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Introduction
!

Sedation during colonoscopy is associated with a
risk for complications, high costs, and post-proce-
dural activity restrictions and need for escort. Un-
sedated colonoscopy should be an option at the
patient’s discretion [1], but refinement of colo-
noscopy technique and equipment is necessary
for the procedure to be completed at a tolerable
level of discomfort.
Several trials have shown that carbon dioxide
(CO2) insufflation during colonoscopy is associat-
ed with less discomfort than is air insufflation,
primarily because of a reduction in post-proce-
dural pain [2]. Water exchange, a water-aided co-
lonoscopy technique that employs the constant
infusion and removal of water during insertion
to the cecum without the use of air or CO2, has
also been shown to reduce discomfort during
colonoscopy compared with standard air insuf-
flation [3–5]. Few studies have compared water-
aided colonoscopy with CO2 insufflation [6,7].
Moreover, most previous trials of water-aided co-

lonoscopy included predominantly male patients,
were single-center trials, or were carried out by
few endoscopists [8]. Our aim was to compare
water exchange colonoscopy with CO2 insuffla-
tion in a multicenter randomized controlled trial
comprising a gender-balanced study population
to improve the generalizability of the results.

Patients and methods
!

Study design and end points
This was a prospective, multicenter, single-blind-
ed randomized controlled trial. Patients were
randomized 1:1 to colonoscopy with water ex-
change or CO2 insufflation during colonoscope in-
sertion (●" Fig.1). Randomization lists were gen-
erated by a computer in blocks of six (three pa-
tients allocated to water exchange and three to
CO2), stratified by gender. Study collaborators not
involved in the colonoscopy procedures random-
ized the patients and prepared a sealed envelope
for each patient containing information on group
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Background and study aims: Compared with air
insufflation, water exchange and carbon dioxide
(CO2) insufflation have been shown to reduce co-
lonoscopy discomfort; however, head-to-head
studies of the twomethods are lacking.We aimed
to compare water exchange and CO2 insufflation
directly with regard to pain during primary unse-
dated colonoscopy.
Methods: Patients willing to undergo unsedated
colonoscopy at three centers in Norway and Po-
land were randomized 1:1 to water exchange or
CO2 insufflation during colonoscope insertion. Pa-
tients were blinded to group allocation. The pri-
mary end point was the proportion of patients re-
porting moderate or severe procedural pain on a
4-point verbal rating scale (VRS-4) at discharge.
Secondary outcomes included the proportion of
patients reporting no pain on the VRS-4.

Results: A total of 473 patients were randomized.
A discharge pain questionnaire was completed by
226 of 234 patients (97%) in the water exchange
group versus 226 of 239 patients (95%) in the
CO2 group (P=0.37). Moderate or severe pain was
reported by 47 of 226 patients (21%) in the water
exchange group versus 60 of 226 patients (27%) in
the CO2 group (P=0.15). No pain was reported by
100 of 226 patients (44%) and 69 of 226 patients
(31%) in the water exchange and CO2 groups,
respectively (P=0.003). On-demand sedation was
used in 15 patients (6%) in each group (P=0.95).
Conclusions: There was no significant reduction
inmoderate or severe pain in a comparison of wa-
ter exchangewith CO2 insufflation. The secondary
outcome of no pain was significantly more fre-
quent in the water exchange group.
Clinical trials registry number: NCT01633333.
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allocation. To obtain a study population balanced at baseline for
each endoscopist in regard to colonoscopy method and patient
gender, separate sets of envelopes were provided for each endos-
copist, with consecutively numbered envelopes in blocks of six
for men and women. The study procedures were performed by
six endoscopists experienced in unsedated colonoscopy. After in-
formed consent had been obtained, the endoscopy assistant
opened an envelope to determine group allocation. Patients
were blinded to their group allocation until all data were collec-
ted. They were not informed about which method was being
used, and they were prevented from watching the procedure on
the monitor during colonoscope insertion. To assess the effect of
blinding, patients were asked at discharge to guess which meth-
od had been used. Also at discharge, a secretary blinded to group
allocation asked each patient to report procedural pain on a 4-
point verbal rating scale (VRS-4) with self-explanatory categories
(no, slight, moderate, or severe pain).
The primary study end point was the proportion of patients re-
porting moderate or severe pain versus no or slight pain at dis-
charge, as measured on the VRS-4. Sedation was available on de-
mand. If cecal intubation failed because of severe pain and the
patient declined sedation, there was an option for the endos-
copist to attempt to complete the unsedated procedure with an
ultrathin colonoscope to ensure the best possible patient care
[9]. These cases were considered intubation failures according to
the intention-to-treat principle andwere defined for statistical a-
nalysis of the primary end point as patients having severe pain
because pain scores at discharge could reflect the examination
with the ultrathin instrument. Procedural data from the rescue
examinations with ultrathin colonoscopes were excluded from
the analyses.
The proportions of patients reporting no pain on the VRS-4 were
compared in a post hoc analysis. Secondary end points included
pain scores recorded in real time during colonoscopy on an 11-
point numeric rating scale (NRS-11) ranging from 0 (no pain) to
10 (very severe pain). The principle of the NRS-11 was explained
to the patients before the procedure. During colonoscope inser-
tion, the assisting nurse asked the patient to indicate the highest
NRS-11 score after each of the five colonic segments (sigmoid,

