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Chapter 1

General introduction and thesis outline

You have only scratched the surface
Of what you're capable of
There are decades

Of victories ahead of you

-Rupi Kaur



| Chapter 1

Colorectal cancer is a highly prevalent disease with high mortality if detected at a
late stage. Screening is effective for both early detection and prevention by removing
precancerous lesions. However, several challenges have arisen that reduce the
full impact of screening programs. First, screening accessibility is affected by high
colonoscopy loads and experienced barriers by patients due to fear of the procedure
and the necessary bowel preparation before colonoscopy. Second, a sub-optimally
performed colonoscopy may result in missed lesions. This thesis aims to reduce
preventable cases of colorectal cancer by exploring alternative screening tests and
improving bowel preparation quality.

Colorectal cancer

Colorectal cancer (CRC) ranks third in cancer incidences and is the fourth leading
cause of cancer mortality globally (1, 2), with over 1.8 million new cases and
approximately 881,000 deaths annually (3). Under the age of 50, it has become
the second most common cause of cancer-related death in women and the most
common cause in men (4). While the burden of CRC is more pronounced in high-
income countries, its prevalence is also rapidly rising in low- and middle-income
regions. This rise can be attributed to lifestyle changes, including diet, physical
inactivity, and increased life expectancy, which collectively contribute to the
growing burden of CRC worldwide. Modifiable risk factors for CRC are associated
with a Western lifestyle and include a diet high in red and processed meats, low fiber
intake, physical inactivity, obesity, smoking, and high alcohol consumption (5-9).
A particularly concerning illustration of this is the rise of early-onset CRC, which
is increasing among younger populations under the age of 50 (10) and often
presents at more advanced stages (11). The majority of early-onset CRC is not
caused by genetic predisposition or hereditary conditions but driven by lifestyle
and environmental factors (11-13).

CRC develops from premalignant adenomas and serrated lesions, which gradually
progress to malignancy in 10-15 years if left undetected and untreated (14-16).
Although a majority of CRC develops from adenomas, fewer than 5% of them
develop into cancer. Additionally, the serrated-neoplasia pathway accounts for 10-
20% of CRCs (14). A distinct carcinoma pathway is observed in cases linked to Lynch
syndrome, where defects in mismatch repair genes result in microsatellite unstable
cancers (17). Early detection of CRC is crucial as it significantly improves the chances
of successful treatment and survival through downstaging. Removing premalignant
lesions during screening is a key preventive measure against CRC development.
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Screening for colorectal cancer

Given the importance of early detection, several countries have implemented
a population-based screening program for CRC (18). The main benefits of CRC
screening are the early detection and resection of premalignant lesions, thereby
preventing invasive growth, and tumor detection at an earlier stage (downstaging),
so less invasive treatment is required (19, 20). This is illustrated by the decline in CRC
incidence after the implementation of the population based screening program
in the Netherlands (21-23) and elsewhere (24, 25), ultimately resulting in averted
deaths from CRC (26).

Several screening modalities are available, including direct visualization methods
such as colonoscopy or sigmoidoscopy (20, 27), as well as non-invasive tests like
CT-colonography, fecal occult blood test (FOBT), fecal immunochemical test
(FIT), and multitarget stool DNA test (mtDNA), and blood serum tests analyzing
circulating tumor DNA or SEPT9 methylation (28-33) (Figure 1). As the goal for
CRC screening is not only early detection but also removal of precursor lesions,
all non-endoscopic screening modalities, including FIT, mtDNA, and blood tests,
require a follow-up colonoscopy in case of a positive result. The accuracy of the
different screening modalities varies considerably, particularly for premalignant
lesions. For example, for a FIT test from different manufacturers, the sensitivity
and specificity of a single FIT is 10.1-37.7% and 85.5-96.6%, respectively (34).
However, FIT performance significantly increases when performed in a repeated
fashion, especially for advanced adenoma (35, 36). In contrast, the SEPT9 blood
test and gFOBT stool test only have an 11.2% and 15% sensitivity for detecting
advanced premalignant lesions (37, 38), whereas the mtDNA stool test has higher
test characteristics (sensitivity 43.4% specificity 90.6%) (29). Lastly, the recently
introduced cell-free DNA blood test reported a 13% sensitivity and 90% specificity
for advanced neoplasia (30). Current guidelines do not uniformly recommend
one modality (Table 1), but in general favor colonoscopy screening (39-43). In the
Netherlands, adults aged 55-75 are invited for CRC screening by FIT with a positivity
threshold of 47ug/g feces and colonoscopy in case of a positive FIT (23). Other
countries use an opportunistic approach, offering direct colonoscopy screening.
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Figure 1. Established and developmental screening modalities for colorectal cancer screening.
CT - Computed Tomography, FIT - Fecal Immunochemical Test, FOBT - Fecal Occult Blood Test, miRNA -
micro RNA, mtDNA - multitarget stool DNA test, mt-sRNA — multitarget stool RNA test, SEPT9 - septin 9
gene methylation, VOC - volatile organic compounds.

The gold standard for CRC screening is colonoscopy, as it offers both diagnostic
and therapeutic qualities and has a high sensitivity for detecting malignant and
premalignant lesions (40, 43, 44). However, colonoscopy is not perfect as it may
miss lesions. The adenoma miss rate is estimated to be 15% to 37% in repeated
colonoscopies (45-49). Precancerous lesions that are missed could result in post-
colonoscopy CRC (PCCRC). PCCRC is defined as CRC detected shortly after screening
colonoscopy, usually between 6 months and 3 years. PCCRC rates are estimated
at 2.7% in the Netherlands (50) and 2.2%-7.0% elsewhere (51-54). One of the
primary causes of PCCRC is the failure to detect polyps or early-stage cancer during
colonoscopy. This is usually due to one or more of the following reasons: inadequate
bowel preparation, endoscopist skill, and location and characteristics of the polyps
(e.g., flat lesions are harder to detect) (55). Other causes include incomplete polyp
removal or, less commonly, rapidly developing cancer. Therefore, the occurrence of
PCCRC is a critical quality indicator for colonoscopy procedures. High rates of PCCRC
may indicate issues with the quality of the colonoscopy procedure, such as poor
technique, inadequate bowel preparation, or insufficient follow-up care. To minimize
the risk of PCCRC, it is essential to ensure high-quality colonoscopy procedures (50).
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Table 1. Overview of screening methods by different society guidelines.

ESGE ASGE USPSTF BSG
Age 50 years, with 45 years 50-75 (grade A*) 50 years
recommendations adjustments based 45-75 (grade B*¥)

on risk factors and
local conditions.

Screening FIT, colonoscopy, FOBT, FIT, stool FIT, sigmoidoscopy, FIT, colonoscopy,
methods CT colonography, DNA test, CT colonoscopy, CT sigmoidoscopy,
sigmoidoscopy colonography, colonography, CT colonography
sigmoidoscopy stool DNA test
Ending age for Age 75 years Based on Age 75 years but Age 74 years
screening or earlier if life individual may continue to
expectancy is less health and prior ~ age 85 based on
than 10 years. screening results.  individual health

status and prior
screening history.

Follow-up Every 10 years for Every 10 years Every 10 years for Every 10 years
colonoscopy, every  for colonoscopy,  colonoscopy, every for colonoscopy,
1-2 years for FIT every 1 year for FIT 1-3 years for FIT every 1-2
years for FIT

ASGE - American Society for Gastrointestinal Endoscopy, BSG - British Society of Gastroenterology,
CT - Computed Tomography, ESGE - European Society of Gastrointestinal Endoscopy, FIT - Fecal
Immunochemical Test, FOBT - Fecal Occult Blood Test, USPSTF - United States Preventive Services Task
Force. * Grade A level evidence: high evidence of substantial net benefit. ** Grade B level evidence:
High certainty of moderate net benefit or moderate certainty of moderate to substantial net benefit.

