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Abstract

Water exchange (WE) and artificial intelligence (AI) have made critical advances during
the past decade. WE significantly increases adenoma detection and AI holds the potential to
help endoscopists detect more polyps and adenomas. We performed an electronic literature
search on PubMed using the following keywords: water‑assisted and water exchange
colonoscopy, adenoma and polyp detection, artificial intelligence, deep learning, neural
networks, and computer‑aided colonoscopy. We reviewed relevant articles published in
English from 2010 to May 2020. Additional articles were searched manually from the
reference lists of the publications reviewed. We discussed recent advances in both WE and
AI, including their advantages and limitations. AI may mitigate operator‑dependent factors
that limit the potential of WE. By increasing bowel cleanliness and improving visualization,
WE may provide the platform to optimize the performance of AI for colonoscopies.
The strengths of WE and AI may complement each other in spite of their weaknesses to
maximize adenoma detection.

Keywords: Adenoma detection rate, Adenoma miss rate, Artificial intelligence,
Computer‑aided colonoscopy, Water exchange

Introduction

C

olorectal cancer (CRC) is the second most common cancer
and the third leading cause of cancer‑related mortality in
Taiwan. The rate of CRC has been increasing in Taiwan [1].
Early detection and removal of precancerous polyps is critical for CRC prevention [2]. Adenoma detection rate (ADR),
defined as the proportion of patients with at least one adenoma
of any size, is an important quality indicator for colonoscopy.
Every 1% increase in ADR correlates with 3% reduction in
interval CRC and 5% decrease in its related mortality [3]. In a
study of 29,969 participants in the Taiwanese Nationwide CRC
Screening Program who underwent colonoscopy after positive
fecal immunochemical testing, the overall ADR was 39.5%. Of
the included hospitals, 5.4% had ADR <15%, 77.5% had ADR
between 15% and 30%, and 17.1% had ADR >30% [4]. While
the Taiwanese population may have a slightly lower ADR
compared to its Western counterpart (14.7% vs. 20.7% in one
study), gastroenterology societies in Western countries recommend an ADR ≥30% in males and ≥20% in females [5,6].
Among the strategies to increase ADR, water exchange
(WE) has proven to be effective in at least three randomized
controlled trials (RCTs) [7‑9]. In contrast to conventional air
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insufflation colonoscopy, evacuation of water and debris in WE
provides salvage cleaning during insertion and better visualization of polyps during withdrawal, leading to higher adenoma
detection. The benefit of WE may be reduced, however, if
the endoscopist failed to recognize suspicious lesions. On the
other hand, artificial intelligence (AI) shows promising results
in improving ADR [10]. Nonetheless, false alarms caused
by bubbles and fecal debris may undermine its utility. In this
review, we discuss how the two methods may complement each
other to optimize polyp and adenoma detection.

Water exchange increases adenoma
detection rate compared with air
insufflation colonoscopy
Conventional colonoscopy uses air to insufflate the colon.
Air elongates and distends the colon, resulting in patient
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discomfort and intubation difficulty. To avoid the downsides of
air insufflation, WE completely excludes the use of air during
insertion by turning the air button off at the beginning of the
procedure. Instead of air, scope advancement is guided by
infusion of water, which is removed almost simultaneously to
keep the colon shortened and the lumen collapsed, thus attenuating insertion pain during colonoscopy. Multiple RCTs and
meta‑analyses had shown that WE significantly reduced insertion pain as compared with air insufflation. WE also increased
cecal intubation rate in potentially difficult, unsedated colonoscopy (92.7% vs. 76.4%; P = 0.033) [11], and proportions
of patients completing colonoscopy without sedation during
on demand sedation (93.3% vs. 76.0%, P = 0.006) [12].
A meta‑analysis found that patients’ willingness to repeat a
colonoscopy was significantly greater for WE than air insufflation [13]. However, the longer insertion time needed for
infusing clean water and suctioning dirty water during WE has
impeded adoption by more endoscopists. A recent meta‑analysis showed that WE incurred an increase in total procedure
time of about 2 min [14].
Further, Leung et al. observed that WE had numerically
higher adenoma yield [15]. This serendipitous observation
motivated researchers from around the world to perform RCTs
to establish the efficacy of WE colonoscopy in improving
ADR [7‑9]. Hsieh et al. found that the overall ADR for WE
and air insufflation was 49.8% and 37.8% in a prospective,
multicenter RCT, respectively [8]. WE significantly increased
ADR when compared to air insufflation (P = 0.016). Cadoni
et al. performed a prospective, multicenter double‑blinded
RCT in patients undergoing screening colonoscopy [7].
Compared to air insufflation, WE significantly increased
overall ADR (49.3% vs. 40.4%, P = 0.03) and right colon
ADR (24.0% vs. 16.9%, P = 0.04). In a large prospective multicenter RCT in China, Jia et al. found that ADR was 18.3%
for WE and 13.4% for air insufflation (P < 0.001) [9]. In all
these studies, WE had significantly higher bowel cleanliness
scores (Boston Bowel Preparation Scales) compared with air
insufflation [Table 1] [16].
Improvement in bowel cleanliness is a likely reason for
the superior ADR with WE. Most of the water infused is suctioned by the time cecal intubation is achieved. Thus, there is
less need for cleaning‑related activities during the withdrawal
phase. With fewer distractions from cleaning the mucosa
during withdrawal and the associated colonic contraction, the
endoscopist can focus better on inspecting the mucosa and
searching for polyps [17].