splenic flexure, transverse colon, hepatic flexure, and ascending
colon/cecum) had been negotiated. The colonoscope configura-
tion displayed on a magnetic endoscope imager (ScopeGuide;
Olympus Europa, Hamburg, Germany) and visible anatomical
landmarks were used to ascertain progress through each colonic
segment. The highest NRS-11 score during insertion was defined
as maximum pain, and the mean of all segmental NRS-11 scores
was defined as overall pain. Other secondary end points were the
proportion of patients requesting sedation or analgesia during
colonoscope insertion, cecal intubation rate, cecal intubation
time, total procedure time, post-procedural involuntary anal
leakage (yes/no), and proximal and overall detection of polyps
and adenomas. The need for external abdominal pressure during
colonoscope insertion was recorded (yes/no). Bowel preparation
was assessed with the Boston Bowel Preparation Scale [10]. Post-
procedural involuntary anal leakage within 24 hours after colo-
noscopy was recorded on a take-home questionnaire returned
in a prepaid envelope, but only at the Norwegian centers [11].
Polyps were routinely removed during withdrawal. The trial was
approved by the regional ethics committees in Norway and Po-
land and registered at www.clinicaltrials.gov (NCT01633333).

Patients
Patients were enrolled at two centers in Norway (Kristiansand
and Arendal) and one center in Poland (Warsaw). Inclusion crite-
ria were colorectal cancer screening or polyp surveillance as an
indication for colonoscopy, age 50 to 80 years, and willingness to
undergo primary unsedated colonoscopy. At the Norwegian cen-
ters, consecutive participants in a population-based screening
colonoscopy trial were eligible [12]. Consecutive patients sched-
uled for unsedated screening or polyp surveillance colonoscopy
were eligible at the Polish center.
Exclusion criteria were demand for sedation or analgesia before
the start of the procedure, previous partial or total colonic resec-
tion, pregnancy, and unwillingness or inability to provide in-
formed consent. Additional exclusion criteria were relevant for
the subset of patients recruited in the screening trial at the Nor-
wegian centers (need of long-term nursing for somatic or psy-
chosocial reasons or mental retardation, ongoing cytotoxic treat-

Consecutive eligible patients, n = 513 

Randomization, n = 473

Declined to participate, n = 7
Did not read the invitation letter, n = 8

Water exchange,
n = 234

Non-
responders,

n = 8

Non-
responders,

n = 13

Carbon dioxide insufflation,
n = 239

Analysis of primary end point,
n = 226

Analysis of primary end point,
n = 226

Excluded, n = 25 (5 men, 20 women)
–  18 requested sedation before the   
 examination
–  2 had ineffective bowel preparation
–  5 met other exclusion criteria

Fig.1 Study flow chart.
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ment or radiotherapy for malignant disease, severe chronic cardi-
ac or pulmonary disease [New York Heart Association class III or
IV], lifelong anticoagulant treatment, coronary or cerebrovascular
incident requiring hospitalization during the past 3 months, resi-
dence abroad or unknown). A split-dose bowel preparation regi-
men was recommended to all patients, and the vast majority
used 3 to 4L of polyethylene glycol solution.

