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ABSTR AC T

Background Optical diagnosis of colorectal polyps remains challenging. Image-enhancement techniques such
as narrow-band imaging and blue-light imaging (BLI) can
improve optical diagnosis. We developed and prospectively
validated a computer-aided diagnosis system (CADx) using
high-definition white-light (HDWL) and BLI images, and
compared the system with the optical diagnosis of expert
and novice endoscopists.
Methods CADx characterized colorectal polyps by exploiting artificial neural networks. Six experts and 13 novices
optically diagnosed 60 colorectal polyps based on intuition.
After 4 weeks, the same set of images was permuted and
optically diagnosed using the BLI Adenoma Serrated International Classification (BASIC).
Results CADx had a diagnostic accuracy of 88.3 % using
HDWL images and 86.7 % using BLI images. The overall diagnostic accuracy combining HDWL and BLI (multimodal
imaging) was 95.0 %, which was significantly higher than
that of experts (81.7 %, P = 0.03) and novices (66.7 %, P <
0.001). Sensitivity was also higher for CADx (95.6 % vs.
61.1 % and 55.4 %), whereas specificity was higher for experts compared with CADx and novices (95.6 % vs. 93.3 %
and 93.2 %). For endoscopists, diagnostic accuracy did not
increase when using BASIC, either for experts (intuition
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Introduction
Optical diagnosis of colorectal polyps, the in vivo characterization of the histology by endoscopists [1], is of increasing interest for clinical endoscopy practice. Correct characterization of
colorectal polyps with high levels of confidence is of utmost importance for adequate and cost-effective treatment strategies.
Diminutive (≤ 5 mm) hyperplastic polyps in the rectosigmoid
can be left in place according to the “diagnose-and-leave”
strategy. Diminutive adenomatous polyps can be endoscopically resected but not sent for histological evaluation, in what is
known as the “resect-and-discard” strategy. To adopt these
strategies in clinical practice, the Preservation and Incorporation of Valuable Endoscopic Innovations (PIVI) criteria are proposed [2]. These PIVI criteria demand a negative predictive value (NPV) of ≥ 90 % for the in vivo diagnosis of diminutive adenomatous polyps and an agreement of ≥ 90 % between optical and
histological diagnosis in determining surveillance intervals.
Although colorectal polyps contain valuable visual clues about
their histology, current optical diagnostic procedures are limited in their predictive power and are subject to considerable
interobserver variability. Recent studies have also shown that
while the PIVI criteria are met in highly selected groups of
expert endoscopists [3], the same is not true in community
endoscopy practices [4, 5].
To improve the optical diagnosis of colorectal polyps, imageenhancement technologies, which optimize the visualization of
superficial vascular and mucosal patterns, have been developed, such as narrow-band imaging (NBI; Olympus, Tokyo, Japan), I-SCAN (Pentax, Tokyo, Japan), and blue-light imaging
(BLI; Fujifilm, Tokyo, Japan). The BLI technology optimizes the
visualization of superficial vascular and mucosal patterns by
emitting light with a short wavelength (410 nm), which is then
selectively absorbed by hemoglobin. White light is used for
contrast enhancement (450 nm) [6]. Based on these technologies, different classifications have been developed to increase
the viability of optical diagnosis: the NBI International Colorectal Endoscopic (NICE) classification based on NBI [7] and the BLI
Adenoma Serrated International Classification (BASIC) [8]
based on BLI. BASIC differentiates hyperplastic polyps from
adenomas, sessile serrated lesions (SSLs), and adenocarcinomas (CRCs) using surface, pit pattern, and vessel characteristics. Compared with NBI and NICE, optical diagnosis using BLI
and BASIC shows similar rates of diagnostic accuracy [6, 9–11].
The most recent developments proposed to improve optical
diagnostics are computer techniques based on artificial intelligence (AI). Studies investigating AI have mainly focused on
(NBI) magnification images or endocytoscopy [12–15] systems
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HDWL and BLI, improved the diagnostic accuracy of CADx.
BASIC did not increase the diagnostic accuracy of endoscopists compared with intuitive optical diagnosis.