Challenges in colorectal cancer screening

Building on the established efficacy of current CRC screening methods, this thesis
will explore innovative approaches to overcome existing challenges. Despite
the demonstrated effectiveness of CRC screening in reducing mortality, several
significant barriers persist (Figure 2) (56).

The current two-step screening procedure using a FIT and, in case of a positive FIT
result, colonoscopy has become the CRC-screening program in many European
countries (40). However, the effect of screening on CRC incidence and mortality
hinges on both high participation rates, high accuracy of the FIT, and high-quality
colonoscopy completion (57). As FIT serves as a selection tool for colonoscopy, the
optimal selection should lead to no missed advanced precancerous lesions and
cancers, but also no unnecessary (negative) procedures as the latter may result
in high colonoscopy workloads and waiting times. However, barriers to screening
participation, often driven by fear or discomfort and the invasive nature of
traditional screening methods like colonoscopy, ultimately result in reduced overall
screening uptake (58). These barriers could risk reducing the potential impact of CRC
prevention programs as the positive effect of CRC screening can only be effectuated

1
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at sufficiently high adherence rates (59). An international trial investigating the
effect of invitation for colonoscopy screening on CRC mortality demonstrated that
the benefit of colonoscopy screening is severely lowered if screening uptake is
low (60). Therefore, screening should be accessible, and care should be taken to
address patient groups known to have a lower uptake, such as those with a lower
socio-economic status or cultural differences (61-63). Addressing these challenges
requires innovative approaches that can improve both accessibility and patient
experience without compromising the efficacy of detection.

Figure 2. Challenges in the colorectal cancer (CRC) screening process with rationale behind this thesis.
FIT - fecal immunochemical test; PCCRC - post-colonoscopy colorectal cancer.

In addition to adherence issues, the diagnostic accuracy of FIT remains limited.
According to a recent Cochrane meta-analysis, FIT demonstrates a sensitivity of 76-89%
and a specificity of 94% for detection of CRC (38), resulting in approximately 11-24%
of cancers being missed while also leading to avoidable colonoscopies (38, 64, 65). For
every 10,000 colonoscopies, thistranslates tonearly 600 unnecessary procedures (38).
These excess procedures impose significant burdens on patients, including anxiety,
potential adverse events, and the inconvenience of bowel preparation. Moreover,
they strain healthcare systems by escalating costs and contributing to longer
waiting times.
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Furthermore, FIT mainly identifies cancer by detecting bleeding from lesions, but
its accuracy for detecting premalignant polyps that may not bleed is limited. FIT
demonstrates a sensitivity of 33% and a specificity of 93% for adenomas, while the
sensitivity for advanced serrated lesions is only 5.1%-18.4% (38, 66, 67). This lack of
precision can result in delays in diagnosis and treatment.

Several initiatives to improve selection for CRC screening colonoscopy have been
considered, such as risk stratification of FIT with hemoglobin concentrations, sex,
age, or family history (68-70), but this did not result in improved use and yield of
colonoscopy resources. Other biomarkers, including multitarget DNA stool test
or Septin 9, have also not reached wide adoption in screening programs (43, 71).
Very recently, a new blood test measuring cell-free DNA has the promise to be an
easy-to-apply screening test to use nested in routine blood draws (30). However, in
modeling studies, (repeated) FIT was still more cost-effective and resulted in lower
CRCincidence and mortality (72, 73).

Altogether, an improved selection procedure for screening colonoscopies would
be welcomed. Volatile organic compounds (VOCs) have shown potential as non-
invasive biomarkers for CRC detection and can be identified in various bodily
secretions, including breath, urine, and stool (74, 75). VOCs are gaseous substances
produced during normal and altered metabolic processes in the body (76-79).
Carcinogenesis is thought to induce specific changes in metabolism and the
microbiome, resulting in distinctive VOC patterns in affected individuals (80-82).
These can be detected by chemical analysis methods such as gas-chromatography-
mass-spectrometry (GCMS) or ion mobility spectrometry (IMS) that are able
to detect the specific substances or using sensor-based pattern recognition
methods with machine learning (83). Although GCMS and IMS provide detailed
analysis, they are resource intensive. On the other hand, sensor-based electronic
nose (e-nose) devices integrated with machine learning algorithms may offer the
possibility of a low-cost, point-of-care diagnostic tool, which could make screening
more accessible.

Systematic reviews and meta-analyses have highlighted the potential of VOCs as
diagnostic tools for CRC (74, 84, 85). In the most recent meta-analysis, Wang et al.
(2024) included 32 studies that evaluated VOC-based diagnostic tests for CRC (84).
The analysis reported a pooled area under the receiver operating characteristics
curve (AUC) of 0.93, reflecting a strong predictive capability. Nonetheless, to date,
limited large-scale studies investigating VOC analysis for CRC detection have been
published, while studies vary significantly in both sample collection- and analysis

13
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methods (85). This lack of standardization limits comparison between studies,
leaving the true value unclear. Moreover, external validation is needed before VOC
analysis can be adopted in a clinical setting (86).

In the first part of this thesis, we therefore focus on VOCs as a diagnostic biomarker
to be used in CRC screening.

Quality of colorectal cancer screening

The effectiveness of the two-step CRC screening is not only dependent on the FIT
(first step) but also relies on colonoscopy to effectively diagnose and treat CRC and
precursor lesions.

The effectiveness of colonoscopy for CRC screening is inherently tied to the
quality of the procedure. As the main aims of CRC screening are early detection
and prevention of CRC, the previously discussed measure PCCRC is a critical quality
parameter (87, 88). However, as this is only measurable after several years (i.e., it is
a lag-time parameter instead of a lead parameter), the most important surrogate
quality parameter of colonoscopy is the adenoma detection rate (ADR) (87, 89),
as it has shown an inverse correlation with a higher risk of PCCRC both in primary
screening colonoscopies and in FIT-positive screening colonoscopies (89, 90). For
example, this means that for every 1,000 FIT-positive screening colonoscopies,
endoscopists with an ADR of 70% are expected to diagnose approximately
2 PCCRCs within five years. In contrast, endoscopists with ADRs of 65%, 60%, and
55% are expected to diagnose approximately 2.5, 3.5, and 4.5 PCCRCs, respectively,
over the same period (90). In addition to ADR, other quality parameters for
colonoscopy include withdrawal time (91), cecal intubation rate (92), appropriate
polypectomy technique, polyp retrieval rate, complication rate monitoring, patient
experience, and appropriate post-polypectomy surveillance intervals (43, 93). The
recently renewed quality guidelines by the ASGE have also introduced Sessile
Serrated Lesion Detection Rate (SSLDR) (performance threshold 6% or higher)
and adenomas per colonoscopy (APC) (performance threshold 0.6) as a quality
indicator (94). Maintaining and monitoring quality parameters have been shown to
lead to a demonstrable increase in colonoscopy quality (95).

These quality parameters, and thereby the diagnostic effectiveness of colonoscopy,
also depend on the quality of bowel preparation. As some lesions may be relatively
subtle and flat, suboptimal bowel preparation significantly may impact the ability
to detect polyps (96, 97). Furthermore, inadequate bowel preparation is associated
with lower cecal intubation rates (93, 96), higher complication rates (98, 99), longer
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procedure times (100), and contributes to higher costs, inconvenience and lower
patient satisfaction due to the need to reschedule procedures (100). Thus, high-
quality bowel preparation is paramount for colonoscopy and CRC screening.

Achieving effective bowel cleansing presents several challenges. Firstly, the bowel
preparation process is often intense and burdensome for patients, frequently cited as
a significant deterrent to undergoing colonoscopy (101, 102). The need to consume
large volumes of preparation fluid, along with strict dietary modifications, increases
the challenge for patients. To address these issues, a low-residue diet instead of a
clear liquid diet (103, 104) and decreasing volumes from 4L to 2L bowel preparation
fluid have been shown to improve tolerability while still ensuring adequate bowel
preparation (105). Recently, even lower volume bowel preparations of 1L or less
have been developed. However, evidence on the prerequisite efficacy of those
solutions is not ubiquitously reported (106). Additionally, the extent of the burden
of intermediate or low-volume bowel preparations for patients has been poorly
investigated, which is even more the case for low-volume preparations of 1L or less.

