomized individuals per study ranged from 41 [35] to 
813 [17]. The study arms providing data for our analysis 
included a total of 1,977 individuals. In these study arms, 
the median or mean age ranged from 46 to 65 years and 
the average number of adenomas ranged from 0.56 [36] 
to 2.77 [37]. The entire colon was inspected in fourteen 
studies [5, 26, 35–46], whereas in two studies [17, 47] 
only the proximal colon was examined.

In fourteen tandem studies, polyps were removed 
immediately (type I) and both examinations were per-
formed by the same endoscopist. In the studies of De 
Palma et al. [42] and Min et al., [26] adenomas were 
removed only in the second examination (type II); how-
ever, in Min et al., [26] the second procedure was per-
formed by another endoscopist blinded to the results of 
the first procedure. Only one study was based on results 
from a single endoscopist [47], whereas all other studies 
involved multiple endoscopists (up to 32) [44]. 

Information on the colonoscopy indication and the 
quality of bowel preparation is displayed in Table 2. The 
number of included individuals with screening, diagnos-
tic work-up, and surveillance indications in each study 
arm ranged from 17 to 94%, 2–63%, and 3–72%, respec-
tively. Only one study included individuals referred for 
adenoma removal in addition to the other indications 
[40]. 

Further information on colonoscopy devices and pro-
cedures, endoscopist characteristics and features of the 
studies are provided in the Appendix Table 1. The exclu-
sion criteria for individuals are also reported in Appen-
dix Table 2. In thirteen studies individuals were excluded 
from the study after randomization for reasons including 
inadequate bowel preparation, failure to reach the cecum, 
and technical failures. In thirteen studies, a per-protocol 
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analysis was performed, and an intention-to-treat analy-
sis was conducted in Leufkens et al. [38]

Risk of bias and applicability
The summary of the methodological quality assessment 
(QUADAS) of the synthesized studies is presented in 
the Appendix Table  4 and Appendix Fig.  2. The quality 
assessment showed a high risk of bias in the domains 
‘reference standard’ and ‘flow and timing’ because in 
almost all studies — with the exception of Min et al., [26] 
— endoscopist performed both examinations, and the 
exclusion of individuals after randomization and per-pro-
tocol analyses (e.g., due to poor bowel preparation) [5, 17, 
26, 35, 36, 38–40, 42]. 

Pooled results from meta-analyses
The overall AMR from sixteen studies (including 2,248 
adenomas) included in our systematic review ranged 
from 0.15 (95% CI: 0.10–0.21) [26] to 0.48 (95% CI: 0.36–
0.61%) [5] (see Fig. 1). The pooled overall AMR (p-AMR) 
was 0.34 (95% CI: 0.30–0.38). The I2 statistic (71%, het-
erogeneity test p < 0.01) indicated strong heterogeneity. 
The between-study variance τ2 was 0.1004.

Subgroup analyses for AMR
Figure  2 summarizes the results for all subgroup analy-
ses. The size-specific AMRs were reported in eight stud-
ies including 1,203 adenomas [5, 17, 37–39, 42, 46]. AMR 
significantly decreased with increasing adenoma size, 
as demonstrated by the test for trend describing overall 
correlation between adenoma size and AMR (p < 0.001). 
Pooled AMRs are 0.36 (95% CI: 0.33–0.40) for size 
1–5 mm, 0.27 (95% CI: 0.20–0.36) for size 6–9 mm, and 
0.12 (95% CI: 0.07–0.20) for size ≥ 10 mm.

AMR for advanced and non-advanced adenomas was 
reported in nine studies including 1,238 adenomas. In 
non-advanced adenomas, the pooled AMR was 0.42 
(95% CI: 0.38–0.45), which is substantially higher than in 
advanced adenomas (pooled AMR: 0.21, 95% CI: 0.14–
0.29, p < 0.001).

AMRs for proximal adenomas were reported in eleven 
studies (1,075 adenomas), and in nine studies (388 ade-
nomas) for the distal colon. Pooled AMRs did not differ 
(p = 0.89) between proximal (pooled AMR: 0.36, 95% CI: 
0.30–0.42) and distal (pooled AMR: 0.36, 95% CI: 0.31–
0.40) adenomas.

Morphology-specific AMRs were reported in six stud-
ies including 1,118 individuals. With a pooled AMR of 
0.50 (95% CI: 0.36–0.64), flat adenomas were more likely 
to be missed than polypoid adenomas (pooled AMR: 
0.27, 95% CI: 0.20–0.36, p < 0.01).