Adenoma miss rate and water exchange
Adenoma miss rate (AMR) is of great concern in colonoscopy. In a study of 183 patients undergoing back‑to‑back
colonoscopies, the AMR was 24% [19]. AMR was higher
for adenomas ≤0.5 cm than adenomas ≥1 cm (27% vs. 6%).
Interestingly, numerically more adenomas were missed in the
right colon than the left colon (27% vs. 21%, P > 0.05). This
was attributed to the fact that it was more difficult to achieve
adequate bowel cleanliness in the right colon.

Since WE was effective in improving ADR, WE was
speculated to decrease AMR. In a retrospective observational
study comparing WE and CO2 insufflation, Cheng et al. found
that WE had significantly lower AMR in the right colon
(17.5% vs. 33.8%, P = 0.034) and proximal colon (15.5%
vs. 30.4%, P = 0.018) [18]. Notably, the study emphasized
near‑complete removal of water during insertion. This was in
accordance with previous RCTs that showed WE significantly
increased ADR where 91%–102% of infused water was
removed during insertion [7‑9]. Proper implementation of WE
by aiming for near‑complete removal of infused water during
insertion appeared to be the key to reducing AMR.
Like most colonoscopy techniques, the extent of the beneficial effects (e.g., increased ADR and reduced AMR) of WE is
operator dependent. Therefore, the advantage of WE may be
diminished by endoscopist‑related factors, such as failure to
recognize lesions, physician inattention or fatigue, suboptimal
withdrawal time, and inadequate inspection techniques [20].

Artificial intelligence and computer‑aided
colonoscopy
AI refers to computer “self‑learning” and “problem‑solving.” It is the ability of a computer system or machine to
interpret external data, learn from the data set, and use those
learning to achieve a specific goal. This machine learning
model, or predictive algorithm, is adaptive to new circumstances, and its accuracy improves over time with more data
analyzed. Deep learning is a subfield of machine learning that
applies algorithms of artificial neural networks. It employs multiple layers of algorithms to progressively extract higher‑level
features from a raw input. At each layer, the algorithm identifies specific features and classifies them for the next layer until
a complex relevant concept is formed at the highest layer. For
example, a lower layer may identify edges. A higher layer
would identify certain shapes formed by the edges. Finally, at
the highest layer, where all these features are incorporated, a
particular image may be identified [Figure 1] [21].
There are different variations of deep neural networks. The
convolutional neural networks (CNNs) are particularly suitable
for image and video analysis, including quantification, recognition, and classification [22]. The CNNs have been applied in
the medical field to assist in pathologic lesion detection.
One such application is computer‑aided colonoscopy,
which employs CNNs to improve conventional colonoscopy.
Computer‑aided detection (CADe) and computer‑aided diagnosis (CADx) are the two major fields in computer‑aided
colonoscopy. Whereas CADx assesses a polyp’s likelihood of
being neoplastic or hyperplastic to prevent unwarranted polypectomies, CADe aims to detect any polyp regardless of its
histology. With the emergence of deep learning algorithms, the
performance of CADe has achieved close to expert endoscopist level in terms of polyp detection [23]. CADe has been
reported to increase polyp detection and reduce polyp miss
rate in retrospective and prospective studies [Table 2].
Fernández‑Esparrach et al. designed a model that used
energy maps to inform the likelihood of the presence of a
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Table 1: Key references which compared colon ADR and AMR between water exchange and air insufflation colonoscopy
Jia et al. [9]

Hsieh et al. [8]

Cadoni et al. [7]

Cheng et al. [18]

