Real-Time Feedback During Colonoscopy
to Improve Quality: How Often
to Improve Inspection?
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Abstract Colorectal cancer (CRC) is the second leading cause of cancer deaths in
the US despite wide use of colonoscopy to prevent CRC-related death. The current
explanation for the failure of colonoscopy to prevent most CRC-related death is that
lesions are not detected or completely removed. Real-time feedback during
colonoscopy has the potential to alert endoscopists that sub-optimal visualization of
the colon mucosa is occurring. To determine what type and frequency of feedback
most likely will improve colonoscopy, we studied a set of randomly obtained video
files for four features associated with quality of visualization: clear or blurry frames,
camera speed, amount of remaining debris and effort of the endoscopist to inspect in
a circumferential fashion all of the mucosa. Our results show that the two types of
feedback most frequently needed to improve visualization are reminders to obtain
clear frames or to inspect all of the mucosa in circumferential fashion.

Keywords Video stream analysis - Quality features . Real-time feedback -
Colonoscopy + Colorectal cancer - Education

1 Introduction

Colorectal cancer (CRC) is a preventable cancer that is diagnosed in around 150,000
people each year in the US. Despite the fact that it can be prevented, about 50,000
patients die from CRC annually [1]. There is wide-spread consensus that the current
preventive strategies in place in the US should drastically reduce the incidence
and mortality of CRC, yet for a multitude of reasons this has yet to happen [2, 3].
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Of all the methods to prevent death from CRC, colonoscopy holds most promise; it is
a technique that allows detailed inspection of the entire colon and at the same time
removal of all premalignant lesions. The latter is commonly performed during the
withdrawal phase of the procedure. Colonoscopy is also readily available in most
geographical areas of the US with wide-spread coverage of the procedure by payers.

The main problem with colonoscopy is the relatively limited CRC protective
effect it currently provides. Several studies have shown limited or even total
absence of a protective effect (i.e., in the right colon) against mortality of CRC,
especially outside carefully controlled trials [2, 3]. More recent studies have shown
a definite protective effect, in particular for CRC of the left colon [4, 5]. CRC of the
right colon appears to be more difficult to prevent and numerous explanations for
the relative failure of colonoscopy have been proposed. In general, these expla-
nations can be divided into two sets. One set focuses on patient and biology related
factors; these include a poor preparation, an inability of the patient to cooperate
during the procedure, an abnormal anatomy, flat polyp morphology or an unfa-
vorable polyp or tumor biology. Indeed, these factors all may be present more in
right-sided CRC: frequently bile and small bowel content covers the right colon, the
deep folds of the right colon make inspection difficult, and flat, more rapidly
progressing tumor biology (CIMP pathway) is much more likely in neoplasia of the
right colon. The other set of explanations focuses on procedure and endoscopist
related factors: suboptimal equipment, no removal of remaining debris, not reaching
the cecum, fast withdrawal, no effort at inspection of areas behind folds and
angulations, and inadequate polyp removal technique.

A key study supporting this concept was published in 2014 and shows that for
every 1 % increase in adenoma detection rate (ADR), there was a 3 % decrease in
interval CRCs; the lowest interval CRC rate was observed among endoscopists with
an ADR > 33.5 % [6]. Proponents of the first set of factors may point to the patient
responsibility for a clean colon, the type of preparation and patient compliance,
outline the benefits of propofol sedation and believe that interval CRC is a result of
rapid growth. Proponents of the second set of factors are of the opinion that
gastroenterology-trained endoscopists provide better quality than other endosco-
pists, believe that removal of debris, complete inspection and total removal of all
neoplasia can be achieved and should lead to nearly complete protection against
CRC if screening and surveillance guidelines are followed; interval cancers are
considered a result of missed lesions (polyp or small cancer) or incomplete
resection of identified lesions at prior colonoscopy. In reality there is not a strict
separation into two sets of opinions but a gradual range of opinions.