The second challenge is that inadequate bowel preparation occurs in up to 20% of
colonoscopies (107). Several factors may contribute to this, related to clinical factors
that interfere with bowel motility or non-compliance with taking the bowel preparation
laxatives, such as a lower education level and poor health literacy (108, 109). Risk factors
that have been identified include advanced age, male sex, high body mass index,
high American Society of Anesthesiology physical status classification system score
(ASA score), polypharmacy, tricyclic antidepressant (TCA) use, opioid use, diabetes,
liver cirrhosis, chronic constipation, history of neurologic disease (stroke, spina
bifida, dementia, paraplegia, or Parkinson’s disease), history of intra-abdominal
and/or pelvic surgery, current hospitalization, previous colonoscopies, and history
of inadequate bowel preparation (107, 109-114).

By identifying patients who are at risk for insufficient bowel preparation, timely
additional measures can be taken to optimize the preparation. This may either be
an intensified regime for patients with biological risk factors, or extra attention and
education for patient related non-compliance risk factors. Unfortunately, some patients
remain repeatedly inadequately prepared for colonoscopy. Evidence on how to proceed
with those patients is scarce due to the heterogeneity of the group (97, 115). In routine
practice, patients are frequently prescribed an intensified regimen that demands an
even greater fluid intake or are admitted to the hospital for following a supervised
bowel preparation schedule. This adds to an even greater challenge to patients,
which often contributes to inadequate preparation risk. Intraprocedural bowel

15
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cleansing with a specialized device eliminates the reliance on proper preprocedural
bowel preparation (116) but has not been assessed in this complex patient group.

Therefore, in the second part of this thesis, we focus on bowel preparation methods
that reduce patient discomfort while maintaining or improving the effectiveness of
colon cleansing.

Aims of this thesis

The ultimate objective of CRC screening is to reduce the incidence and mortality
of this malignancy. This thesis aims to contribute to this goal by exploring the
potential of VOC analysis via e-nose technology for CRC detection, and by assessing
whether bowel preparation for colonoscopy can be optimized to reduce patient
burden while maintaining efficacy. An overview of the research questions and
methodologies is presented in Table 2.

Part | of this thesis investigates the feasibility of using VOC analysis through
e-nose technology for CRC detection within screening settings. Chapter 2
presents a multicenter cross-sectional cohort study involving patients invited for
screening colonoscopy following a positive FIT result. We assessed the accuracy
and reproducibility of exhaled breath analysis by an e-nose by calculating the area
under the receiver operating characteristics curve, and sensitivity and specificity.
Reproducibility was evaluated in a subset of patients by calculating Cohens’ Kappa.
Additionally, we assessed patient experience with using the breath test. Chapter 3
discusses methodological problems encountered during e-nose clinical studies by
designing a simulated dataset based on real breath test signals. We assessed the
effect of varying neoplasia prevalences, augmented data, and the use of different
e-nose devices throughout a study on the performance of the breath test.

In part Il, we assess if bowel preparation for colonoscopy can be improved by
lowering the burden to patients. To this end, in Chapter 4, we first performed a
systematic review and meta-analysis of the bowel cleansing efficacy of different
bowel preparation solutions of 1L or less. We pooled the rate of adequately
cleansed patients per type of laxative and provided subgroup analyses for different
dosing and diet regimes, and use of additive laxatives. Chapter 5 presents an open-
label multicenter randomized controlled trial comparing a 2L bowel preparation
to a specialized preparation of 1L. First, we determined the non-inferiority of a 1L
bowel preparation laxative compared to the 2L laxative. Additionally, we assessed
the impact of the amount of bowel preparation on patients using validated
questionnaires to determine the tolerability and willingness to repeat the bowel
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preparation, health-related quality of life differences, and provide insight into work
absenteeism and impaired productivity. Finally, in Chapter 6, we report the results

of a multicenter feasibility study to assess if adequate bowel preparation can be
achieved by using an intraprocedural bowel cleansing device in patient who are
known with recurrent inadequate bowel preparation.

In Chapter 8, the findings of this thesis will be contextualized within the context of
literature on colorectal cancer screening. We will explore future perspectives and
the implications of these findings for optimizing screening strategies, ultimately
aiming to enhance both the efficacy and patient experience of CRC prevention.

Table 2. Summary of aims and methodology used in this thesis.

Chapter Research question Methodology

Part I: VOC analysis for CRC screening

2 What is the accuracy and reproducibility of VOC ~ Multicenter cross-sectional
analysis by electronic nose to diagnose CRC? prospective cohort study
including 3469 patients

3 How can methodological issues in Simulated data of e-nose breath tests
e-nose research be overcome?

Part Il: Improvement of bowel preparation for colonoscopy

4 What is the efficacy of bowel Systematic review and meta-analysis
preparation solutions of 1L or less?

5 What is the impact of 1L and 2L bowel Multicenter open-label, non-
preparation on tolerability, health-related inferiority randomized controlled
quality of life, and working live? trial including questionnaires before

and after bowel preparation

6 Can a bowel cleansing system be used in Multicenter feasibility study
patients who are difficult to prepare?
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Part I: VOC analysis for CRC screening

Test Results Are Inconclusive
Jenna Rindo
JAMA. Published online December 18, 2024.

Test results are available—but first you must
remember your login name and valid
password—to view your recent results

you must triple authenticate with cornea scan
fingerprint and second device.

Test results reveal private organs and generational
trauma—IV contrast creates hot spots and viral
neon spirographs from your childhood fixation of
the multicolored pens and unlimited scrap paper.

Test results are official—only when read

by the radiologist. Ultrasound techs are not permitted
to inhale deeply, whistle, or show facial grimaces

as they move their wand in a widening oval.

Test results may vary based on biorhythms, the pollution
from airborne political positions, and the hidden
privilege from conflicting sources within the dark

office of the senior radiologist.

Test results may cause confusion—it’s understandable
to request a second opinion—but keep in mind 3D images
seldom outline falsehoods or grant fair reparations.

Test results may grant you a kinesthetic experience.
You may find beauty and abstract art in the digital
breast tomosynthesis—slices from different angles
are both dense and difficult—how bittersweet—
how cognitively dissonant—how nuanced are

the depth and texture of each opacity.
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Abstract

Background: The accuracy of fecal immunochemical testing (FIT) for colorectal
cancer (CRC) screening is suboptimal, leading to missed cancers and unnecessary
colonoscopies. Although various studies have shown high diagnostic accuracy of
volatile organic compound (VOC) analysis as an alternative biomarker for detecting
CRC, large-scale validation studies are lacking, leaving the true clinical performance
unclear. We aimed to evaluate the diagnostic accuracy and to validate a breath test
for CRC using an electronic nose (e-nose) in FIT-positive patients.

Methods: This multicenter cross-sectional study was conducted in 11 Dutch
hospitals and consisted of two sub-studies aiming: (1) to acquire sufficient breath
samples to build a robust CRC prediction model, and (2) to perform external
validation of this model and assess reproducibility. We included FIT-positive
patients aged 55-75 years referred for screening colonoscopy and built a cross-
validated CRC model using machine learning algorithms. Main outcomes were
accuracy in terms of area under the receiver operating characteristics curve (AUC)
of the external validation set, sensitivity (Sn), and specificity (Sp). Secondary
outcomes included reproducibility and patient experience.

Results: Breath testing was performed in 3,959 patients (40.1% female, median age
64.25 years), 490 of them were withdrawn due to incomplete colonoscopy (n=170),
failed/suboptimal breath test (n=255), withdrawal criteria (n=50) or lost to follow-
up (n=15)). CRC was diagnosed in 175 (5.0%) patients 1,183 (34.1%) had advanced
adenoma, 1,105 (31.9%) non-advanced adenoma, 137 (3.9%) hyperplastic polyps,
and 869 (25.1%) a normal colonoscopy. The test characteristics of the breath
test were suboptimal, with an AUC of 0.542 (95% Cl 0.495-0.589), Sn of 39.5%
and Sp of 68.3%. The intraclass correlation coefficient was 0.22, indicating poor
reproducibility. Willingness-to-repeat the breath test was 95.3%.