Water exchange
1653 cases

Air insufflation
1650 cases

Overall BBPS (mean±SD): 7.3±1.6

Overall BBPS: 7.0±2.3

<0.001

Right colon BBPS: 2.3±0.7

Right colon BBPS: 2.2±1.5

<0.001

Overall ADR: 18.3%
217 cases

Overall ADR: 13.4%
217 cases

<0.001

Overall BBPS (mean±SD): 7.1±1.3

Overall BBPS: 6.2±1.1

<0.001

Overall ADR: 49.8%
408 cases

Overall ADR: 37.8%
408 cases

0.016

Overall BBPS, median (IQR): 9.0 (7.0-9.0)

Overall BBPS: 8.0 (6.0-9.0)

<0.001

Right colon BBPS: 3.0 (2.0-3.0)

Right colon BBPS: 2.0 (2.0-3.0)

<0.001

Overall ADR: 49.3%

Overall ADR: 43.4%

0.04

Right colon ADR: 24.0%
86 cases

Right colon ADR: 16.9%
86 cases (CO2 insufflation)

0.03

Overall BBPS (mean±SD): 7.4±0.7

Overall BBPS: 7.0±0.5

<0.001

Overall ADR: 53.5%

Overall ADR: 58.1%

0.645

Overall AMR*: 18.9%

Overall AMR: 28.2%

0.071

P

Right colon AMR*: 17.5%
Right colon AMR: 33.8%
0.034
*Miss rates are based on per adenoma analysis (number of adenomas missed in the first colonoscopy divided by the total number of adenomas detected during both
the first and second colonoscopies). ADR: Adenoma detection rate, AMR: Adenoma miss rate, BBPS: Boston bowel preparation scale, SD: Standard deviation

Figure 1: Schematic outline of CNN feature extraction and classification for the polyp images

polyp [31]. The model achieved a sensitivity of 70.4% (95%
confidence interval [CI] 60.3%–80.8%) and a specificity of
72.4% (95% CI 61.6%–84.6%) for polyp detection. While
the model’s sensitivity and specificity were suboptimal, the
study demonstrated AI’s potential applicability in colonoscopy.
To improve AI’s performance and easy accessibility, Urban
et al. trained a CADe system using over 8000 images from
screening colonoscopies [25]. Their CADe system was able to
achieve a high accuracy of 96% for polyp detection. However,
it also had a false positive rate of 5%. Misawa et al. [24]
developed a similar CADe system that achieved a high sensitivity of 90% but only had a specificity of 63.3% and an
accuracy of 76.5%. However, 64.5% of the lesions the system
detected were flat polyps, suggesting that CADe may enhance
detection of these difficult‑to‑detect flat lesions. Yamada et al.
confirmed this finding [26]. Their AI system had a high sensitivity of 92.2% for non‑polypoid lesions. Moreover, it had
higher sensitivity (97.3% vs. 87.4%) and specificity (99.0% vs.
96.4%) in detecting lesions than the endoscopists. Becq et al.
also found that CADe could augment endoscopists’ polyp
110

detection in patients with different preparation qualities [27].
In 50 colonoscopies where 55 polyps were removed, Becq’s
CADe system identified additional 47 “definite polyps” and 63
“possible polyps” that were missed by the endoscopist. The
sensitivity and positive predictive values of the system were
98.8% and 40.6%, respectively. PDR was higher for CADe
compared with the endoscopist (81% vs. 62%). However, the
system also had a high false‑positive rate of 59.1%. These
studies showed promising results for CADe, but they were
performed in vitro under controlled settings using either still
images or videos.
The feasibility of CADe in clinical practices was tested
by Klare et al., who compared polyp detection rate (PDR)
and ADR between expert endoscopists and a CADe system
during real‑time colonoscopies [28]. The endoscopists had
a PDR of 56.4% (95% CI, 42.3%–69.7%) and an ADR
30.9% (95% CI, 19.1%–44.8%), whereas the CADe system
achieved a PDR of 50.9% (95% CI, 37.1%–64.4%) and an
ADR of 29.1% (95% CI, 17.6%–42.9%). Although the CADe
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Table 2: Summary of studies for computer aided convolutional neural network polyp detection
Misawa et al. 2018 [24]

Urban et al. 2018 [25]

Algorithm
and method
3D CNN (ex
vivo)

Image

Dataset

Processing
speed

Video

73 videos divided into 546 short videos

Training: 105 polyps positive, 306 polyps
negative; testing: 50 polyps positive, 85
polyps negative
CNN VGG19 Still and Training: 8641 images
(ex vivo)
video
Testing