Colonoscopy techniques and equipment
The water exchange method used in the current trial has been
described in detail by Leung et al. [13]. We used the same type
of adult colonoscope with water jet channels (CF-H180DI/L;
Olympus Medical Systems, Tokyo, Japan) in all study procedures.
A magnetic endoscope imager (ScopeGuide) was used in all pro-
cedures. A water pump with a foot pedal (OFP-2; Olympus) was
used in the water exchange group but not in the CO2 group.This
equipment allows the simultaneous infusion and suction of wa-
ter. In the water exchange group, the CO2 pump was switched off
during colonoscope insertion.Water at body temperaturewas in-
fused as needed to identify the lumen and simultaneously suc-
tioned out during colonoscope insertion. Opaque liquid was suc-
tioned and replaced by clean water while it was continuously at-
tempted to keep the residual water volume at a minimum. Resi-
dual gas pockets were suctioned out. The CO2pumpwas switched
on when the cecum was intubated. If the gas pump had to be
switched on to reach the cecum, the colonic segment and reason
for the switch to CO2 were recorded. The intention-to-treat cecal
intubation rate in the water exchange group was defined as the
proportion of cases in which there was no need to use CO2 during
intubation. The overall cecal intubation rate also included cases
inwhich the CO2 pump had to be switched on to reach the cecum.
CO2 insufflation was used during insertion in the CO2 group and
during withdrawal in both groups. Syringes with water were
used as needed in the CO2 group for cleansing purposes, and the
volume was recorded.
Cecal intubation was defined as reaching beyond the ileocecal
valve to allow optimal inspection of the cecal pole. High defini-
tion monitors and Olympus EVIS EXERA II 180 series video pro-
cessors and light sources were used in all procedures.

Colonoscopist training
All participating colonoscopists attended a 2-day practice course
arranged for the purpose of this trial in which hands-on training
was supervised by a colleague experienced in thewater exchange
method. Each training case was performed as a video-transmit-
ted “live endoscopy” to allow interactive participation among all
endoscopists. After the meeting, all endoscopists practiced the
water exchangemethod to reach an intention-to-treat cecal intu-
bation rate of 90% or higher in the last 30 cases before entering
the trial. All endoscopists also completed an e-learning course
on the Boston Bowel Preparation Scale (https://www.cori.org/
bbps/), and several training videos were discussed to facilitate in-
ter-rater agreement on the bowel preparation scores.

Power estimates and statistical methods
Earlier reports in the literature indicated that procedural pain
could be expected to be approximately 50% lower with water ex-
change than with air insufflation [3–5]. Two earlier Norwegian
trials comparing CO2 insufflation and air insufflation showed no
significant reduction in pain during colonoscopy when CO2 was
used [14,15]. Based on these data, we assumed that a comparison
between water exchange and CO2 insufflation would result in a