Conclusions: Exhaled breath VOC testing by electronic nose is currently not
ready to detect CRC or its precursor stages. The external validation results
demonstrate the need for further development, standardization, and reproducibility
assessment of e-nose technology before it can replace or supplement current CRC
screening methods.

ClinicalTrials.gov Identifier: Clinicaltrials.gov Identifier NCT03346005
and NCT04357158



31

Breath testing for colorectal cancer detection in patients with a positive fecal immunochemical test |

—ﬁ < U3Y [ “JOIDWIDYL WY “|e 12 YIMSIY uep

uolssnasiq Adeiandoe a13soudelp moT uonendod g udisap Apnis

syualled +] |4 Ul 8UlUS34IS DYD J0J SUIISa] Yiealq asou-3



32

| Chapter 2

Introduction

Colorectal cancer (CRC) screening with fecal immunochemical tests (FIT), followed
by colonoscopy in case of a positive result, has been implemented as a screening
program in many countries (1). However, the accuracy of FIT is suboptimal, with a
sensitivity of 76-89% and specificity of 94% (2), leading to 11-24% missed cancers
on the one hand and unnecessary colonoscopies on the other (2-4). Additionally,
FIT primarily detects cancer by identifying bleeding from lesions and has limited
accuracy for premalignant polyps that do not bleed, with sensitivity and specificity
for advanced adenomas and serrated lesions at 33% and 93%, and an even lower
sensitivity of serrated lesions (5.1-18.4%) (2, 5). This suboptimal accuracy could lead
to diagnostic and treatment delays.

A better selection procedure for screening colonoscopies is warranted. Recent
studies have suggested that volatile organic compounds (VOCs) may serve as a
non-invasive biomarker for CRC screening (6-8). VOCs are gaseous compounds that
result from metabolic processes and can be found in exhaled breath, blood, urine,
or stool samples, amongst others (9-12). Metabolic processes and microbiome
changes due to carcinogenesis and this can subsequently lead to a different VOC
profile in patients (13). Meta-analyses of the predictive performance of VOCs using
various sampling techniques show a promising performance (8, 14, 15). In a recent
systematic review, Wang et al. performed a meta-analysis including 32 diagnostic
test studies of VOCs in diagnosing CRC (14). This resulted in a pooled area under the
receiver operating characteristics curve (AUC) of 0.93. However, only early-stage
studies with a modest sample sizes and without external validation were included.

Since large-scale validation studies are not available, the true clinical performance
of VOCs as diagnostic biomarkers for CRC is unclear. Validation performed in an
external cohort is indispensable because of confounding VOCs or environmental
influences and the risk of overfitting and spurious correlations (16, 17). Despite its
importance (16-19), only few studies report external validation, all resulting in a
lower diagnostic performance (16).

We previously investigated VOC analysis in exhaled breath to predict CRC for
screening purposes, using a handheld electronic nose (e-nose) device (7). We
included 447 breath tests over five sites, including 77 CRC patients, and established
an AUC of 0.84 to predict CRC from a breath sample (7). Given the importance of
external validation, the aim of this study is to (1) increase the robustness, and (2) to
perform a multicenter validation of our previously developed model.
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Methods

Study design

We performed a prospective multicenter cohort study in 11 hospitals in the
Netherlands consisting of two sub-studies. The first sub-study was designed to
acquire breath samples from patients with and without CRC or premalignant
polyps in a large cohort of patients from several hospitals to further improve the
robustness of our prediction model for CRC. The second sub-study was designed
to validate this prediction model and to assess reproducibility of the breath test.
In both studies, patients aged 55-75 years who underwent screening colonoscopy
after a positive fecal immunochemical test (FIT) were invited for study participation.
Patients who had a history of malignancy, except for non-melanoma skin cancer,
history of (partial) bowel resection, active inflammatory bowel disease or polyposis
syndromes, and patients who were not able to provide informed consent, were
excluded. Patients with missing data of the breath test or the reference test
colonoscopy were withdrawn from the final analysis.

Both studies were performed in compliance with the declaration of Helsinki and
registered at clinicaltrials.gov (NCT03346005 and NCT04357158). All participants
provided informed consent. The studies were approved by the Medical Ethical
Committee of Radboudumc (CMO Arnhem-Nijmegen), and thereafter by all
participating sites. All data was independently checked by at least two research
team members. There was no patient or public involvement during the design,
conduct, or reporting of the study. The study protocol, individual patient data, and
analytical codes can be provided upon reasonable request.

Study procedures (breath test)

The studies were performed parallel to the Dutch bowel cancer screening program
for individuals aged 55-75 years who performed a FIT test. If positive, patients
received an invitation for colonoscopy and were consecutively invited for study
participation. All study personnel were trained in the study procedures and in
performing the breath test. After obtaining baseline characteristics, patients were
invited for a 5-minute breath test. Only successful breath tests were included.
Causes of failed breath tests and patient experience were documented.

The screening colonoscopies were scheduled within three weeks after the breath
test, conform standard of care. Bowel preparation was performed according to
each hospital’s protocol. Since type of bowel preparation may have impact on
the VOC profile of patients, this was documented (20). Patients in the second
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sub-study performed a second breath test just prior to the colonoscopy to
assess reproducibility.

Study device

All breath tests were performed with Aeonose e-nose devices (the eNose company,
Zutphen, the Netherlands), a handheld electronic nose device containing three
hotplate metal-oxide sensors (AS-MLV sensors; Applied Sensors GmbH) (21). VOC
interaction with these sensors causes redox reactions resulting in slight current
changes. The sensors are heated in a sinusoidal pattern, resulting in temperature-
specific unique patterns.

The patient breathes through the e-nose via a disposable mouthpiece with a
high-efficiency particulate arrestance (HEPA) filter to protect the device against
contamination by, e.g., bacteria and viruses, and with a nose clip to prevent
inspiration of unfiltered environmental VOCs. During the first two minutes, exhaled
breath is lead through the HEPA filters and one-way valves to rinse environmental
VOCs from the patients’ breath and remove dead air space. In minutes 3-5, exhaled
breath is led directly to the sensors for analysis and to a Tenax tube. The latter is
used to detect VOCs in low concentrations after breath collection is finished. The
following 10 minutes are used to regenerate the sensors before a new breath test
can be performed. Breath print data is then transferred to a cloud-based storage
platform with a mobile device. Failed breath tests due to incorrect breathing,
resulting in environmental VOC pollution of the breath signal, or sensor or
connectivity problems were excluded from the final analysis.

Quality control is ensured by the 1SO13485 certified manufacturer, who performs
yearly calibration cycles with each device. A total of 21 devices were used
throughout the study.

Reference test

Breath test results were compared to the colonoscopy outcome and corresponding
pathology results. All participating endoscopists and pathologists were certified
to perform screening colonoscopies in the Dutch bowel cancer screening program
(22). The colonoscopy procedure was performed according to standard of care.
Bowel preparation quality was assessed with the Boston Bowel preparation scale
(BBPS), and cecal intubation rate (CIR) was recorded. Patients with an incomplete
colonoscopy were excluded from the final analysis.
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Patients were categorized based on the most advanced lesion into the following
categories: Control (no lesions), hyperplastic polyp (HP), non-advanced adenoma
(NA), advanced adenoma (AA) (adenomas with one of the following: size = 10mm,
>25% villous aspect, or HGD), and CRC. This was based on the ESGE guideline on
post-polypectomy colonoscopy surveillance 2013 (23), which was the guideline
used in clinical practice during the time the study was performed.