Sensitivity: 90%; specificity: 63.3%;
accuracy: 76.5%

10 ms/frame

Becq et al. 2020 [27]

Klare et al. 2019 [28]
Wang et al. 2019 [29]

Video

CNN
CNN

Live
Live

3D CNN
Real time
RCT

50 prospectively collected videos

21.9 ms/image
30 frames/s

Frame by frame false positive rate: 5%
Sensitivity: 97.3%; specificity: 99.0%;
AUC: 0.975
PDR: 81%
Sensitivity: 98.8%

Real time
RCT
Liu et al. 2020 [30]

Accuracy: 96.4%

Set 2: 11 videos (missed polyp simulation)
Faster
Still and Training: 4087 images, and 135,874 video
R-CNN VGG video
frames
16 (ex vivo)
Testing: 4840 still images, and 77 videos
SegNet CNN
(ex vivo)

Sensitivity at 75%
False negative rate: 96.9%

Set 1: 9 videos
Yamada et al. 2019 [26]

Outcomes

55 live colonoscopies
Training: 5545 images
Test: 536 routine colonoscopy

Live

Training: 101 polyp positive; 300 polyp
negative

Positive predictive value: 40.6%
50 ms of latency Sensitivity: 75.3%; ADR: 29%
25 frames/s
ADR: 20.3% (conventional) versus
77 ms latency 29.1% (CAD), P<0.001
Mean number of polyps per procedure:
0.51 versus 0.97, P<0.001
PDR: Control (28%) versus CAD
(44%), P<0.001

Testing: 46 polyp positive; 88 polyp
negative

ADR: Control (24%) versus CAD
(39%), P<0.001
3D: Three-dimensional, ADR: Adenoma detection rate, CAD; CADe: Computer-aided detection, CNN: Convolutional neural network, PDR: Polyp detection
rate, R-CNN: Region-convoluted neural networks, VGG: Visual geometry group

system did not significantly impact PDR or ADR, the study
demonstrated that real‑time AI application in colonoscopy
was possible. Wang et al. conducted the first prospective
RCT assessing the efficacy of a real‑time CADe system on
ADR [29]. The CADe significantly increased ADR by nearly
50% (29.1% vs. 20.3%, P < 0.001). The CADe detected
more diminutive adenomas (185 vs. 102, P < 0.001) and
hyperplastic polyps (114 vs. 52, P < 0.001). Enhancing
hyperplastic PDR could be useful for diagnose‑and‑leave
strategy in future application. In a large prospective RCT, Liu
et al. compared the efficacy of a CADe with conventional
colonoscopy in 1,026 patients [30]. The system significantly
improved PDR (0.44 vs. 0.28, P < 0.001) and ADR (0.39 vs.
0.23, P < 0.001). The CADe also detected significantly
more small adenomas and significantly more sessile and
flat adenomas. Thirty‑six false alarms were reported, mostly
from bubbles (33.3%), feces (16.7%), and residual fecal
matter (13.9%). These RCTs provided strong evidence that AI
could significantly enhance ADR in real time.
In addition to increasing polyp detection with CADe,
CADx is able to differentiate neoplastic from nonneoplastic
diminutive (≤5 mm) polyps, achieving a negative predictive
value of 90% [32]. This fulfills the Preservation and
Incorporation of Valuable Endoscopic Innovations‑2 criteria
for diagnose‑and‑leave strategy. AI’s high hyperplastic PDR
also supports the diagnose‑and‑leave strategy. A recent study
showed that compared to the traditional resect‑all‑polyps
strategy, a diagnose‑and‑leave strategy supported by the AI

prediction could reduce the average annual colonoscopy
cost by 18.9% ($149.2 million) [33]. This result certainly
encourages the wider use of AI in colonoscopy. On the other
hand, a recent meta‑analysis showed that AI slightly increased
the withdrawal time (usually < 1 min) [34].