difference in pain scores similar to that reported for water ex-
change versus air insufflation. Observational data from 2011
from one of the centers in the current study indicated that 23%
of patients reported moderate or severe procedural pain (<10%
received sedation or analgesia) after colonoscopy with CO2 insuf-
flation. In order to show a 50% reduction in the proportion of pa-
tients with moderate or severe pain in the water exchange group
comparedwith the CO2 group, with 80% power and a significance
level of 5%, 229 patients had to be included in each group, assum-
ing that 80% completed the pain score questionnaire.
Proportions, including the primary end point, were compared
with the chi-squared test or Fisher’s exact test, as appropriate.
The Cochran–Armitage test for trend was performed to compare
VRS-4 pain scores overall across study groups and to justify a post
hoc comparison of the proportions of patients reporting no pro-
cedural pain. Univariable logistic regression analyses were used
to assess the effect of individual baseline variables and endos-
copist on the primary end point. Variables significant at P≤0.25
in univariable analyses as well as potential interaction terms
were analyzed in a multivariable logistic regression model to as-
sess the adjusted effect of colonoscopy technique on the primary
end point. To account for a possible center effect, using the same
covariates as in the unconditional model, we also constructed a
conditional logistic regression model with endoscopy center as a
fixed effect. To assess variability in VRS-4 pain scores and account
for clustering on individual endoscopists, a mixed effects logistic
regression analysis with random endoscopist intercept was done
and compared with the standard logistic regression model by the
likelihood ratio test. Continuous variables were checked for nor-
mality and compared by using appropriate parametric or non-
parametric tests. The NRS-11 pain scale was treated as a contin-
uous variable for the presentation of mean scores with 95% con-
fidence intervals, and as an ordered multinomial variable for
group comparison with the Mann–Whitney test. All tests were
two-sided, and P values of less than 0.05 were considered statis-
tically significant. Statistical analyses were performed with Stata
13.1 software (StataCorp, College Station, Texas, USA).

Results
!

Baseline variables
Between June 2012 and December 2013 (with different starting
dates at the trial centers), 513 consecutive patients were con-
sidered for inclusion in the trial, and 473 were randomized
(●" Fig.1). The groups were well balanced with regard to demo-
graphic and baseline characteristics (●" Table1). At discharge,
41% in the CO2 group and 53% in the water exchange group
guessed correctly as to which group they had been allocated
to (P=0.35). Procedural data are summarized in●" Table2.

Patient pain
At discharge, 226 of 239 patients (95%) in the CO2 group versus
226 of 234 patients (97%) in the water exchange group comple-
ted the questionnaire on procedural pain (P=0.37). The remain-
ing patients left the endoscopy center without completing the
questionnaire (reasons not recorded). Moderate or severe pain
as measured by the VRS-4 (primary end point) was reported by
60 of 226 patients (27%) in the CO2 group versus 47 of 226 pa-
tients (21%) in the water exchange group (P=0.15) (●" Fig.2). Of
these, 9 procedures in the CO2 group and 1 in the water exchange
group failed to reach the cecum as a result of pain; they were
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completed with an ultrathin colonoscope and defined as having
severe procedural pain with the allocated method, as explained
in the methods section. All of these 10 procedures were aborted
in the sigmoid colon with the allocated method, and the mean
(standard deviation [SD]) sigmoid colon NRS-11 score was 8.9
(1.2).
Overall, VRS-4 pain scores were significantly higher in the CO2

group than in the water exchange group (P=0.007, Cochran–Ar-
mitage test for trend). No procedural pain on the VRS-4 was re-
ported by 69 of 226 patients (31%) in the CO2 group versus 100
of 226 patients (44%) in the water exchange group (P=0.003)
(●" Fig.2).
Sedation or analgesia during the procedure was required by 15
patients (6%) in each group (P=0.95). Midazolam was used in 13
patients in the CO2 group and 14 patients in the water exchange
group, with mean (SD) doses of 2.4mg (0.3) and 2.7mg (0.7),
respectively (P=0.19). Fentanyl was used in 11 patients in the

CO2 group and 15 patients in the water exchange group, with
mean (SD) doses of 48µg (13) and 47µg (16), respectively (P=
0.86). One patient in the CO2 group received 50mg of pethidine.
Female sex was the only independent predictor of moderate or
severe pain in multivariable logistic regression analyses (●" Ta-
ble3). Accounting for center effects with conditional logistic re-
gression had only a marginal, insignificant effect on the results
(●" Table3). There was no significant interaction between pa-
tient sex and colonoscopy technique or patient sex and previous
abdominal surgery (data not shown). Heterogeneity in VRS-4
pain scores among individual endoscopists is shown in●" Fig.3.
However, there was no significant association between individ-
ual endoscopist and the primary outcome in univariable logistic
regression, multivariable logistic regression, or mixed effects lo-
gistic regression with random endoscopist intercept (data not
shown).