Blinding

Patients, endoscopists, pathologists, and study personnel conducting the breath
test were blinded for the breath test outcomes. Two-thirds of the data on final
classification was unblinded for model development. The other third remained
blinded to ensure adequate validation.

Endpoints

Our main outcome was the accuracy of the breath test to predict CRC in terms of
AUC, sensitivity (Sn), specificity (Sp), and positive and negative predictive value
(PPV and NPV, respectively). Our secondary endpoints included the accuracy of the
breath test to predict AA, reproducibility of the breath test in terms of a Cohens’
Kappa coefficient, patient acceptance rating including discomfort on a visual
analog scale (VAS), and willingness-to-repeat the breath test.

VOC analysis

Several steps were required from an exhaled breath sample to final prediction of CRC
presence or absence. First, the raw sensor data was augmented and then preprocessed
to balance out differences between different e-nose devices. Preprocessing included
normalization to ensure that the features are on a comparable scale. Depending
on the machine learning classifier, the data was also compressed using Singular
Value Decomposition (SVD). Preprocessing was done similarly in all groups. The
preprocessed data was then used in a machine-learning classifier.

We used previous study data (7) as a base to build a cross-validated model
separately for CRC and AA. Various classifiers were evaluated in this study, including
a convolutional neural network (CNN), multiplayer perceptron (MLP), and several
tree-based classifiers. The data was divided into a training set (80%) and a test set
(20%) to validate the training performance (Figure 1). This validation process was
used during algorithm development and is separate from the blind predictions
from the second sub-study. We took a balanced number of samples from all
devices in this study. To avoid class imbalance, the test set was balanced to ensure
fair comparison and to evaluate the classifier's ability to distinguish effectively
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between binary classes. Hyperparameter tuning for these models was performed by
optimizing their performance on the training set. The test set was used for internal
validation of the trained algorithm. Performances were considered across different
hospitals and devices. The best model was chosen based on test set performances
and was not modified after final development. The output of the model consisted
of a binary classification. The positivity threshold was set on the test set aiming for
high sensitivity and acceptable specificity. This threshold was used as a hard cut-
off to avoid indeterminate breath test results. Detailed descriptions of the model
development are published elsewhere (7, 24).

The prediction model was externally validated using data from the second sub-
study, including devices not used in prior studies (Figure 1).

Figure 1. Visual representation of data use and distribution to design the prediction model.

Statistical analysis

Baseline characteristics were summarized as percentages for categorical data,
means and standard deviations (SD) for normally distributed data, and medians/
interquartile ranges (IQR) for non-normally distributed data. Where appropriate,
we used an unpaired t-test, Mann-Whitney-U test, or chi-square test. A two-sided
p-value of <0.05 was considered statistically significant. No data was omitted from
the analyses.

For our primary outcome, the continuous predictive value of the breath test
between 0 and 1 was compared to the presence or absence of CRC to assess the
performance of the prediction using an AUC, with an AUC of 0.5 meaning random
prediction (i.e., flipping a coin), and an AUC of 1.0 perfect prediction. The same
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method was used for the accuracy of the prediction of AAs. Additionally, sensitivity,
specificity, and positive- and negative predictive values were assessed using the
same cut-off of the breath test value.

To assess reproducibility, the predictions of the first and second breath tests in de
same patient were compared to the presence of CRC. A Cohens’ Kappa statistic was
derived to quantify inter-observer agreement.

For VOC analysis, we used Aethena (proprietary software, version 3.0, the eNose
Company, Zutphen, the Netherlands), Python 3.10 (Python Software Foundation,
Delaware, United States), and Tensorflow 2.13 (Google Brain, Alphabet Inc., California,
United States). For statistical analysis, SPSS statistics version 29 (IBM. Corp., Armonk,
New York, USA) was used.

Sample size calculation

Sample size calculations assumed a minimum of hundred patients per study group
for the model development of the cohort and a 5% CRC prevalence. The sample
size for external validation of the model was based on a two-sided alpha of 0.05, a
maximum marginal error of 7.5%, an expected sensitivity of 90%, and a 10% drop-
out rate based on our pilot study(7, 25).

Results

Baseline characteristics

Between January 2018 and July 2022, a total of 4,479 patients enrolled in the
national Dutch CRC screening program were invited for study participation at
eleven sites (Figure 2). Bowel preparation was adequate in 97.2% (BBPS =6), and CIR
was in 98.5%, resulting in 3,469 patients for final analyses. A total of 975 patients
were invited for a second breath test for reproducibility assessment prior to the
colonoscopy, of which 709 were successfully performed.

Among the included patients, 869 (25.1%) were in the control group, 137 (3.9%)
had hyperplastic polyps, 1,105 (31.9%) NAs, 1,183 (34.1%) AAs, and 175 (5.0%) were
diagnosed with CRC (Table 1). Overall, patient characteristics were equally divided
between groups and between the developmental cohort and validation cohort;
however. However, CRC prevalence was lower in the validation cohort with 3.9%
compared to 7.0%, respectively (Table 1, Table S1.). In total, 1,484 (40.1%) were
female, with a mean age of 64.3 years (SD 6.4). Patients with CRC were significantly
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more frequent smokers (p=0.01), used alcohol (p=0.03), had a family history of
CRC (p=<0.001), and a previous history of polyps (p=0.01). In the control group,
additional findings of colonoscopy, such as hemorrhoids and angiodysplasia, were
significantly more frequent. Overall, the adenoma- polyp- and serrated polyp
detection rates were 71.0%, 75.2%, and 18.9%, respectively.

Exclusion
Invited n=520
N=4479 Age <55 or >75,n=3
No positive FIT, n=3

History of (partial) colectomy, n=35
History of malignancy, n=251

Colitis or polyposis syndrome, n=6
> Unable to perform breath test, n=37
No informed consent, n=237

- with reasons:

Notime, n=73

A 4 Fear of dyspnea, n=17

Fear of discomfort/pain, n=5

Screening

E??;SIZ Fear of breath test, n=2
"= Other, n=139
Breath
test
Drop-out
> n=490

Failed breath test (n=255)

Incomplete colonoscopy (n=170)

- Cause of incomplete colonoscopy:
Inadequate bowel preparation (n=111)
No cecal intubation (n=59)

- with reasons:

Discomfort patient (n=10)

Inadequate bowel preparation (n=9)
Stricture/obstruction (n=21)

Looping (n=17)

Other (n=2)

New diagnosis of colitis (n=47)

New diagnosis of polyposis syndrome (n=3)
Lost to follow-up (n=15)

A 4
Included in prediction
model analysis
n=3469

A

Single breath test
n=3469
Control, n=869 (25.1)
HP, n=137(3.9)
NA, n=1105 (31.9)
AA, n=1183(34.1)
CRC, n=175(5.0)

i

Of which repeated (2nd)
breath tests (n=709)
Control, n=178 (25.1)

HP, n=22 (3.1)
NA, n=278 (39.4)
AA, n=207 (29.2)

CRC, n=24 (3.4)

Analysis

Figure 2. Patient flowchart. After exclusion and dropout, 3,469 breath samples were included in the
final analysis. A subset of patients was invited to perform an additional, second breath test to assess
reproducibility. The prevalence of (advanced) polyps and colorectal carcinoma within the total cohort
of breath samples and the cohort of repeated breath samples is shown. AA, Advanced adenoma; CRC,
colorectal carcinoma; FIT, fecal immunochemical test; HP, hyperplastic polyp; NA, non-advanced adenoma.
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Diagnostic performance CRC vs. controls and non-CRC

After training and testing, the average blind predictions combining the CNN, MLP,
and Random Forest Classifier (RFC) models yielded an AUC of 0.542 (95% CI 0.495-
0.589) when testing for CRC in a dataset with only CRC and control individuals,
which is the ideal situation for the prediction model (Table 2, table S2, Figure 3).
When adding other non-CRC individuals (i.e., HP, NA, AA), which is the target
population for e-nose use, the AUC was 0.500 (95% Cl 0.451-0.550) (Table 2). This
indicates that the e-nose was unable to predict CRC in this population. At first glance,
the NPV may look promising (range 85.1%-90.7%). However, given the 5% prevalence
of CRC in our study population and vice versa 95% non-CRC prevalence, the breath
test does not aid sufficiently in discriminating healthy from diseased individuals.