Several years ago the general opinion within gastroenterology, in particular
related to interval cancers, was more along the first set of explanations with a focus
on tumor biology. Lately, research has shown serious gaps in procedure quality,
suggesting that improvement in this area would dramatically improve patient out-
comes. The most important observations that favor procedure and endoscopist are
reports that show
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(1) wvast differences in interval CRCs among endoscopists, [7]

(2) a very low interval CRC rate in endoscopists with an adenoma detection rate
(ADR) of at least 20 % in Poland or > 33.5 % in the US, [6] and

(3) a very high CRC mortality reduction of 89 % when implementing a colon-
oscopy protocol that enforces high quality and results in 34 % ADR [8].

The question, then, is how to improve endoscopist technique during the colonos-
copy procedure within today’s challenging medical environment in which physi-
cians often feel pressure to see more patients in less time. Our hypothesis is that
providing feedback during the critical phase of the procedure — the withdrawal
phase - will result in improved endoscopist technique and higher ADRs.

2 Related Work

2.1 Endoscopic Multimedia Information System (EMIS)

Since 2003 our group has worked on creating an automated system to capture,
analyze and summarize video files representing an entire endoscopic procedure [9].
We have called our system EMIS for Endoscopic Multimedia Information System.
We have focused our efforts on colonoscopy. Our work has shown that our manual
EMIS annotation technique is reproducible among annotators with fair to good
inter-operator agreement; inter-operator agreement is best for very low and very
high quality procedures, but varies when quality is average. Our automated EMIS
technology results correlate with our manual annotation results, and both manual
and automated annotations correlate with ADR — the most widely accepted main
determinant of colonoscopy quality — for a set of video files representing the work
of a single endoscopist or an endoscopy group.

2.2 Commonly Used Indicators of Quality

All commonly used indicators of colonoscopy quality, such as cecal intubation rate,
average withdrawal time, ADR, polyp detection rate, and interval cancer rate, are
averages and provide no information about a single procedure [10]. Instead, these
quality parameters are summary data that reflect a group of procedures performed
by an individual endoscopist or a group of endoscopists over a specific time period.
An inherent feature of summary data is that a few really poor procedures combined
with a larger set of higher quality procedures will result in acceptable overall quality
scores. Intuitively it does not make sense to set as goal a specific withdrawal time
(several specific times have been proposed) or a specific number of cases in which
polyps should be detected. Instead, it would make sense to measure features that
directly define quality of each procedure. However, an accepted method to measure
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quality of colonoscopy during the procedure does not exist at the present time.
Therefore, our automated annotation, if it could be performed in real-time with
real-time reporting of measured quality, has the potential to provide real-time
feedback about quality, and thereby influence the outcome of the procedure.

2.3 Direct Indicators of Quality

Three things need to happen at the same time in order for a colonoscopy to be of
high quality. First the colon needs to be well prepared (Clean). Second, most if not
all of the mucosa needs to be inspected (Look Everywhere). And third, all neo-
plastic lesions, where possible, need to be completely removed (Abnormality
Removal) [11]. We have combined these three features into the CLEAR acronym.
EMIS uses computer-based algorithms to analyze the image stream generated
during — not after — colonoscopy for specific metrics based on the CLEAR prin-
ciple. EMIS does not interfere with actual colonoscopy as the same image stream is
displayed on a monitor allowing the endoscopist to view the colonic mucosa and
perform diagnostic and therapeutic procedures as indicated. To allow streaming
video file analysis for CLEAR features we created SAPPHIRE: middleware that
handles multiple simultaneous real-time algorithms and automatically distributes
these to either one or more threads, CPUs or GPUs, all the time making sure that all
single frame-related algorithms are completed before the next frame becomes
available [12, 13]. With a video frame rate of 30 frames/s this means SAPPHIRE
must complete all single frame-related analyses within a time span much shorter
than 33 ms in order to process the results and generate feedback information.