Table 2 Procedural outcomes in the carbon dioxide and water exchange groups.

CO2

(n=239)

Water exchange

(n=234)

P value

Sedation/analgesia used on demand, n (%) 15 (6) 15 (6) 0.951

Intention-to-treat cecal intubation rate,2 n (%) 219 (92) 197 (84) 0.011

Overall cecal intubation rate, n (%) 219 (92) 227 (97) 0.023

Cecal intubation time, median (IQR), min 11 (7–16) 15 (11–21) < 0.0014

Total procedure time, median (IQR), min 24 (19–31) 30 (24–38) < 0.0014

External abdominal pressure, n (%) 121 (51) 90 (38) 0.0031

Boston Bowel Preparation Scale score, median (IQR) 7 (6–9) 7 (6–9) 0.764

Any water used during insertion, n (%) 113 (47) 234 (100) < 0.0013

Volume of water used to reach cecum, mean (SD), mL 39 (64) 537 (365) < 0.0015

Volume of water in suction bottle when cecum was reached, mean (SD), mL 172 (120) 527 (377) < 0.0015

Procedures per endoscopist, median (IQR) 25 (18 –51) 25 (17–49) 0.944

Maximum pain during colonoscope insertion (NRS-11),6 median (IQR) 5.0 (3–8) 5.0 (3–7) 0.0064

Overall pain during colonoscope insertion (NRS-11),7 median (IQR) 2.4 (1.4–3.8) 2.0 (1.0–3.2) 0.024

Post-procedural involuntary anal leakage,8 n (%) 0 (0) 2 (1) 0.243

Polyp detection rate, n (%) 113 (47) 148 (63) < 0.0011

Adenoma detection rate, n (%) 74 (31) 81 (35) 0.401

Advanced adenoma detection rate,9 n (%) 20 (8) 17 (7) 0.661

Proximal adenoma detection rate,10 n (%) 42 (18) 49 (21) 0.351

Adenomas per procedure 0.60 0.66 0.484

Sessile serrated adenoma detection rate, n (%) 20 (8) 30 (13) 0.121

IQR, interquartile range; SD, standard deviation; NRS-11, 11-point numeric rating scale.
1 Chi-squared test.
2 Cecal intubation rate when 30 procedures in the water exchange group are defined as intubation failures because the CO2 pump was switched on during intubation.
3 Fisher’s exact test.
4 Mann–Whitney test.
5 Student’s t test.
6 Includes all procedures.
7 Includes only procedures completed to the cecum.
8 Based on 356 feedback questionnaires (variable registered only at the Norwegian centers).
9 Advanced adenomas: adenomas≥10mm in diameter, or with villous components, or with high grade dysplasia.

10 Proximal to the splenic flexure.

Table 1 Baseline characteristics
in the carbon dioxide and water
exchange groups.

CO2

(n=239)

Water exchange

(n=234)

P value

Women, n (%) 118 (49) 114 (49) 0.891

Age, mean (SD), y 61 (3.7) 60 (4.5) 0.722

Body mass index, mean (SD) 26.7 (4.1) 26.9 (3.8) 0.612

Previous abdominal surgery, n (%) 71 (30) 59 (25) 0.271

Diverticulosis, n (%) 59 (25) 47 (20) 0.451

Screening as indication for colonoscopy, n (%) 219 (92) 208 (89) 0.311

SD, standard deviation.
1 Chi-squared test.
2 Student’s t test.
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Maximum and overall procedural pain scores on the NRS-11
scale (secondary end point) are shown in ●" Table2. NRS-11
scores by patient sex are shown in●" Fig.4, and segmental scores
are shown in●" Fig.5.
Data regarding involuntary anal leakage after the procedurewere
available from 181 of 239 patients in the CO2 group and 175 of
234 patients in the water exchange group; the results are pres-
ented in●" Table2.