ROC Curve ROC Curve

Sensitivity
Sensitivity

00 02 04 06 08 10
A 1- Specificity B 1- Specificity
ROC Curve ROC Curve

Sensitivity
Sensitivity

C 1 - Specificity D 1- Specificity
ROC Curve

Source of the
Curve

___e-nose
prediction
— Reference Line

Sensitivity

E 1- Specificity

Figure 3. Receiver operating characteristics (ROC) curve of e-nose blind predictions in a dataset
containing only CRC and control patients. A - CRC vs control. B — CRC vs non CRC. C — AA vs control.
D - AAvs non AA. E - AA vs non AA excluding CRC patients.
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Table 2. Diagnostic performance of breath test in various data subsets.

Cases  Controls AUC Sn (%) Sp(%) PPV (%) NPV (%)
(n) (n)

PREDICTION OF COLORECTAL CANCER

CRC-control
Training model 118 359
Test 86 86
Validation 204 445
Blind predictions 40 236 0.542 (0.495-0.589) 39.5 68.3 19.8 85.1
CRC-non CRC
Blind predictions 40 930 0.500 (0.451-0.550)  39.5 65.0 11.1 90.7

PREDICTION OF ADVANCED ADENOMA

AA-control
Training model 636 440
Test 98 98
Validation 734 538
Blind predictions 287 236

AA specific model 0.517 (0.492-0.543) 99.2 0.7 57.6 40.0
CRC specific model 0.599 (0.565-0.634) 38.5 68.3 284 77.3
AA-nonAA
Blind predictions 287 723
AA specific model 0.509 (0.487-0.532) 99.3 1.1 45.0 66.7
CRC specific model 0.563 (0.530-0.596)  38.5 65.1 17.8 84.4
AA-nonAA
(ex CRC)
Blind predictions 287 683
AA specific model 0.527 (0.504-0.550)  99.2 0.7 48.1 50.0
CRC specific model 0.565 (0.531-0.599) 385 65.8 20.0 82.8

AA; advanced adenoma, AUC; area under the receiver operating characteristics curve, CRC; colorectal
carcinoma, NPV; negative predictive value, PPV; positive predictive value, pre-test; pre-test likelihood,
post-test; post-test likelihood, Sn; sensitivity, Sp; specificity.

Performance AA vs. controls and non-AA

The prediction model trained for CRC-detection was not able to discriminate
AA from controls or non-advanced neoplasia, with an AUC of 0.606 (95% Cl
0.571-0.641) and 0.570 (95% Cl 0.536-0.604), respectively (Table 2, Figure 2 CDE).
A predictive model specifically trained for AA-detection showed also no difference
(Table 2, Table S2, Figure S2 ABQ).

Reproducibility

AUCs of the repeated breath tests were comparable, with an overlapping 95%
confidence interval of 0.419-0.708, however were difficult to assess given the poor
performance. Therefore, an intraclass correlation coefficient was calculated of 0.22
(95% Cl 0.15-0.29), indicating poor correlation in repeated breath tests.
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Patient acceptance rate

Patients rated the breath test as non-invasive, with a median NRS of 1 out of 10.
Willingness-to-repeat was high, with an overall rate of 95.3%. Patients with a
failed breath test reported significantly higher discomfort (median VAS 5 vs 1)
and substantially lower willingness-to-repeat (62.6% vs 97.4%). Failed tests were
significantly more frequent in females, but other relevant baseline characteristics
were not different between groups (Table 3).

Failed breath tests occurred in 255 patients (6.8%). Technical issues were the reason
for failure in more than half of the failed breath tests (54.9%) and mainly consisted
of connectivity issues, in which the breath data was not adequately transferred
from the e-nose to the cloud data storage. Other problems were sensor issues (no
signal or‘flatliner’) and the disposable mouthpiece or filter getting loose, disrupting
the airflow and potentially introducing contaminating environmental VOCs. Non-
technical causes for failed breath tests were mostly dyspnea and dyspnea-related
anxiety (27.8%) (Table 3).

Table 3. Patient experience of the breath tests and reasons of failed breath tests.

Failed breath
testN=255 (6.8%)

Successful breath P-value

testN=3469 (93.2%)

Baseline characteristics

Age, median (IQR)  64.0 (59.0-70.0) 63.0 (59.0-68.3) 0.19

Female sex, n (%) 1452 (39.2) 132(53.7) <0.001
ASA, median (IQR) 2 (1-2) 2(1-2) 0.60
BMI, median (IQR)  26.6 (24.2-29.6) 26.5(24.4-29.3) 0.57
Current or previous smoking, n (%) 2187 (59.0) 145 (58.9) 0.23
Pulmonary disease, n (%) 458 (12.4) 37 (14.9) 0.20
Patient experience
Breath test 1 VAS, median (IQR) 1(1-2.5) 5(1-8) <0.001
1 - Willingness-to-repeat, n (%) 3605 (97.4) 152 (62.6) <0.001
2 - VAS, median (IQR) 1(0-2) 2 (0-3.25) 0.26
2 - Willingness-to-repeat, n (%) 746 (98.3) 21 (80.8) <0.001
Reason of failed test, n (%) N.A.
Dyspnea 71(27.8)
Coughing 5(2.0)
Nausea 6(2.4)
e-nose/technical 140 (54.9)
Not adequately performed 21(8.2)
by research personnel
Other 12 (4.7)

ASA, American society of anesthesiologists’ classification; BMI, body mass index; IQR, interquartile range;

VAS, experienced discomfort on a visual analogue scale.
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Discussion

External validation is an essential part for the clinical application of breath-based
VOC analysis to predict CRC. We performed a multicenter study with external
validation to test whether the e-nose could predict CRC in the exhaled breath of
nearly 3,500 FIT-positive patients. While patients regarded the breath test as non-
invasive (median NRS 1/10) with a high willingness-to-repeat (95.3%), the e-nose
was not able to predict CRC (AUC 0.542) or advanced adenoma (AUC 0.517) from a
breath sample. Reproducibility could therefore not be adequately assessed.

The performance of our e-nose is significantly lower than previous studies have
reported. This could be attributed to various factors. One limitation of previously
reported studies is smaller sample sizes in those studies; however, larger studies
have also been conducted. For instance, the COBRA1 study by Woodfield et al.
achieved an AUC of 0.87 in a sample of 1,463 patients using the ReCIVA breath
sampling device based on gas-chromatography-mass-spectrometry (GCMS), in
contrast to our sensor-based approach (26). The discrepancy in performance
compared to our study may be due to differences in patient populations and
higher prevalence of symptomatic patients that hypothetically lead to higher
concentrations of discriminative VOCs in the COBRA1 study or the different VOC
sampling method. Another explanation for different results could be confounding
factors, such as environmental VOCs, that could introduce noise and variability
of the analytical VOC signal, thereby obscuring the detection of disease-specific
VOC patterns. This was demonstrated by McFarlane et al., who reported that CRC
detection from urinary VOC profiles was unreliable until larger control groups were
included (27). In comparison, our study’s larger sample size should have provided
robust data; however, the presence of CRC cases across multiple devices may have
introduced variability, which impacted performance. Lastly, a possible explanation
for our discrepant results to other studies is the lack of external validation in
other studies. Prediction models tend to perform worse in new datasets, even if
internal validation is performed (28). Scheepers et al. conducted a meta-analysis of
52 e-nose studies for various cancers, including 11 Aeonose studies, which was the
e-nose device used in the present study (15). Although the pooled sensitivity and
specificity were high (90% and 87%, respectively), none of the included studies
performed true external validation. Moreover, significant funnel plot asymmetry
was observed, suggesting the potential presence of publication bias. These
studies collectively show the potential of VOC analysis for CRC detection but also
highlight the necessity for larger, multicenter studies to validate these non-invasive
diagnostic tools.
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There may be several reasons for the current e-nose to perform significantly worse
than in our previously published pilot study (7). Firstly, the CRC prevalence of 5.0%
compared to the 15.6% prevalence of our pilot study was low. It is well-known that
a higher prevalence of the disease of interest often yields higher sensitivities, which
could partially explain the discrepancy in our results. For instance, a study evaluating
the SEPT9 methylation in plasma for CRC detection observed lower sensitivity
in low-prevalence populations compared to a high-prevalence setting (29).
In addition, subtle inter-device variations require more data to compensate for,
i.e., external validation has been reported to require another 100-200 positive
cases (30-32). In the present study, 179 positive (CRC) cases were included, divided
over 21 e-nose devices, resulting in a likely too low signal-to noise ratio, which
might obscure VOC patterns characteristic of CRC and degrades the quality of the
data for prediction models. Moreover, sensor drift may reduce the compatibility of
different device signals over time (33). Determining the discriminative ability of an
e-nose may therefore require a different study design, which reduces the number
of devices used in the study. Hypothetically, prediction model training of e-nose
sensor data could be optimized by gaining more insight into the specific sensor
data and the VOCs they relate to, so fewer variables will be necessary, resulting in a
smaller sample size.