that are not readily available in current clinical practice. The diagnostic accuracies of the developed systems range from 90.0 %
to 94.9 %. Although these results are promising, data on the performance of computer-aided diagnosis systems using BLI are
lacking. This also applies to multimodal imaging, which combines the different advantages of multiple imaging methods in
order to improve the accuracy of imaging diagnostics [16].
The aims of the current study were i) to develop a computeraided diagnosis system (CADx) for colorectal polyp characterization and to investigate its diagnostic performance using
high-definition white-light (HDWL) imaging, BL imaging, and
multimodal imaging (both HDWL and BLI), and ii) to compare
CADx with the diagnostic performance of optical diagnosis by
expert and novice endoscopists using their intuition and BASIC.

Methods
This prospective, noninterventional study was conducted at the
Maastricht University Medical Center + and Catharina Hospital
Eindhoven, the Netherlands, from November 2019 to March
2020. The department of Electrical Engineering of the Eindhoven University of Technology was responsible for CADx development. The study was conducted in accordance with the declaration of Helsinki [17] and the General Data Protection Regulation [18]. The Medical Ethical Review Committee of Maastricht UMC + approved the study (METC2019–1231).

Image database
Two image databases were created for this study: a training database and a testing database. The training database consisted
of 2449 polyp images from 398 unique colorectal polyps. The
2449 images included 344 benign images (including 76 hyperplastic polyps) and 2105 (pre)malignant images (including 291
adenomas, 24 SSLs, and 7 T1 CRCs). Of the 398 colorectal
polyps, 45.8 % were diminutive (≤ 5 mm), 18.0 % were small (6–
9 mm), and 36.2 % were large (≥ 10 mm). The SSLs were categorized as premalignant because of their malignant potential
[19]. In the training database, each colorectal polyp was represented by one HDWL image and one or more optically enhanced images (either I-SCAN or BLI) without magnification.
All training images were retrospectively obtained.
The testing database consisted of 60 prospectively obtained,
unique colorectal polyps represented by one HDWL and one BLI
image (without magnification). These colorectal polyps were
different from those included in the training database. Colorectal polyps were selected by one endoscopist (R.M.S.) based on
good image quality and availability of the corresponding histology results (gold standard).
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79.5 % vs. BASIC 81.7 %, P = 0.14) or for novices (intuition
66.7 % vs. BASIC 66.5 %, P = 0.95).
Conclusion CADx had a significantly higher diagnostic accuracy than experts and novices for the optical diagnosis of
colorectal polyps. Multimodal imaging, incorporating both

Computer-aided diagnosis system
CADx was developed to differentiate between benign and (pre)
malignant colorectal polyps, using artificial neural networks
and the training database, with histology as the gold standard.
The artificial neural networks automatically determined the
most discriminative features of the colorectal polyps in the
training set. A subset of 20 % of the training data was used as
validation to monitor the progress of the algorithm. After training, the deep learning algorithm was evaluated using the testing database for external validation and verification of model
performance (▶ Fig. 1). As outputs, CADx generated a region
of interest represented by a heatmap (generated using GradCAM [22]) and a corresponding probability. These measures
were generated for each modality. A weighted mean probability was calculated, using both HDWL and BLI modalities, as a final prediction for each colorectal polyp. A cutoff value of 0.35
was used as a boundary decision in order to differentiate between the presence or absence of neoplasia.

Algorithm details
The architecture used in our CADx was EfficientNet [23]. This
family of models achieved state-of-the-art accuracy on the
open dataset ImageNet. EfficientNet models employ a simple
but powerful concept that models should not only be scaled in
depth, but also in width and resolution. For our CADx we employed the variant B4, which is a neural network architecture
with 19 million parameters. The network was pretrained with
ImageNet and subsequently trained on the training dataset
using Stochastic Gradient Descent with momentum 0.9 and a
batch size of 8. We chose to use an exponential learning rate,
with hard restarts at every two epochs, ranging from 0.01 to
0.004. We trained a unique model containing both imaging
modalities, ensuring that the information learned was domain
invariant. The images were resized to 299 × 299 × 3 pixels, and
the model was trained until convergence on the validation set
(the subset of 20 % of the training data).