Cecal intubation
In 30 patients in the water exchange group, the CO2 pump had to
be switched on to reach the cecum for various reasons (12 be-
cause of insufficient bowel preparation and the remainder be-
cause of difficulties in finding the colonic lumen). All 30 proce-
dures were completed to the cecum. Consequently, the inten-
tion-to-treat cecal intubation rate was 92% (219 of 239) in the
CO2 group versus 84% (197 of 234) in the water exchange group
(P=0.01), and the overall cecal intubation rate in the water ex-
change group was 97% (227 of 234) versus 92% in the CO2 group
(P=0.02). Pain was the reason for cecal intubation failure in 10 of
20 patients (50%) in the CO2 group and 2 of 7 patients (29%) in
the water exchange group (P=0.04).

Polyp detection
The proportion of patients in whom at least one polyp was de-
tected (including all histologic subtypes) was 47% (113 of 239)
in the CO2 group versus 63% (148 of 234) in the water exchange
group (P<0.001); however, the difference between the adenoma
and sessile serrated adenoma detection rates did not reach statis-
tical significance (●" Table2). There were no serious procedural
complications in either group.

Discussion
!

The principal intention with water-aided colonoscopy is to ease
insertion of the instrument and thereby cause less discomfort
for the patient than occurs with air or CO2 insufflation. Several
small trials in specialized patient groups or health care settings
have indicated such an effect, but the evaluation of pain during
colonoscopy has not been standardized. We used several meth-
ods to evaluate procedural pain, with results that warrant discus-
sion.
We chose a simple VRS-4 pain scale as the primary end point
variable because it has long been used in the Norwegian national
endoscopy quality assurance program [11]. Although the VRS-4
has not, to our knowledge, been directly validated for the evalua-
tion of pain during colonoscopy, it has been validated and shown
to be comparable with other pain-rating scales in distinguishing
levels of pain intensity in an experimental setting [16]. The di-
chotomy of the VRS-4 into no or slight versus moderate or severe
pain was chosen to highlight the pain categories that we consid-
ered to be the most important clinically. It may, however, be ar-
gued that no pain is an equally or even more relevant end point.
The difference between the proportions of patients reporting
moderate or severe pain in the water exchange and CO2 groups
observed in the current trial was not statistically significant.
However, this does not preclude the existence of a clinically rele-
vant difference. First, our sample size was calculated with the hy-
pothesis of a 50% reduction in moderate or severe pain based on
observations in trials in which water exchange was compared
with air insufflation [3–5], and an assumption that procedural
pain scores for CO2 and air insufflation are not significantly differ-
ent [14,15]. Since the planning of our trial, a meta-analysis of
seven randomized controlled trials concluded that CO2 is asso-
ciated with significantly lower procedural pain scores than is air
insufflation, despite the fact that five of these trials did not show
a significant difference [2]. Another recent study also showed
that CO2 is associated with less procedural pain than is air insuf-
flation [7]. Consequently, our hypothesis may have been overly
optimistic and resulted in an underpowered trial to detect a

CO2

VRS-4 pain score
No Slight Moderate Severe

31%
44%

35%

16%

5%

43%

19%

8%

Water exchange

Pe
rc

en
t

100

75

50

25

0

Fig.2 Pain scores reported on a 4-point verbal rating scale after CO2 or
water exchange colonoscopy. Moderate or severe pain versus no or slight
pain: P=0.15; no pain versus slight, moderate, or severe pain: P=0.003
(chi-squared test). Total percentage in the CO2 column exceeds 100% be-
cause of rounding.

Table 3 Univariable and multivariable logistic regression analyses for moderate or severe pain during colonoscopy.