In a subgroup analysis, pooled AMRs differ between 
studies with IE-CT, BF-CT and CADe (for more details, 
see Appendix Fig. 20).

Heterogeneity analysis
Univariate meta-regression analysis assessing the impact 
of study characteristics on p-AMR showed tandem study 
type as a significant factor, explaining about half of the 
between-study variance (τ2 = 0.0333, p < 0.01). The frac-
tion of the variation across studies due to heterogeneity, 
relative to chance of variation heterogeneity I2, decreased 
from 71% (primary analysis) to 54% (studies with type I 
tandem design). In further subgroup analyses, for exam-
ple, for adenoma size, I2 decreased further. No further 
statistically significant factors explaining heterogeneity 
were identified in the meta-regression analysis.

Sensitivity analyses
The sensitivity analysis restricting the analysis to the 
fourteen studies examining the entire colon (1,724 ade-
nomas) yielded a pooled AMR of 0.34 (95% CI: 0.29–
0.38). The sensitivity analysis combining the fourteen 
tandem type I studies yielded a pooled AMR of 0.36 (95% 
CI: 0.32–0.39). The 95% CIs of both sensitivity analyses 
covered the base-case result of 0.34.

Secondary outcomes
The pooled ADR (1,638 individuals) is 0.37 (95% CI: 
0.29–0.46), and the pooled PtMR (389 individuals) is 0.18 
(95% CI: 0.14–0.23).

The pooled CIR, combining individuals in the WLC 
and NCT arms, is 0.99, and the pooled SICR of WLC 
ranges from 0.04 to 0.08 depending on the applied guide-
line (Table 3; for more details, see Appendix Figs. 15, 16 
and 17).

Discussion
This systematic review with meta-analyses combines data 
from sixteen tandem studies, including a total of 4,101 
individuals. We found that about one in three adenomas 
(0.34; 95% CI: 0.30–0.38) could be missed by WLC in 
individuals undergoing screening, diagnostic, or surveil-
lance colonoscopy. The subgroup analysis for adenoma 
characteristics showed that AMRs significantly increased 
with smaller size, non-advanced stage, and flat morphol-
ogy of adenomas. Adenoma locations did not influence 
AMR.

In contrast to our results, van Rijn and colleagues 
reported an overall p-AMR of 0.22 (95% CI: 0.19–0.26) 
[9], and size-specific p-AMRs of 0.26 (95% CI: 0.27–
0.35) for 1–5  mm adenomas, 0.12 (95% CI: 0.08–0.18) 
for 6–9  mm adenomas and 0.02 (95% CI: 0.003–0.07) 
for ≥ 10 mm adenomas. The results of van Rijn et al. are 
based on a meta-analysis of six cohorts, including a total 
of 465 individuals, that combined data of the different 
intervention arms (e.g., including NCT). In or meta-anal-
ysis, the focus was specifically on the miss rates of WLC.
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Although AMRs decreased with adenoma size, the 
still considerably high miss rate of large adenomas could 
be a serious issue in clinical practice because of specific 
characteristics of these adenomas. In particular, the risk 
of having advanced features (such as villous histology or 
high-grade dysplasia) or developing into metachronous 
cancer (i.e., cancer diagnosed at least 6 months after the 
index procedure) is much higher in large adenomas (20 
– 30%) compared to small adenomas (7 – 12%) [48–50]. 
Our results also suggest that 1–5 mm and 6–9 mm ade-
nomas are overlooked more frequently than large adeno-
mas, which is an important finding considering that T1 
carcinoma may be found in a considerable portion in 
lesions < 9 mm in diameter [51]. This result is in line with 
the meta-analysis of van Rijn et al. [9]

A recent meta-analysis comparing WLC and NCT 
showed that the overall AMR was lower for NCT com-
pared with WLC (OR: 0.19; 95% CI: 0.14–0.26; p < 0.01). 
However, the authors could not show a significant 
improvement with NCT for the detection of adeno-
mas < 10 mm [52]. 

Our study did not confirm a significant influence of 
adenoma location on AMRs. Previous studies provided 
evidence for lower performance of WLC in the proximal 
colon compared to the distal colon [53, 54]. One rea-
son for the contradicting results may be that the NCTs 
included in our operationalized gold standard have simi-
lar performance differences across locations as WLC. 
Another reason could be a lack of sufficient sample size 
for the localization subgroups in our meta-analysis. This, 
however, seems unlikely given the exact same pooled 
AMRs (i.e., 0.36) for proximal and distal adenomas. Our 
study confirms the findings of previous studies that flat 
adenomas are missed significantly more frequently by 
WLC than polypoid adenomas [55]. Flat adenomas are 
of greater clinical significance due to their distinct neo-
plastic potential [56–58]. Flat adenomas often harbor 
serrated histology, which is responsible for 20–30% of 
interval cancers. Furthermore, serrated lesions are mostly 
present in the proximal colon and may be often over-
looked due to insufficient bowel preparation [59, 60]. 