2.4 Features of EMIS

EMIS can detect whether the colon is clean, whether the endoscopist removes
remaining debris, whether the endoscopist tries to inspect the entire colon and
whether polyps are removed. Using a graphics card attached to a MS Windows OS7
workstation we automatically capture the video stream from the endoscope image
processor; algorithms process the video stream for many features related to quality.
For each algorithm we went through a similar multi-step process. First, we decided
what new or existing features needed to be derived to measure the desired quality
metrics. Next we created a training set of images that incorporated the presence or
absence of the features; for some training sets we used a binary approach (biopsy
cable in frame: present/absent), for others a continual range (stool pixels per frame:
0-100 %). The third step consisted of creating algorithms that measured the features
of interest. Initially we developed those in high level language such as MatLab.
Then we would use Machine Learning techniques to train our software on the
training set; next we determined sensitivity and specificity using the test set.
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Our goal is to achieve around 95 % sensitivity and specificity. Once we achieved
these marks, we rewrite our code in either C/C++ to increase speed of execution, or
when this does not result in fast enough execution, assembly language.

2.5 Real-Time Feedback

In addition to automated real-time analysis, EMIS allows real-time feedback. For
this we developed within SAPPHIRE a reporting module that summarizes from all
algorithms a summary state that is continuously updated in real-time; this summary
state can be sent for display on a monitor. Recently we described all the features
required to allow EMIS to function in real-time within a healthcare network; we
encountered numerous challenges yet eventually we solved all [14]. Thus we are
ready to test our first real-time feedback modules.

3 Methods

3.1 Features Ready for Real-Time Feedback

The protective effect of colonoscopy is directly related to removal of all precan-
cerous lesions; as lesions can only be removed if identified, the first thing that needs
to occur during colonoscopy is inspection of all mucosa, and where mucosa is
covered with remaining debris, this debris needs to be removed. This is not as
simple as it seems as the colon is a convoluted, moving tubular organ constantly
receiving bile-stained digestive juices and food particles from the small bowel. Our
algorithms for features that measure colon preparation and mucosal inspection have
gone through a number of iterations aimed at improving accuracy and speed; at
present they are fast enough to provide real-time analysis and the results have been
coupled to a feedback module. Thus we are ready to start providing feedback
related to colonic preparation and mucosal inspection.

3.2 In-Person Real-Time Feedback

Real-time feedback is commonly provided to physicians in training; indeed,
nowadays endoscopy is taught first by acquisition of basic endoscope handling
techniques on endoscope simulators. These simulators provide real-time feedback
about the force that is used to manipulate the endoscope within a simulated patient
and at the end of the simulation may summarize amount of mucosa and the number
of simulated polyps seen as well as extent of intubation and duration of the with-
drawal phase in a report. Next, after having observed experienced endoscopists
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during colonoscopy on real patients, trainees themselves start performing colon-
oscopy on patients under continuous in person supervision of experienced endos-
copists. Especially in the first days and weeks of hands-on patient endoscopy, the
trainee receives continues feedback about how to insert the endoscope, how to clean
the lens of the endoscope and the mucosa of the patient from remaining debris, and
how to maneuver the tip of the endoscope in order to achieve optimal inspection of
as much of the colon mucosa as possible.