Predictors of moderate or

severe pain on the VRS-4

Univariable analysis Multivariable analysis1 Multivariable analysis (fixed center effect)1

OR 95% CI P value OR 95% CI P value OR 95% CI P value

Water exchange technique
(ref. CO2 insufflation)

0.73 0.47–1.12 0.15 0.73 0.46–1.14 0.16 0.73 0.47–1.14 0.17

Female sex (ref. male sex) 3.23 2.03–5.15 < 0.001 3.10 1.93–4.98 < 0.001 3.01 1.87–4.85 < 0.001

Previous abdominal surgery
(ref. no previous abdominal
surgery)

1.63 1.03–2.60 0.04 1.31 0.81–2.12 0.28 1.39 0.85–2.29 0.19

VRS-4, 4-point verbal rating scale; OR, odds ratio; CI, confidence interval; ref., reference.
1 Values are adjusted for all other variables in the model.
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Men
a b

Women

Maximum pain Overall pain

Men Women

N
RS

-1
1
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8

6

4

2

0

10

8

6

4

2

0

CO2 Water exchange 95% Cl

Fig.4 Mean maximum (a) and overall (b) pain
scores on an 11-point numeric rating scale (NRS-11)
for men and women during colonoscope insertion.

Sigmoid Splenic flexure Transverse Hepatic flexure Ascending/cecum

N
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1
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8
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Fig.5 Mean pain scores on an 11-point numeric
rating scale (NRS-11) in five colonic segments with
CO2 or water exchange (WE) colonoscopy. Green
error bars indicate 95% confidence intervals.

CO2
Fraction  of procedures per endoscopist
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VRS-4 pain score
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Fig.3 Pain scores on a 4-point verbal rating scale
in the water exchange and carbon dioxide groups
for each endoscopist. Width of bars indicates frac-
tion of procedures performed by each endoscopist.
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smaller, but clinically meaningful, effect. Second, post hoc analy-
ses showed higher VRS-4 pain scores overall in the CO2 group
than in the water exchange group, and a significantly larger pro-
portion of patients experiencing no pain in the water exchange
group than in the CO2 group (●" Fig.2), findings that are clinically
relevant.
As shown in●" Fig.3, pain scores differed among endoscopists in
our trial. Two of six endoscopists had higher VRS-4 scores with
water exchange than with CO2, one of whom also had higher
NRS-11 scores (data not shown). Although we did not find a sig-
nificant association between individual endoscopists and the pri-
mary end point, our data are not robust enough to draw firm con-
clusions, and the beneficial effect of water exchange on patient
pain may not be universal among endoscopists. As an example,
the performance of endoscopists who have very low pain scores
with CO2 may not improve with the water exchange technique.
Maximum and overall pain on the NRS-11 was significantly low-
er with water exchange than with CO2 (●" Table2); however, the
effect was less pronounced than was hypothesized from results
in the literature and less pronounced in women than in men
(●" Fig.4). While study populations in previous trials with larger
effect sizes were predominantly male, our results probably re-
flect an effect that is more generalizable to both sexes. The com-
parison of overall pain on the NRS-11 presented in●" Table2 and
●" Fig.4 included only procedures completed to the cecum to
avoid possible misjudgment resulting from incomplete data. Al-
though already statistically significant, the difference between
the groups was further increased in favor of water exchange in
sensitivity analysis including available data from all procedures
(data not shown). The extrapolation of pain scores from one rat-
ing scale to another is not straightforward, but the consistency of
lower scores on different pain rating scalesmay support a conclu-
sion that water exchange induced less pain than CO2 insufflation.
Previous trials with water exchange versus air insufflation have
looked at the cecal intubation rate as the primary end point,
with or without sedation dose as a concomitant primary end
point [3,5,17]. The primary intention-to-treat analysis with
such a design is the cecal intubation rate, and the need to switch
on the air pump during intubation may be considered an intuba-
tion failure. In our trial, however, pain was the only primary end
point, and the intention-to-treat analysis of interest was that of
the pain scores according to group allocation. Although the CO2