Another explanation for the poor performance in our study might be the breath-
based analysis instead of stool-based VOC analysis. This e-nose device has also been
tested for lung cancer screening (34). In a multicenter study, Kort et al. included 376
patients with a 43% lung cancer prevalence. After a stepwise validation process,
this resulted in an AUC of 0.87. It could be stipulated that in breath analysis, the
disease-specific VOC concentration in lung cancer is higher than in CRC as VOCs
in CRC have a long route to travel, including absorption into the bloodstream and
a first-pass effect through the liver before excretion via the lungs. Consequently,
the concentration of disease-specific VOCs in exhaled breath is likely lower in
CRC compared to lung cancer. This necessitates more breath samples to develop
a predictive model or a higher sensitivity of the device sensors (35). Stool-based
VOC analysis for CRC may provide higher concentrations of disease-specific VOCs
due to closer proximity to the tumor site, potentially offering better sensitivity and
specificity (36).

In contrast to the CRC prevalence, the prevalence of AAs (34.1%) should
hypothetically include sufficient data for a discriminative predictive model.
However, the accuracy of the e-nose for AAs was also found to be insufficient. It
may be that preneoplastic lesions contain less discriminative VOCs. VOC analysis
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is based on the metabolic changes excreted through exhaled breath. While some
VOCs may originate from the Warburg effect (anaerobic metabolism in cancer cells
due to ineffective tumor circulation), it is proposed that several CRC-associated VOCs
result from an interplay with gut microbiota changes (37). Microbiome changes are
associated with CRC presence, whereby gut dysbiosis may create a pro-oncogenic
environment through chronic inflammation and immune response, metabolites,
or direct DNA damage (38-40). Gut microbiome variations have shown promise in
predicting CRC, with some studies reporting AUCs as high as 0.91 for early-stage
CRC detection (41). Recent studies have highlighted specific VOCs linked to gut
microbiome alterations in CRC patients, including changes in short-chain fatty acids,
amino acids, sulfur compounds, and compounds related to the Warburg metabolism,
such as alcohols and ketones (11, 26, 37, 42). It may well be that AAs contain less
discriminative VOCs than CRC, as less advanced metabolic and/or microbiome
alterations are caused (43). This could explain why AAs could not be predicted
despite a sufficiently high prevalence in our study. Integrating microbiota, proteome,
and amino acid profiles to VOC analysis may therefore potentially enhance the
discriminatory power for CRC and adenomas and needs further study (44).

Although this study did not yield positive results, a future clinical benefit of e-nose
use for CRC screening is a potential increase in adherence. The efficacy of colonoscopy
screening programs for CRC is strongly dependent on participation (45, 46). Given
the high acceptability of patients for a breath test in the present study, a breath test
could offer a potential solution to improve participation and the overall effectiveness
of CRC screening in the future.

Future initiatives for developing a breath test should consider confounding factors
in exhaled breath and the effect of systemic VOC differences between study sites,
since this leads to lower signal-to-noise ratios, thereby increasing the required
sample size. For this, standardized chemical detection techniques such as GCMS
may be necessary, as these are already calibrated and proven functional in current
clinical practice. Unfortunately, this means that the attractive point-of-care aspect
of the e-nose is not yet feasible. After identification of the CRC-related VOCs, as well
as the variability in this profile including environmental influences and what these
features look like as e-nose signals, e-nose devices can be tested and calibrated
as well. Future research recommendations therefore include standardization of
breath-based VOC analysis to advance this field (47, 48). For studies using machine
learning techniques specifically, VOC breath test samples must be collected with a
prevalence of 50%, including negative controls. Once a robust model is developed,
it is essential to validate it in an external cohort before it can be used clinically.
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This study has several strengths. First, it was tested in the future target population of
the e-nose, i.e., FIT-positive individuals invited for colonoscopy-screening, ensuring
future applicability and reducing risk of bias. As our study was performed parallel
to the national screening program, which is monitored and audited, our reference
standard was of high quality and reliability (49). The large sample size of nearly
3,500 patients reduced the risk of spurious correlations. Moreover, classification
data was independently double-checked to avoid misclassification that could
impact our results. Finally, external validation using different devices and hospitals
adds to the robustness of our results.

There are also limitations. First, while we aimed for a generalizable study
population, we excluded subjects with a history of malignancies or active IBD as
we hypothesized that this could lead to confounding factors in developing our
prediction model. We suggest including these subsets of patients in future studies
to address applicability. Second, due to the unfavorable results, we could not
perform a full analysis of potential confounders. For example, bowel preparation
could have influenced the reproducibility results. Third, our study might not be
1 to 1 comparable to other e-nose devices due to different sensors or other VOC
sampling media.

Conclusion

Breath-based VOC analysis by e-nose did not adequately discriminate CRC from
non-CRC patients in this study including an external validation. Future e-nose
studies should focus on assessing distinctive VOC profiles and their sensor pattern
to further study the potential of VOC analysis for CRC detection. Importantly, more
external validation studies are warranted before clinical application is feasible.
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with a predictive model trained for advanced adenoma (AA). A - AA vs control. B - AA vs non AA.
C - AA vs non AA excluding CRC subjects.






Chapter 3

Overcoming methodological barriers in
electronic nose clinical studies,
a simulation data-based approach

Milou L.M. van Riswijk, MD, Bas van Tintelen*, Ruben Lucas*,
Job van der Palen PhD, Peter D. Siersema, MD PhD

* authors contributed equally

J Breath Res. 2025 May 9;19(3). doi: 10.1088/1752-7163/add291.



58

| Chapter 3

Abstract

Background and study aim: Analysis of volatile organic compounds by
electronic nose (e-nose) may adress gaps in non-invasive screening for neoplasia.
Machine learning (ML) impacts study design and sample size requirements, but
guidance on clinical study design is limited. This study evaluates how neoplasia
prevalence, augmented data, and the number of e-nose devices impact sample
size requirements.

Methods: Simulated e-nose breath test data were created using real-world study
data. We examined the effect of varying neoplasia prevalence (50% to 5%) and
data augmentation on model performance, as well as the impact of using multiple
devices. Prediction models were developed using single value decomposition
and random forest, and convolutional neural networks. Model performance was
displayed as area under the receiver operating characteristics curve (AUC) and
F1-score. Stable model performance was defined as the phase where additional
data no longer increases model performance.

Results: Lower neoplasia prevalence significantly increased sample size
requirements, with low-prevalence settings (5%) requiring up to five times more
data than high-prevalence settings (50%) for stable model performance. Model
performance varied between devices, and integrating data from multiple devices
required larger sample sizes. Approximately 400 datapoints per device at 50%
prevalence, and 2100 datapoints at 5% prevalence, were necessary to reach stable
model performance.