Optical diagnosis by endoscopists
Colorectal polyps from the testing database were optically diagnosed by six expert endoscopists from the international BLI
expert group. All experts were experienced in using BLI and BASIC, and had performed > 2000 colonoscopies. In addition, 13
Dutch novices with limited colonoscopy experience (four with
100–200, five with 200–300, and 4 with 300–400 colonoscopies) and no prior experience of using BLI or BASIC optically diagnosed the colorectal polyps. First, endoscopists optically diagnosed colorectal polyps based on intuition, with a time limit
of 30 seconds. Intuition was defined as “the optical diagnosis
that comes first to your mind” based on knowledge and experience without systematically going through classification
schemes [24]. After a “washout period” of 4 weeks in order to
minimize recall bias, both the experts and novices were additionally trained in BLI and BASIC through a previously validated

data n = 2449
Training d

Internal validation
Test data n = 60
Histology (gold standard)
Train model

Deep learning and machine
learning algorithm

Output
Optical diagnosis prediction

External validation

▶ Fig. 1 Overview of the development of the computer-aided diagnosis system. The training image database, consisting of 2449 colorectal
polyps (344 benign and 2105 [pre]malignant), was used for internal validation. The testing image database, consisting of 60 colorectal polyps
(15 benign and 45 [pre]malignant) was used for external validation.
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The images in both databases were obtained from national
Dutch screening and surveillance colonoscopies in regular care
and were fully anonymized. A one-on-one link between polyp
images and histology results was confirmed by means of corresponding polyp number and histology number, corresponding size, and corresponding morphology. If any ambiguity existed, the polyp was excluded. Colorectal polyps were histologically characterized as hyperplastic polyp, adenoma, SSL, or T1
adenocarcinoma by expert pathologists according to the revised Vienna classification [20]. The pathologists were unaware
of the study protocol. The histology distribution of colorectal
polyps in the testing database corresponded to the natural occurrence in the screening population [21]. The endoscopists
were blinded regarding the histological distribution and diagnosis.

Original article

training module [25] by two expert endoscopists (E.J.S. and R.
M.S.). The training module consisted of an introduction into
optical diagnosis, the PIVI criteria, and the BLI technology, an
elaboration on the individual BASIC descriptors, and examples
with direct feedback. Afterwards, the same set of colorectal
polyps was permuted and optically diagnosed using BASIC.
Endoscopists had to complete each individual BASIC descriptor
and a final diagnosis for each colorectal polyp: hyperplastic
polyp, adenoma, SSL, or CRC. In addition, endoscopists reported their level of confidence (high [≥ 90 %] vs. low) per colorectal
polyp. All endoscopists participated in both diagnostic phases
(intuition and BASIC). This cross-sectional design was chosen
because of the high reported interobserver variability in
performance of optical diagnosis among endoscopists [3, 7].
The optical diagnoses were made using an online portal (see
Fig. 1s in the online-only Supplementary material).

▶ Table 1 Characteristics of the colorectal polyps used in the testing
database.

Outcomes

Statistical analyses and sample size
A sample size calculation based on a desired CADx accuracy was
not possible owing to a lack of data. Because the study design
involved experts and novices characterizing colorectal polyps in
two phases, the McNemar’s test for paired proportions was used
for the power calculation. Discordant pairs were set at 15 %.
Assuming a difference in diagnostic accuracy of 10 % and using
a power of 80 % with a 5 % significance level, 15 discordant pairs
and 101 observations per phase were needed. Correcting for the
interobserver difference, with an intraclass correlation of 0.05
[27] and using 60 colorectal polyps, 399 observations were
needed per phase [28, 29]. We recruited 19 endoscopists, resulting in 900 observations without missing data.
Descriptive statistics are presented as mean and standard
deviation (SD) or as number of optical diagnosis and percent,
with or without 95 % confidence interval (CI). Differences between intuition and BASIC were compared using paired samples t test or Wilcoxon signed-rank test where appropriate. Interobserver agreement between endoscopists was calculated
using Fleiss’ kappa statistics. Sensitivity analyses were per-
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n = 60