Water exchange and artificial intelligence
complement each other
How water exchange might help artificial intelligence

AI has demonstrated high sensitivity of 90%–98.8% for
polyp and adenoma detection, but its use may be limited by
high false‑positive rate and “false alarms,” which are usually
triggered by bubbles, debris, and fecal matters [24,26,27].
False alarms may distract endoscopists and negatively
impact ADR. False positive rate up to about 60% has been
reported [27]. This is especially concerning as many studies
on AI and CADe utilized selected “ideal” images or video
recordings that may not be representative of real‑life conditions with variable bowel cleanliness.
Even with split‑dose bowel regimen, there are still about
14% of patients with inadequate bowel preparation [35].
Another way to improve bowel cleanliness is intraprocedural
cleaning. With air insufflation, endoscopists usually focus on
reaching the cecum as quickly as possible during insertion
and clean the mucosa during withdrawal phase. Cleaning is
an integral part of the withdrawal technique in air insufflation
colonoscopy, and poor cleaning technique is correlated
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with lower ADR [36]. In contrast, WE provides salvage
cleansing by infusing clean water and suctioning out dirty
water during insertion. Head‑to‑head comparisons of WE
and air insufflation have consistently shown better bowel
cleanliness scores with WE [Table 1] [7‑9,17], suggesting
that insertion salvage cleansing in WE is more effective than
withdrawal cleaning in air insufflation and provides a better
platform for AI.

significant decline in ADR for each subsequent hour of the
day [47]. Compared to air insufflation, WE usually requires
longer insertion time and total procedure time [48], which
might aggravate endoscopist fatigue. AI has been used to help
surgeons reduce fatigue in surgery [49]. Using sound alarms
and visible signals to indicate the finding of a polyp, CADe
might draw the attention of a fatigued endoscopist back to the
endoscopic view and prevent missing of polyps.

One potential quality indicator of colonoscopy that WE
might help with is clarity of the colonoscopy lens. When
the lens is blurred by fecal materials, it obscures the views
of the endoscopist and surely would interfere with the scan
of AI. Because of the difficulty to objectively evaluate the
duration and degree of clarity during colonoscopy, Hsieh
et al. chose the frequency of lens cleaning as a surrogate
marker. In a blinded analysis of withdrawal phase videos from
RCTs comparing WE and air insufflation, WE significantly
reduced the frequency of lens cleaning compared with air
insufflation (mean [standard deviation], 2.4 [3.2] vs. 5.5 [5.0],
P < 0.001) [18]. Recent advances in the use of AI to assess the
quality of colonoscopies make objective scoring of lens clarity
possible [37]. Future studies using AI to compare the lens
clarity and its impact on ADR during WE and air insufflation
will be able to further address this issue.

CADe could serve as an additional observer to mitigate
some of the operator‑dependent factors that may limit the efficacy of WE. On the other hand, WE may provide an optimal
platform for AI by improving bowel cleanliness and clarity of
the endoscopic lens, thereby reducing false alarms. Thus, WE
and AI may have synergistic effects on improving ADR.

How artificial intelligence might help water exchange

The role of CADe is similar to that of a “second observer”
who points out the presence of a polyp to the endoscopist in
real time. In a retrospective cohort study, inexperienced endoscopists detected significantly less diminutive polyps (≤3 mm)
and flat polyps compared to expert endoscopists (461 vs. 97
and 422 vs. 28, respectively, both P < 0.001) [38]. Moreover,
the study showed detection rate of histological advanced
adenomas increased with the experience of the endoscopist,
implying that the inexperienced endoscopists were missing
small polyps with advanced histology. The inclusion of a
second observer, either a trainee or an experienced nurse,
during colonoscopy has been shown to significantly increase
ADR [39‑41]. Of note, the increase in ADR seems to be
directly proportional to the experience of the second observer.
Compared with colonoscopies performed by an attending gastroenterologist alone, the involvement of fellows increased
ADR with each year of training [39]. CADe has achieved
expert level in terms of polyp detection and would be a very
helpful “second observer” [25]. Moreover, CADe has been
shown to significantly increase detection of diminutive adenomas and nonpolypoid polyps that could have otherwise been
missed by inexperienced endoscopists [26,29]. With all of its
merits, WE still had a 17.5% AMR (per adenoma) in the right
colon [17]. With the addition of CADe, WE could be expected
to achieve a lower AMR and higher PDR.
Negative impacts of fatigue on outcomes have been well
documented in both medical fields, such as resident trainees,
and surgeons, as well as non‑medical professions, such as
pilots and truck drivers [42‑45]. In endoscopists who worked
a full‑day shift, the ADR of the afternoon colonoscopy was
significantly lower than that of the morning (RR: 1.18;
95% CI, 1.07–1.29) [46]. A retrospective study reported a
112

Conclusion
Both AI and WE hold the promise to improve adenoma
detection. WE can enhance the performance of AI by improving bowel cleanliness and reducing false alarms. AI can
maximize the efficacy of WE by promoting recognition
of polyps. They may complement each other to optimally
improve ADR.
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