We estimated a pooled ADR of 0.37 (95% CI: 0.29–
0.46). ADR is a population-specific benchmark for the 
quality of colonoscopy [61], influenced by prevalence, 
sex, age, bowel preparation quality, risk factors, and 
skills of endoscopist [62, 63]. ADR should be at least 
approximately 25% in men, 15% in women and 15–20% 
for screening colonoscopy, but no universal threshold 
can be defined [64–66]. The relatively high pooled ADR 
in our study could be explained by the expertise of the 
endoscopists and the inclusion of individuals undergo-
ing additional surveillance and diagnostic colonoscopy, 
for which the ADR is higher [67]. Assuming that, in daily 
practice, endoscopists may be less experienced compared 

M
at

su
da

 
20

08
47

H
ew

et
t 

20
10

 
[3

7]

Le
uf

ke
ns

 
20

11
 

[3
8]

Ik
em

at
-

su
 2

01
2 

[1
7]

G
ra

l-
ne

k 
20

14
 

[3
6]

D
ik

 
20

15
 

[5
]

H
al

pe
rn

 
20

15
 

[3
9]

M
in

 
20

17
 

[2
6]

Pa
pa

n-
ik

ol
ao

u 
20

17
 

[4
0]

Tr
ia

n-
ta

fy
llo

u 
20

17
 

[4
1]

D
e 

Pa
lm

a 
20

18
 

[4
2]

Ri
u 

Po
ns

 
20

20
 

[3
5]

W
an

g 
20

20
 

[4
3]

Ka
m

ba
 

20
21

 
[4

4]

G
lis

se
n 

Br
ow

n 
20

22
 

[4
5]

W
al

la
ce

 
20

22
 

[4
6]

Ar
on

ch
ic

k 
sc

al
e,

 1
–3

, n
 (%

), 
4–

5,
 

n 
(%

)
16

6 
(9

7)
, 5

 
(2

.9
)

BB
PS

 sc
or

e
7.

8 
±

 1
.1

b
3.

2 
±

 1
.8

b
8.

0 
(1

.0
)c

9.
0 

(8
.0

–9
.0

)c
9.

0 
(5

.0
–9

.0
)d

7.
2 

±
 1

.0
b

7.
1 

±
 1

.4
b

9 
(8

–9
)c

8.
0 

±
 1

.3
b

Le
ge

nd
: *

 s
um

m
ar

y 
of

 s
cr

ee
ni

ng
 a

nd
 s

ur
ve

ill
an

ce
 in

di
vi

du
al

s,
 B

BP
S 

– 
Bo

st
on

 B
ow

el
 P

re
pa

ra
tio

n 
Sc

al
e,

 C
RC

 –
 c

ol
or

ec
ta

l c
an

ce
r, 

N
C

T 
– 

no
ve

l c
ol

on
os

co
pi

c 
te

ch
no

lo
gi

es
, N

R 
– 

no
t r

ep
or

te
d,

 W
LC

 –
 w

hi
te

 li
gh

t c
ol

on
os

co
py

. (
a)

 
in

di
ca

te
s 

th
at

 d
at

a 
w

as
 n

ot
 re

po
rt

ed
 fo

r t
he

 tw
o 

ar
m

s 
of

 th
e 

st
ud

y,
 o

nl
y 

ov
er

al
l s

am
pl

e 
in

fo
rm

at
io

n 
w

as
 p

ro
vi

de
d.