Size, n (%)
▪ ≤ 5 mm

33 (55.0)

▪ 6–9 mm

14 (23.3)

▪ ≥ 10 mm

13 (21.7)

Location, n (%)
▪ Cecum

2 (3.3)

▪ Ascending colon

9 (15.0)

▪ Transverse colon

11 (18.3)

▪ Descending colon

7 (11.7)

▪ Sigmoid

15 (25.0)

▪ Rectum

16 (26.7)

Histology, n (%)
▪ Hyperplastic polyp

15 (25.0)

▪ Adenoma

39 (65.0)

▪ Sessile serrated lesion

4 (6.7)

▪ Adenocarcinoma

2 (3.3)

Morphology, n (%)
▪ Sessile

41 (68.3)

▪ Flat elevated

19 (31.7)

formed to account for potential correlation for patients with
more than one colorectal polyp (n = 6). In all cases, the first
colorectal polyp was chosen and the duplicate was removed.
Repeating the analyses with 54 colorectal polyps yielded no differences for the conclusion. Two-sided P values of < 0.05 were
considered statistically significant.
All statistical analyses were performed with IBM SPSS Statistics for Windows version 25 (IBM Corp., Armonk, New York, USA).

Results
Colorectal polyps
Overall, 60 colorectal polyps from 54 patients were included
in the analyses. These consisted of 15 hyperplastic polyps
(25.0 %), 39 adenomas (65.0 %), 4 SSLs (6.7 %), and 2 CRCs
(3.3 %) (▶ Table 1). Of the 60 colorectal polyps, 33 were diminutive (≤ 5 mm), 14 were small (6–9 mm), and 13 were large (≥ 10
mm).

Computer-aided diagnosis system
CADx showed a diagnostic accuracy of 88.3 % for HDWL images,
86.7 % for BLI images, and peaked at 95.0 % when both HDWL
and BLI images (multimodal imaging) were used ( ▶ Table 2).
The overall sensitivity, specificity, PPV, and NPV of CADx were
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The diagnostic performance of CADx was compared with the
diagnostic performance of expert and novice endoscopists. Optical diagnoses of the endoscopists were dichotomized into benign vs. (pre)malignant to make an accurate comparison with
CADx. The diagnostic performances were investigated in terms
of diagnostic accuracy (defined as the percentage of correctly
characterized colorectal polyps), sensitivity, specificity, negative and positive predictive values, and area under the receiver
operating characteristic curve (AUC). AUC values > 0.91 were
interpreted as excellent, 0.81–0.90 as good, and 0.71–0.80 as
fair. The diagnostic performance of experts and novices for optical diagnosis based on intuition and BASIC were compared. In
addition, a subgroup analysis for high-confidence diagnoses
was performed. End points reflecting computational time of
CADx and interobserver agreement (Fleiss’ kappa) were also
evaluated. Fleiss’ kappa values of 0.81–1.00 were interpreted
as very good, 0.61–0.80 as good, 0.41–0.60 as moderate,
0.21–0.40 as fair, and < 0.20 as poor [26].