3.3 Automated Real-Time Feedback

Our real-time feedback is targeted at experienced endoscopists as well as relatively
advanced trainees. Therefore, the intention is only to provide feedback when
endoscopic actions are seen that ideally are not present in endoscopies by experi-
enced gastroenterologists performing high quality colonoscopy. We are unaware of
an existing system that currently provides real-time analysis with real-time feedback
during endoscopic or surgical procedures; thus there are no examples of when and
how to provide real-time feedback. Based on domain expertise we defined four
feature/time feedback triggers during the withdrawal phase. First, we decided that
whenever the image was not clear or blurry due to debris covering the lens or the tip
of the scope being stuck within mucosa, the endoscopist should show efforts at
obtaining a clear image within 15 s. Second, we expected that with debris, easily
removable, an effort at removal should occur within 30 s. Third, we determined
whether removal speed was rather fast over 30 s or more. And last but not least, we
determined if there was obvious circumferential inspection activity within a 30 s
withdrawal segment. Whenever polyps were removed, the latter two could not be
evaluated as absent. For each 30 s segment we scored expected behavior as “0” and
behavior that would trigger feedback as “1”. Table 1 lists the feature annotations
and scoring. A single annotator with over 3 years of video file annotation experi-
ence annotating thousands of colonoscopy video files manually annotated all video
files. This annotator was trained in colonoscopy video file annotation and then
bench-marked to a set of 10 video files, annotated by a group of experienced
endoscopists.

Table 1 Features and annotation triggers

Name Feature Expected (no feedback) Feedback

Blur Clear image Clear within 15 s Blurry for at least 15 s
Stool Remaining debris Cleared within 30 s Not cleared within 30 s
Speed Withdrawal speed Moderate during 30 s Fast for at least 30 s
Spiral Circumferential withdrawal Present within 30 s Not present within 30 s
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4 Results

Video files were selected from a large set of video files obtained automatically as
part of our quality studies in January and February of 2014. Video files were
captured at a rate of approximately 30 frames/s. A total of 100 video files were
annotated for this study. There were 4 video files (4 %) where not a single feedback
trigger annotation was made; an example is shown in Table 2. This example is of
interest as the total withdrawal time, 3 min and 12 s, is far below the recommended
minimum withdrawal time of 6 min, yet not a single time was any of the manual
trigger thresholds reached. The remaining 96 video files each included from 1 to 44
feedback triggers. Table 3 summarizes the results for the 100 video files.

As can be seen from Table 3, there was a wide fluctuation within each feature
trigger with a large range for clear images and circumferential withdrawal. The
expected average number of feedback triggers given the current feature definition

Table 2 Example of a colonoscopy video file without any feedback triggers

Video file name Actual Frame | Time Blur | Stool | Speed | Spiral
time (s)

Colonoscopy VideoFileName | 6:00 10818 |15 0 0 0 0
6:15 11239 |30 0
6:30 11689 |45 0 0 0 0
6:45 12138 | 60 0
7:00 12588 |75 0 0 0 0
7:15 13037 |90 0
7:30 13487 | 105 0 0 0 0
7:45 13937 | 120 0
8:00 14386 | 135 0 0 0 0
8:15 14836 | 150 0
8:30 15285 | 165 0 0 0 0
8:45 15735 | 180 0
9:00 16184 | 195 0 0 0 0
9:12 16557 |207 0

Table 3 Summary of results for four inspection features. Withdrawal Time and Trigger Interval in

seconds
Withdrawal | Withdrawal | Blur | Stool | Speed | Spiral | All Trigger
frames time alerts | interval
Average 20518 685 4 1.01 |0.02 3.09 8.13 114
SD 10689 357 4 1.34 |0.14 3.56 |7.23 93
Minimal 5661 189 0 0.00 [0.00 0.00 |0.00 35
value
Maximal | 69362 2314 24 5.00 |1.00 27.00 |44.00 | 692
value
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was 8 + 7 (Mean + SD) triggers per colonoscopy. The average interval between
triggers was nearly 2 min with a very wide range from once every 35 s to once in
nearly 12 min. Feedback triggers were not randomly distributed throughout video
files. Table 4 shows part of the feedback trigger annotations for the colonoscopy
with the largest number of triggers, 44. As can be seen many triggers were grouped
together between minute 30 and 33 after the start of the procedure.