pump had to be turned on in 30 cases in the water exchange
group, all procedures were completed to the cecum, resulting in
a significantly higher overall cecal intubation rate in this group
than in the CO2 group (●" Table2). In all but 3 of these 30 proce-
dures, the endoscopist had already reached beyond the sigmoid
colon, which is the most painful segment (●" Fig.5). Pain was a
significantly more frequent reason for cecal intubation failure in
the CO2 group than in thewater exchange group.We therefore ar-
gue that the most relevant interpretation of the cecal intubation
rate in the current trial is not whether CO2 had to be used briefly
in somewater exchange procedures, but rather that an overall in-
crease in the cecal intubation rate was observed with water ex-
change, probably in part as a result of less pain.
The cecal intubation time and total procedure time were signifi-
cantly longer with water exchange than with CO2 insufflation in
the current trial (●" Table2). There were no fixed time limitations
in the study protocol, and completing the water exchange proce-
dures without switching on the CO2 pump was generally priori-
tized, even if difficulties were encountered. In clinical practice,
however, conversion to CO2 insufflation is always possible if pro-

gress is slow. Because water exchange does not compromise the
overall cecal intubation rate and seems to have a beneficial effect
on pain scores in several colonic segments (●" Fig.5), there is no
apparent reason to discourage this practice. Published learning
curves with water exchange colonoscopy indicate that the cecal
intubation rate and intubation time approach baseline after 100
to 300 cases [18,19].
The detection rate of adenomas was well within the recommen-
ded target in colorectal cancer screening by colonoscopy in both
study groups (●" Table2) [20,21]. Although the detection rates for
adenomas and sessile serrated adenomas were slightly higher in
the water exchange group than in the CO2 group, the difference
did not reach statistical significance. The significantly higher de-
tection rate for polyps, including all histologic subtypes, suggests
that a relevant difference may exist, but larger trials are neces-
sary to evaluate this hypothesis.
Themajor limitation of this study is that the endoscopists and as-
sisting nurses could not be blinded to the colonoscopy technique
used. In particular, the patients undergoing rescue procedures
with ultrathin colonoscopes because of pain constitute a possible
source of bias in the interpretation of the primary outcome. How-
ever, because all these procedures were aborted in the sigmoid
colon with the allocated method, with a mean sigmoid colon
NRS-11 score of 8.9, our approach to define these in the severe
pain category on the VRS-4 seems reasonable. Also, fewer than
half of all patients made the correct guess about which method
had been used, and the primary end point was reported to a
blinded assistant, so that adequate blinding for themain outcome
is plausible. NRS-11 pain scores were, on the other hand, report-
ed to the unblinded assisting nurse, and although the methods
were standardized, these are more prone to bias. Furthermore,
in between obvious anatomical landmarks, the recognition of
which colonic segment has been reached may be subjective.
Thus, the segmental pain scores may be biased. However, the
magnetic endoscope imager provides reliable real-time informa-
tion about colonoscope position and advancement. Another lim-
itation is the endoscopists’ relative inexperience with the water
exchange technique compared with CO2 insufflation. Although
the endoscopists were required to reach an intention-to-treat ce-
cal intubation rate of 90% or higher with water exchange in the
last 30 training cases before joining the trial, we did not define a
minimum total number of practice cases. Considering that the in-
tention-to-treat cecal intubation rate with water exchange ob-
served in the trial was lower than the threshold set for trial par-
ticipation, it is possible that the endoscopists’ learning curves
had not yet reached a stable plateau, and the trial results should
be interpreted accordingly.
The study also has some strengths. First, the multicenter, multi-
national design strengthens the generalizability of the results.
Second, the combination of different pain-scoring modalities
provides detailed insight into the mechanisms of pain during co-
lonoscopy. Finally, all endoscopists underwent supervised train-
ing to ensure similar practice in all centers.
In conclusion, we failed to detect a significant reduction in mod-
erate or severe procedural pain with water exchange compared
with CO2 insufflation in patients undergoing unsedated colonos-
copy. Secondary outcomes, however, revealed that water ex-
change was associated with a significant increase in the propor-
tion of patients reporting no procedural pain, a significant but
small reduction in real-time pain scores, and an improved overall
cecal intubation rate compared with CO2 insufflation. The longer
procedure times observedwith water exchangemay be discoura-
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ging; however, switching to CO2 is always possible if progress is
slow. In summary, the current results indicate that water ex-
change is a good alternative to CO2 insufflation for colonoscope
insertion.
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