 (b
) i

nd
ic

at
es

 s
ta

nd
ar

d 
de

vi
at

io
n,

 (c
) i

nd
ic

at
es

 in
te

r-
qu

ar
til

e 
ra

ng
e,

 (d
) i

nd
ic

at
es

 ra
ng

e

Ta
bl

e 
2 

(c
on

tin
ue

d)

 



Page 9 of 14Jahn et al. BMC Gastroenterology          (2025) 25:170 

to those in our included studies, the AMR of daily prac-
tice colonoscopy may be even higher than in or meta-
analysis. However, we excluded pure screening studies 
with smaller prevalence of adenomas that also tend to 

exclude patients with complicated anatomy, imper-
fect bowel preparation, bleeding, or abnormal imaging 
results which may not be representative of daily practice. 
The adenomas missed by WLC and later detected by a 

Table 3  Summary of pooled ADR, PtMR, CIR and SIRC of WLC
Pooled parameter Value 95% CI Total individuals I2 (%) τ2 p
p-ADR of WLC 0.37 0.29–0.46 1,638 90 0.3490 < 0.01
p-PtMR of WLC 0.18 0.14–0.23 389 14 0.0254 0.32
p-CIR (combined for WLC and NCT) 0.99 0.98–0.99 4,106 72 0.7724 < 0.01
p-SICR of WLC according to MSTF guidelines 0.08 0.04–0.17 542 87 0.6803 < 0.01
p-SICR of WLC according to ESGE guidelines 0.04 0.03–0.07 524 0 0 0.80
p-SICR of WLC according to EU guidelines 0.06 0.04–0.08 661 0 0 0.85
ESGE – European Society of Gastroenterology, EU – European Union, MSTF – United States Multi Society Task Force on Colorectal Cancer, p-ADR – pooled adenoma 
detection rate, p-CIR – pooled cecal intubation rate, p-PtMR – pooled patient miss rate, p-SICR – pooled surveillance interval change rate, WLC – white light 
colonoscopy

Fig. 2  Summary of subgroup for the pooled overall adenoma miss rate of white-light colonoscopy. Legend. AMR – adenoma miss rate. Total represents 
the number of adenomas detected the study arms of interest

 

Fig. 1  Forest plot for the pooled overall adenoma miss rate of white-light colonoscopy. Legend. Events represent number of adenomas missed by WLC; 
total represents number of adenomas detected in the study arms of interest
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second-look NCT led to a shortening of the surveillance 
interval, according to the international guidelines [21, 23, 
24] in 4% (ESGE guidelines, five studies) to 8% (MSTF, 
five studies) of the individuals.

The pooled CIR of 99% in our meta-analysis reflects the 
controlled study setting, whereas population-based stud-
ies study have reported a CIR of only 87% in daily prac-
tice [68]. 

To our knowledge, this is the first meta-analysis of 
AMR of WLC determined through tandem colonoscopy 
studies exclusively comparing WLC with NCT. NCTs are 
being developed to improve detection rates of WLC, for 
example, for adenomas hidden behind colonic folds and 
flexures, as well as for flat lesions. Studies in which WLC 
was performed twice were purposefully excluded because 
AMR would mainly reflect the expertise of the endos-
copists or the impact of different techniques, including 
changes of the position of the individual, or withdrawal 
times [13]. 

Another strength of our study is that it reflects daily 
practice colonoscopy, including colonoscopy for screen-
ing, diagnostic work-up, and surveillance. In our meta-
regressions, including indications as a predictor of AMR, 
provided no evidence for differences between indica-
tions. However, simple calculations based on the statis-
tically non-significant odds ratios in the meta-regression 
are consistent with a 10% increased AMR in screening 
individuals compared to the overall AMR. This result 
highlights the need for further investigations in screening 
settings to get statistically reliable estimates.

The pooled results most likely reflect lower boundar-
ies of daily clinical practice, as the included studies have 
been conducted in a controlled setting with colonoscopy 
performed by experienced endoscopists, likely under less 
time-pressure. Additionally, another clinical study pre-
sented an analysis suggesting that a significantly higher 
ADR with NCT is only observed among endoscopists 
who have a median ADR in WLC below 60% [69].

Our meta-analysis has several limitations. In 93.75% 
of the included studies, the same endoscopist performed 
both examinations and was therefore aware of results of 
the first test. This could introduce bias in two directions: 
for example, an AMR underestimation due to the one-
and-done effect, or an AMR overestimation due to the 
second-look effect. However, having a second endosco-
pist perform the second colonoscopy reduces efficiency 
and power due to diverse characteristics of the endosco-
pists. In addition, it was not possible to blind the colonos-
copists to the technology being used (WLC, NCT), which 
may have induced an unintentional bias towards one of 
the two technologies. Standard-definition colonoscopy 
and high-definition colonoscopy were summarized under 
WLC to reflect diversity in clinical practice, even though 
high definition endoscopy is becoming widespread [70, 