Polyp characteristics

HDWL, % [n/N] (95 %CI)

BLI, % [n/N] (95 %CI)

Multimodal imaging, % [n/N] (95 %CI)

Diagnostic accuracy

88.3 [53/60] (78.3–95.0)

86.7 [52/60] (76.7–93.3)

95.0 [57/60] (86.7–98.3)

Sensitivity

84.4 [38/45] (71.1–93.3)

84.4 [38/45] (71.1–93.3)

95.6 [43/45] (86.7–100)

Specificity

100.0 [15/15] (100–100)

93.3 [14/15] (66.7–100)

93.3 [14/15] (66.7–100)

PPV

100.0 [38/38] (100–100)

97.4 [38/39] (84.6–100)

97.7 [43/44] (86.4–100)

NPV

68.2 [15/22] (50.0–86.4)

66.7 [14/21] (47.6–85.7)

87.5 [14/16] (68.8–100)

AUC

0.92

0.89

0.94

HDWL, high-definition white light; BLI, blue-light imaging; CI, confidence interval; PPV, positive predictive value; NPV, negative predictive value; AUC, area under the
receiver operating characteristic curve.

95.6 %, 93.3 %, 97.7 %, and 87.5 %, respectively. CADx demonstrated an overall AUC of 0.94. CADx misclassified three colorectal polyps when the imaging modalities were combined:
one hyperplastic polyp was misclassified as a premalignant
polyp and two adenomas were misclassified as benign polyps.
Endoscopists also incorrectly characterized these three colorectal polyps when using intuition (in 28 out of a total of 57 optical diagnoses; 49.1 %) and when using BASIC (27/57 optical diagnoses; 47.4 %). The CRC cases were correctly recognized by
CADx. CADx misclassified seven polyps when using HDWL alone
and eight polyps when using BLI alone (Table 1s). Re-evaluation
by an expert pathologist, who was blinded to the initial histology, did not change the histological decision.
The mean computation time per image was 0.0258 seconds
(SD 0.0148 seconds). For each prediction made by CADx, an
image with a corresponding region of interest depicted with a
heatmap was generated (▶ Fig. 2) to ensure that the network
was not exploiting potential bias in the images. This heatmap
image revealed that the network was indeed focusing on the
colorectal polyp area in all cases.

Intuition vs. BASIC
▶ Table 3 shows the diagnostic performance of experts and novices for optical diagnosis based on intuition and BASIC. The diagnostic accuracy of experts increased nonsignificantly for optical diagnosis made with BASIC (intuition 79.5 % [95 %CI 72.6–
86.4] vs. BASIC 81.7 % [95 %CI 77.3–86.1], P = 0.14). Sensitivity
increased from 50.0 % [95 %CI 33.0–67.0] when using intuition
to 61.1 % [95 %CI 55.9–66.3] when using BASIC (P = 0.22). These
increases in diagnostic accuracy and sensitivity were accompanied by a nonsignificant decrease in specificity (intuition 95.6 %
[95 %CI 90.5–100] vs. BASIC 94.1 % [95 %CI 92.2–96.0], P = 0.54).
For novices, the diagnostic accuracy did not improve when
using BASIC (intuition 66.7 % [95 %CI 61.6–71.8] vs. BASIC
66.5 % [95 %CI 60.9–72.1], P = 0.95). Sensitivity increased nonsignificantly from 46.2 % (95 %CI 36.1–56.3) when using intuition to 55.4 % (95 %CI 46.5–64.3) when using BASIC (P = 0.09).
Again, this was accompanied by a nonsignificant decrease in
specificity (intuition 93.2 % [95 %CI 90.8–95.6] vs. BASIC 92.1 %
[95 %CI 88.4–95.8]; P = 0.55). The overall sensitivity (all endos-

▶ Fig. 2 Endoscopic images of an adenoma (a–d) and a hyperplastic polyp (e–h) in different imaging modalities. Adenoma: a Highdefinition white light (HDWL) image. b HDWL with corresponding
heatmap. c Blue-light imaging (BLI) image. d BLI with corresponding
heatmap. The prediction of the computer-aided diagnosis system
(CADx) can be seen from the cutoff value being ≥ 0.35 and the red
color surrounding the colorectal polyp image. Hyperplastic polyp:
e HDWL. f HDWL with corresponding heatmap. g BLI. h BLI with
corresponding heatmap. The prediction of CADx can be seen from
the cutoff value being < 0.35 and the green color surrounding the
colorectal polyp image.
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▶ Table 2 Diagnostic results of the computer-aided diagnosis system based on high-definition white-light (HDWL) images, blue-light imaging (BLI)
images, and multimodal imaging (combining HDWL and BLI) images for benign (hyperplastic) vs. (pre)malignant (adenomas, sessile serrated lesions,
and adenocarcinomas) colorectal polyps.