5 Educational Analysis

The two examples shown in Tables 2 and 4 were further analyzed by careful review
of the events by an expert endoscopist with greater than 20 years of colonoscopy
experience to determine the potential educational value of the feedback. Annota-
tions were found to be accurate. In the procedure shown in Table 2 the colon was
well cleaned and most remaining debris was removed during insertion and with-
drawal. The image was always clear and speed during withdrawal was constantly in
the direction of the anus. Spiral activity was present each 30 s segment. However,
not all of the mucosa was seen, there was no inspection behind large folds and
flexures and the endoscopist did not go back to inspect mucosal areas missed.
Automated analysis of the video file (data not shown) revealed a very low total
spiral score, the number of completed 360 degree inspections, of 4; the absence of
back and forth movement with inspection of folds explains the low spiral score and
the very short withdrawal time. Thus the manual annotation was accurate but the
manual spiral annotation as performed not sufficient to generate feedback. The
automated analysis which can summate the complete circumferential inspection
activity over the entire withdrawal phase and provide an update of the time spent
inspecting the mucosa however would provide real-time feedback of the score and
withdrawal time, and inform the endoscopist that more effort towards inspection is
warranted.

In the procedure shown in Table 4, the colon was fairly clean except for sporadic
seeds, likely from a fruit or vegetable ingested in the days prior to colonoscopy.
Around 20 min a polyp was resected which resulted in some bleeding and while
inspecting the bleeding site, the endoscopist lost track of the polyp specimen.
Around minute 27.5 the polyp specimen was found and suctioned into the instru-
ment together with a number of seeds. Seeds are known to occlude the suction
system. More seeds were seen and by minute 30 the endoscopist had lost suction;
the endoscope tip was submerged in remaining debris, water used to wash the
lumen and seeds. After three minutes the suction ability for water, debris and air
was restored. The withdrawal phase was long, 30 min, but at least 10 min were
spent inspecting the bleeding polypectomy site, looking for the polyp specimen and
trying to regain suction. The automated analysis showed a spiral score of 19, which
seems correct, but is inflated due to the efforts at inspecting the bleeding site and
trying to find the polyp specimen. Another algorithm, determining forward and



Real-Time Feedback During Colonoscopy to Improve Quality ...

509

Table 4 Example of video file annotation with triggers (red); not all triggers are shown

Video file name Actual Frame | Time Blur | Stool |Speed | Spiral
time (s)
Colonoscopy video 9:30 17085 15 0 0 0 0
file name
9:45 17533 |30 0
10:00 17982 |45 0 0 0 0
10:15 18432 | 60 0
10:30 18882 |75 1 0 0 1
10:45 19331 90 0
11:00 19781 105 0 0 0 0
11:15 20230 120 0
11:30 20680 135 0 0 0 0
11:45 21129 150 0
12:00 21579 165 0 0 0 0
12:15 22028 180 1
12:30 22478 195 0 0 0 0
12:45 22928 | 210 1
13:00 23377 225 1 0 0 0
13:15 23827 | 240 0
13:30 24276 | 255 0 0 0 0
13:45 24726 | 270 1
14:00 25175  |285 0 0 0 0
14:15 25625 300 0
29;00 52148 1185 0 0 0 0
29;15 52598 1200 0
29;30 53047 1215 0 0 0 0
29:45 53497 1230 0
30500 53946 1245 1 0 0 1
30515 54396 1260 1
30;30 54846 1275 1 1 0 1
30:45 55295 1290 1
31;00 55745 1305 1 1 0 1
31515 56194 1320 1
31;30 56644 1335 1 1 0 1
31:45 57093 1350 1
32;00 57543 1365 1 0 0 0
32;15 57992 1380 1
32;30 58442 1395 1 1 0 0
32:45 58892 1410 1
33;00 59341 1425 0 0 0 1
33;15 59791 1440 0

(continued)
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Table 4 (continued)

Video file name Actual Frame | Time Blur | Stool |Speed | Spiral

time (s)