71]. However, there is evidence that differences between 
those technologies are marginal for the detection of 
colonic adenomas [72]. Currently, there is no true “gold 
standard” for adenoma detection. Tandem studies are 
considered the most reliable study designs [9], yet they 
can still lead to underestimation of AMR in WLC because 
of adenomas missed by NCT. It is unlikely that adenomas 
are missed independently by both technologies. However, 
due to the risk of underestimating the AMR of WLC due 
to the still imperfect reference standard of NCT, a high 
risk of bias in the QUADAS-2 domain ‘reference stan-
dard’ was identified. Most of the included studies were 
type I tandem studies with polyp removal during both 
procedures, but endoscopists were mostly blinded to the 
results of the first procedure. In type II studies, a second 
endoscopist is always blinded to the prior examination 
results. The type II study design allows for a clearer sepa-
ration between the performance of the first and the sec-
ond endoscopist and between the applied technologies. 
However, only two studies in our review applied a type 
II study design. Most of the studies were powered only 
for the primary outcome, overall AMR, and are under-
powered for the secondary outcomes, with small samples 
leading to large confidence intervals. One limitation of 
all meta-regressions is the potential presence of unmea-
sured characteristics that might explain heterogeneity. 
However, we covered a broad selection of study charac-
teristics as covariates in our meta-regressions, and our 
sensitivity analyses on measured characteristics demon-
strated the robustness of our results. Finally, our quality 
assessment of the included studies applying QUADAS-2 
is limited, as it is not entirely adequate for studies with 
crossover design, but to our knowledge, there are no 
alternatives [28]. Information on the ADR of colonosco-
pists, an important quality indicator, was not reported by 
every study. There is recent evidence, that improved ADR 
over time is associated with lower CRC risk in patients 
who underwent colonoscopy [73]. 

Missed adenomas during colonoscopy are responsible 
for up to 50% of interval cancers [48]. According to our 
findings, the AMR of WLC is considerably higher than 
previously estimated [9]. In particular, for evaluations of 
screening programs applying decision-analytic model-
ing, our findings should be considered to test robustness 
of model results based on lower miss rates. Our findings 
may potentially impact modelling-based recommenda-
tions on optimal screening intervals for CRC screening 
programs. However, the reasons for missed adenomas 
beyond size require further investigations.

Further meta-analysis of upcoming tandem studies 
should evaluate the AMR of WLC as determined by spe-
cific types of NCT and potentially focus on specific indi-
cations. We suggest that future accuracy studies report 
subgroup-specific results for such variables. As stated by 
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the included studies, handling of hardware NCT devices 
was more difficult due to their cumbersome nature. 
Therefore, manufacturers have made efforts to counter-
act this issue, for example, by increasing the flexibility of 
colonoscopes. As better evidence on specific NCT ver-
sions becomes available, future meta-analyses can also 
support comparisons of the new technologies and WLC 
to support the implementation of improved colonoscopic 
technologies in clinical practice. Updated recommenda-
tions of the American Gastroenterological Association 
integrating AI into clinical practice are expected in 2025.

For a full assessment of different colonoscopy tech-
nologies or algorithms, it is important to assess the com-
parative long-term benefits, harms and costs in a full 
health technology assessment as well as the tradeoffs 
between sensitivity and specificity, the related benefit-
harm balance [74] and the incremental cost-effectiveness 
ratios [12]. These assessments are often performed using 
decision-analytic modeling [12] joining test accuracy, 
treatment effectiveness and long-term morbidity and 
mortality of colorectal cancer [12, 75]. Our results pro-
vide the input parameters for such decision analyses and 
health technology assessments and should inform the 
specification of clinical guidelines regarding this topic. 
Guidance for the health technology assessments of AI 
supported technologies are currently being developed 
[76, 77]. 

Conclusion
Our meta-analysis of tandem colonoscopy studies com-
paring white light colonoscopy (WLC) to novel colono-
scopic technologies (NCT) suggests that one in three 
adenomas could be missed by WLC in individuals under-
going daily practice colonoscopy. Our study confirms a 
significantly higher adenoma miss rate for smaller, non-
advanced and flat adenomas. We believe that our pooled 
ADRs may be an underestimate, as NCT is an imperfect 
and not completely independent reference technology 
for WLC. Our results should be considered in health 
technology assessment when interpreting the sensitiv-
ity of fecal occult blood or other screening tests that rely 
on WLC as the “gold standard”. Finally, we recommend 
further evidence synthesis on novel-colonoscopic tech-
nologies, as our subgroup analysis indicate substantial 
improvements in AMR with NCTs. A full health tech-
nology assessment on NCTs could support implementa-
tion decisions and practice guidelines based on long term 
benefit-harm and cost-effectiveness outcomes.
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