Original article

Group

Intuition, mean

BASIC, mean

P val-

% 1 (95 %CI)

% 1 (95 %CI)

ue2

Experts (n = 6)
▪ Accuracy

79.5 (72.6–86.4)

81.7 (77.3–86.1)

0.14

▪ Sensitivity

50.0 (33.0–67.0)

61.1 (55.9–66.3)

0.22

▪ Specificity

95.6 (90.5–100)

94.1 (92.2–96.0)

0.54

▪ PPV

83.7 (67.9–99.5)

77.8 (73.0–82.6)

0.44

▪ NPV

85.4 (81.5–89.3)

87.9 (86.5–89.3)

0.21

Novices (n = 13)

▶ Table 4 Interobserver agreement for optical diagnosis based on intuition and on the BLI Adenoma Serrated International Classification.
Observer

Intuition, Fleiss’ kappa*

BASIC, Fleiss’ kappa*

group

(95 %CI)

(95 %CI)

Experts

0.61 (0.57–0.66)

0.64 (0.59–0.68)

Novices

0.43 (0.41–0.45)

0.43 (0.41–0.45)

Overall

0.45 (0.44–0.46)

0.46 (0.45–0.47)

CI, confidence Interval; BASIC, BLI Adenoma Serrated International Classification; BLI, blue-light imaging.
* Fleiss kappa values: 0.81–1.00 = very good; 0.61–0.80 = good; 0.41–0.60 =
moderate; 0.21–0.40 = fair; and < 0.20 = poor.

95.6 % vs. 61.1 %, P = 0.03; novices 95.6 % vs. 55.4 %, P < 0.001).
The NPV of experts using BASIC was slightly higher compared
with CADx (87.9 % vs. 87.5 %, P = 0.31). The two CRC cases
were correctly recognized as CRC by all experts, but not by
two novices using intuition and not by four novices using BASIC.

▪ Accuracy

66.7 (61.6–71.8)

66.5 (60.9–72.1)

0.95

▪ Sensitivity

46.2 (36.1–56.3)

55.4 (46.5–64.3)

0.09

▪ Specificity

93.2 (90.8–95.6)

92.1 (88.4–95.8)

0.55

▪ PPV

69.3 (60.9–77.7)

71.9 (62.8–81.0)

0.60

Interobserver agreement

▪ NPV

84.0 (81.5–86.5)

86.2 (83.8–88.6)

0.16

▪ Accuracy

70.7 (66.0–75.4)

71.3 (66.1–76.5)

0.69

▪ Sensitivity

47.4 (39.6–55.2)

57.2 (51.1–63.3)

0.03

The interobserver agreement (Fleiss’ kappa) for experts
showed an increase from 0.61 (95 %CI 0.57–0.66) using intuition to 0.64 (95 %CI 0.59–0.68) using BASIC (▶ Table 4). For novices, the interobserver agreement was the same for both phases (Fleiss’ kappa 0.43).

▪ Specificity

93.9 (91.8–96.0)

92.7 (90.2–95.2)

0.38

▪ PPV

73.9 (66.4–81.4)

73.8 (67.6–80.0)

0.99

Discussion

▪ NPV

84.4 (82.5–86.3)

86.7 (85.0–88.4)