3330 60240 1455 0 0 0 1
33;45 60690 1470 0

3400 61139 1485 1 0 0 1
34;15 61589 1500 1

3430 62038 1515 0 0 0 0
34;45 62488 1530 0

35,00 62937 1545 1 0 0 0
3515 63387 1560 0

3530 63837 1575 0 0 0 0
35:45 64286 1590 0

36,00 64736 1605 0 0 0 0
3615 65185 1620 0

36,30 65635 1635 0 0 0 0
36:45 66084 1650 0

37,00 66534 1665 0 0 0 1
37:15 66983 1680 0

37:30 67433 1695 0 0 0 0
37;45 67883 1710 0

38,00 68332 1725 0 0 0 0
3815 68782 1740 0

38;30 69231 1755 0 0 0 1
38:45 69681 1770 0

39,00 70130 1785 0 0 0 0
39:;15 70580 1800 0

39;22 70791 1807 0 0 0 0

backward motion, can detect that the endoscope is not moving in meaningful
forward or backward direction, and the lack of this movement can be included in
determining circumferential withdrawal without movement in anal direction.

6 Discussion

Improving quality of colonoscopy with real-time feedback during the procedure has
never been done. Therefore we are investigating each step in the development of
real-time feedback. Here we determined how often feedback related to blurred
images, failure to remove remaining debris, high speed of withdrawal and absence
of circumferential withdrawal would occur if we used 15, 30, 30 and 30 s
respectively as feature triggers activating feedback. Our results support the
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following conclusions. First, real-time feedback during colonoscopy is needed as
quality fluctuates among procedures. Second, as shown in Table 3 real-time feed-
back is more likely to be beneficial for blurry images and absence of circumferential
withdrawal. Third, the thresholds used in this study, which were based on domain
expertise, for blurry frames and circumferential withdrawal with trigger time
periods of 15 and 30 s respectively seem ready for testing in the clinical envi-
ronment. Fourth, to our surprise, real-time feedback related to absence of removal
of remaining debris and withdrawal speed is unlikely to greatly influence quality of
colonoscopy. Fifth, feedback related to withdrawal time and cumulative circum-
ferential withdrawal should be included with blurry image and circumferential
withdrawal feedback. Sixth, the average interval between triggers of nearly 2 min
seems acceptable; moreover, any improvement in technique due to real-time
feedback will — automatically — decrease the number of trigger events and thereby
increase the interval between triggers.

Our in depth analysis of two outlier cases, one without any triggers, and one with
the maximal number of triggers revealed that meaningful real-time feedback during
colonoscopy will have to include a large number of features. Relative position of
the endoscopy, determined by delta forward-backward movement, will allow us to
determine whether circumferential inspection is occurring at more or less the same
location or during a gradual withdrawal of the instrument. 3D mapping of the colon
mucosa from 2D images will provide a second means of determining endoscope
movement direction anus [15]. Without any doubt additional features will need to
be included or developed once we have tested real-time feedback in clinical
practice.

Use of real-time feedback by endoscopy trainees for only spiral score and
cumulative spiral score was associated with significantly higher inspection tech-
nique [16]. Thus EMIS has the potential to educate “on the job” and likely will be
useful for objectively measuring and improving endoscopic technique of staff
endoscopists. Yet although these findings are very encouraging, several questions
remain. First, will EMIS be acceptable to staff endoscopists, especially those who
have been accustomed for many years to practice endoscopy without any peer
review? Second, will the effect of EMIS wear off over time? Third, more thorough
inspection in general means longer inspection per procedure and fewer procedures
per day; thus higher colonoscopy quality may lower endoscopist income. Lastly,
EMIS itself comes with costs which further may decrease endoscopist income.

In conclusion, we are one step closer to testing real-time feedback in the clinical
practice of experienced, staff endoscopists. Our results shown here support testing a
number of features and suggest that a moving feature trigger period of 15-30 s will
provide meaningful feedback without too many feedback triggers per procedure.
Additional studies are required to determine whether “on the job” education via
real-time feedback is acceptable and will lead to persistent improvement in
endoscopist technique and decreases CRC mortality.
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