0.05

The key finding of this study was the significantly higher diagnostic accuracy of CADx compared with the optical diagnosis
of experts and novices for colorectal polyps. The diagnostic
performance values of CADx were highest when using multimodal imaging (combining HDWL and BLI). We found no significant improvement in diagnostic accuracy when using BASIC
compared with intuitive optical diagnoses by expert and novice
endoscopists.
The current study demonstrated high diagnostic accuracies
for CADx: 88.3 % based on HDWL images and 86.7 % based on
BLI images. Combining these imaging modalities (multimodal
imaging) further improved the diagnostic accuracy to 95.0 %.
This combined diagnostic accuracy was comparable to or even
higher than that reported in previous studies [12, 13, 30, 31]. A
CADx developed by Min et al. (2019), which used linked color
imaging, showed a diagnostic accuracy of 78.4 % [30]. A realtime image recognition system by Kominami et al. (2016)
showed a diagnostic accuracy of 94.9 % [12]. Our CADx did not
reach an NPV of ≥ 90 %, unlike the system developed by Chen et
al. (2018) [15]. In order to meet this PIVI criterion for the “diagnose-and-leave” strategy, a larger image dataset, consisting of
diminutive colorectal polyps, is required. The study was not
powered to evaluate the performance of CADx. However, we
found a significant difference in diagnostic accuracy of CADx
compared with endoscopists of > 10 % (the assumed difference
used for the sample size calculation), making it adequately
powered.

Overall (n = 19)

BASIC, BLI Adenoma Serrated International Classification; CI, confidence interval; PPV, positive predictive value; NPV, negative predictive value; BLI,
blue-light imaging.
1
Mean calculated for the number of experts, novices, and overall observers,
respectively.
2
P value based on paired sample t test for total group of experts, novices,
and overall observers.

copists) increased significantly from 47.4 % (95 %CI 39.6–55.2)
when using intuition to 57.2 % (95 %CI 51.1–63.3) when using
BASIC (P = 0.03).
The proportion of optical diagnoses made with high confidence increased when using BASIC, from 82.5 % to 85.0 % for
experts (P = 0.30), and from 52.1 % to 53.7 % for novices (P =
0.49). When only high-confidence diagnoses were considered,
the diagnostic accuracy did not show a significant change when
using BASIC (85.6 % [SD 12.0]) compared with using intuition
(84.1 % [SD 17.1], P = 0.55) (Table 2s). The mean NPV reached
≥ 90 % for experts using intuition (91.0 %) and BASIC (91.1 %),
and for novices using BASIC (92.5 %).

CADx vs. endoscopists
CADx showed a significantly superior overall diagnostic accuracy compared with that of experts (95.0 % vs. 81.7 %, P = 0.03)
and novices (95.0 % vs. 66.7 %, P < 0.001). CADx also achieved a
higher sensitivity compared with the endoscopists (experts
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▶ Table 3 Diagnostic results based on intuition and on the BLI Adenoma Serrated International Classification for benign (hyperplastic) vs.
(pre)malignant (adenoma, sessile serrated lesion, and adenocarcinoma) colorectal polyps for both experts and novices.

This study has several strengths. First, both experts and novices performed the optical diagnosis of colorectal polyps,
while previous studies mainly focused on highly selected
groups of experts [3–5]. The inclusion of novices increased the
generalizability of the study. Second, for the evaluation of BASIC, we included SSLs and CRCs. The addition of these subtypes
strengthens the accuracy of the polyp classification and the
generalizability of findings compared with other studies [25,
33]. Third, the CADx system was developed using a sufficiently
sized image database of 2449 images [30, 31]. The decision to
include 60 colorectal polyps for the testing database was deliberate and took account of the time investment and endoscopist
concentration required to optically diagnose colorectal polyps.
Fourth, state-of-the-art deep learning architectures were used
to develop CADx.
This study also has certain limitations. First, endoscopists
and CADx were provided with prospectively selected still colorectal polyp images. Although video-based systems have been
developed [13], this approach cannot easily be translated to
multimodal imaging, as recording videos in two modalities simultaneously is not yet possible and recording videos one after
another results in unequal conditions, adding bias. Second, selection bias may have occurred as only high-quality images
were selected. Third, to increase generalizability, validation of
our CADx system should be performed in a prospective realtime clinical trial. Fourth, it should be noted that the image databases were not balanced, with only 344 (14.0 %) benign images in the training database and 15 (25.0 %) benign images in
the testing database. To counter the effect of unbalanced classes, awaited data augmentation was performed to enforce a
uniform distribution over the classes. The number of SSLs and
CRCs was limited, making it only possible to analyze benign vs.
(pre)malignant with CADx rather than differentiation between
the different (pre)malignant histological subgroups.
In conclusion, CADx diagnosed colorectal polyps with a significantly higher diagnostic accuracy than experts and novices.
The use of multimodal imaging, incorporating both HDWL and
BLI, improved the diagnostic accuracy of CADx. BASIC did not
increase the diagnostic accuracy of endoscopists compared
with their intuitive optical diagnosis in this setting. The abovementioned overview stresses the importance of continuing our
efforts to improve optical diagnosis, high-quality multimodal
imaging, and research into AI-based techniques for future implementation into daily endoscopy practice.

Clinical trial
Trial Registration: ClinicalTrials.gov (http://www.clinicaltrials.gov/)|
Registration number (trial ID): NCT04349787 | Type of study: Prospective, non-interventional study
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The use of a full-image deep learning approach for CADx development alleviated the need for manual selection of the region of interest, as was done in most previous studies [15, 30].
The heatmap visualization of what CADx is predicting and
whether it is truly the colorectal polyp area is highly attractive.
This control mechanism supports the endoscopists to rely on
the prediction of CADx. The European Society of Gastrointestinal Endoscopy recommends the use of AI-based techniques if
acceptable and reproducible accuracies can be reached [32].
Along with our finding that multimodal imaging improves the
diagnostic performance of CADx, standardized imaging protocols need to be developed and used in clinical practice in order
to train endoscopists to perform high-quality multimodal imaging for future real-time use of CADx.
The finding that the diagnostic accuracy of experts did not
increase significantly for optical diagnosis made using BASIC
(intuition 79.5 % vs. BASIC 81.7 %) is not in line with the study
by Subramaniam et al. (2019), which found a significant increase in the diagnostic accuracy of experts using BASIC (87 %
vs. 97 %, P < 0.001) [25]. Although BASIC incorporates SSLs and
CRCs in its classification, previous studies excluded these histological subtypes [25, 33]. In contrast, the present study included SSLs and CRCs. Optical diagnosis of SSLs is known to be difficult, which might explain why the current study found no significant increase in diagnostic accuracy using BASIC and why
the absolute diagnostic accuracies were lower than those reported by Subramaniam et al. As intuition depends on the quality of the endoscopist’s knowledge and experience [24] and the
experts in the current study were considered highly experienced, another reason might be that the experts had already incorporated BASIC into their intuitive diagnosis.
The reasons for the lack of improvement in diagnostic accuracy among novices are not clear. This finding might be explained by the fact that the novices were unfamiliar with BLI
and BASIC, and the validated training module was therefore
not extensive enough. In addition, BASIC might incorporate
too many descriptors, making it a complex classification model.
Recently, Hassan et al. (2019) proposed new BASIC classes involving fewer descriptors, after the current ones were shown
to have different strengths in predicting histology [33].
Subgroup analyses on high-confidence diagnoses showed a
nonsignificant increase in diagnostic accuracy when using BASIC compared with intuition (85.6 % vs. 84.1 %). However, this
study was not powered to detect differences in high-confidence diagnoses and the number was too low to draw conclusions; the same applies to subgroup analyses for diminutive
colorectal polyps diagnosed with high confidence. Consequently, it was not possible to analyze whether the PIVI criteria for the
“diagnose-and-leave” strategy were met.
Previous studies on this topic have reported moderate to
very good interobserver agreements for experts and novices
[15, 25, 26]. In the current study, interobserver agreements
were good for experts (intuition 0.61 vs. BASIC 0.64) and moderate for novices (intuition 0.43 vs. BASIC 0.43). An explanation
for the comparatively lower agreement scores might be that we
used four rather than two histology categories (hyperplastic
polyp, adenoma, SSL, and CRC).
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