Conclusions: Sample size requirements for e-nose studies are heavily influenced by
disease prevalence and the number of devices used. Limiting device variability and
ensuring sufficient case and control samples per device are crucial for achieving
reliable predictive performance. Specific requirements will vary based on sensor
and disease characteristics.

ClinicalTrials.gov Identifier: Clinicaltrials.gov Identifier NCT03346005 (model
study) and NCT04357158 (validation study)
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Introduction

Screening and early diagnosis of malignancies potentially improves morbidity and
mortality of malignancies (1). Non-invasive methods improve accessibility and
thereby effectiveness of screening programs (2). Emerging evidence suggests that
volatile organic compounds (VOC) can be used as biomarker for malignancies, such
as lung cancer (LC) (3) and colorectal cancer (CRC) (4-6). This could fill the current
gap in non-invasive screening methods (7). VOCs can be detected using a low-
cost, point-of-care electronic nose (e-nose) using machine-learning (ML) pattern
recognition techniques.

Before clinical implementation, validation studies of VOC analysis using e-nose
devices are imperative, due to the risk of overfitting and spurious correlations that
can lead to overly optimistic claims on the accuracy (8, 9). Ideally, this follows a
multi-step approach (10): After confirming the discriminative ability between
cancer and healthy subjects in a pilot study, the accuracy can be assessed in
larger study samples across the continuity of neoplastic lesions. Preferably, this
encompasses larger studies to identify confounders and to provide a provisional
positivity threshold.

However, when applying these steps to study designs of diagnostic tests that depend
on ML, several methodological difficulties may be encountered (11). Traditionally,
studies on new diagnostic tests are designed according to the STARD (12)
and TRIPOD (13) (prediction model development and validation, respectively)
guidelines. For higher generalizability, large multicenter designs generate better
results. However, ML prediction models are generally very data hungry, especially
when correcting for background noise (e.g., VOCs in a different hospital) (14), and
diversity within cohorts of participants. By using a multicenter design and multiple
measuring devices, subtle data differences are introduced, resulting in more data
that is required to build a prediction model. Unfortunately, the exact sample
size that is needed to cover these subtle differences is difficult to determine.
ML prediction models may require ten to over twenty times as many events per
variable compared to conventional regression models to develop a stable area
under the receiver operating characteristics curve (AUC), due to the vast increase
in parameters (14, 15). Furthermore, an increase in number of participating centers
leading to higher sample size requirements is counterintuitive to non-ML study
designs, where the total study sample size is divided over the participating centers.
[llustrative for this, is the abundance of pilot studies in VOC research, while large-
scale validation studies are still scarce (6, 16).
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The diagnostic accuracy may differ across study populations with varying neoplasia
prevalence. A promising accuracy in pilot studies may not hold in follow-up studies
with a lower neoplasia prevalence (17), underlining the importance of validation
studies. We have previously investigated VOC analysis in exhaled breath for LC
and CRC using e-nose technology. For LC, we performed a multicenter diagnostic
study including 575 subjects in seven centers (18). After a stepwise validation
process (19), an AUC of 0.83 for the training set, and 0.79 in the validation set was
derived. For CRC, we performed a similar study but in a CRC screening setting to
mimic the setting of the anticipated application (5). In this population, prevalence
was significantly lower (5%) compared to the LC prevalence in the aforementioned
study of 40-43%, yielding an insufficient AUC of 0.54, despite promising results
from a pilot study performed previously (AUC 0.76) (5).

As e-nose technology is relatively new, guidance for clinical diagnostic study
designs is hardly available and demands both clinical methodological knowledge
as technological knowledge. Therefore, in this study, we aim to provide insight
in the effect of varying neoplasia prevalence, augmented data, and the number
of measuring devices, on sample size requirements and diagnostic performance,
using a series of simulation models.

Methods

E-nose data characteristics

We composed a simulated data set mimicking real study data from our LC- and CRC
studies (Table 1). We investigated the diagnostic accuracy of e-nose technology for
the detection of CRC in a pilot study (n=447), with a CRC prevalence of 15.7% (5).
Breath tests of patients with a histopathological diagnosis of CRC were compared to
individuals with a normal colonoscopy (prevalence 28.6%) to develop a predictive
model, yielding an AUC of 0.74 in the validation set. Next, we included 3469 patients
over 12 study sites referred for screening colonoscopy based on a positive fecal
immunochemical test in the Dutch CRC screening program (unpublished results,
clinicaltrials.gov identifier NCT03346005). In this study cohort, CRC prevalence was
lower compared to the pilot study with 5.0%, and the control group with individuals
without polyps or CRC had a prevalence of 25.1%.

The LC study had a sample size of 576 individuals across seven study sites, of which
half was suspected of having LC, and the other half was healthy control (18). The
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breath test outcomes were compared to the histopathological diagnosis of non-
small cell lung carcinoma, which had a prevalence of 41.6% in the study cohort.

All breath tests were performed using the Aeonose (the eNose company, Zutphen,
the Netherlands), a handheld e-nose device using three hotplate metal-oxide
sensors (AS-MLV sensors; Applied Sensors GmbH, Germany) (20). VOCs interact
with these sensors, causing redox reactions on the surface that lead to conductivity
changes that can be measured. One breath profile contains over 2000 conductivity
values. Unfortunately, the exact breath profile features of a disease as shown in
these measurement values are as yet unclear.

Table 1. Overview of lung cancer study and colorectal carcinoma studies.

LC study (18) CRC pilot study (5) CRC study
Study design, sample size (n) Multicenter cross- Multicenter cross- Multicenter cross-
sectional, n=575 sectional, n=447 sectional, n=3469
Neoplasia prevalence, n (%) 239 (41.6) 70(15.7) 175 (5.0)
(Pre-neoplastic) lesions not 83 (14.4) 234 (52.4) 2425 (69.9)
included in prediction model
Controls 253 (44.0) 128 (28.6) 869 (25.1)
Number of study sites,n 7 2 12
Number of used 5 5 21
e-nose devices, n
Used ML techniques Combined result of ANN CNN
ANN, logres, RF, RF
Extreme, XGBoost
AUC (95% Cl) 0.86(0.81-0.91) 0.74 0.54 (0.49-0.58)

ANN, artificial neural network; AUC, area under the receiver operating characteristics curve;
CRC, colorectal carcinoma; Cl, confidence interval; CNN, convolutional neural network; e-nose, electronic
nose; LC, lung cancer; logres, logistic regression; ML, machine learning; RF, random forest; XGBoost, extreme
gradient boosting.

Simulation data development

To analyze the effect of varying prevalence, augmented data, and number of
e-nose devices on the required sample size, we used simulated data based on
e-nose measurements of healthy control subjects from the LC study. On these
measurements, we superimposed small deviations in the conductivity profiles,
both in the time and temperature domains, to enable a distinction for positive
and negative cases. These deviations were designed to mimic real breath samples.
Therefore, we first aggregated multiple breath profiles into a single representative
data sample by averaging across profiles. This step ensures that the resulting
sample captures the overall trend while reducing random variability. Next, we
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introduced artificial disease signals at various potential locations within the profile,
accounting for the possibility that the disease may manifest inconsistently across
different segments of the signal. To further simulate real-world conditions, a small
“jitter” in both time and temperature was applied at these locations, mimicking
natural variations and measurement noise. Finally, we superimposed Gaussian
noise across the entire data sample to simulate ambient fluctuations and external
noise, thereby increasing the robustness of the model to real-world environmental
variations. The quality of the resemblance of the simulated data was compared with
the published LC studies model. To realize this, a classifying ML model was used
while reducing the number of cases from the LC study. Afterwards, we compared
the performance of the ML classifiers in the LC dataset with an equally sized
simulated dataset. Additionally, we compared our results using the pmsampsize
package in R (15), which accounts for outcome prevalence, number of predictors,
and expected model performance (AUC). The number of variables was defined as
equivalent to the number of features remaining after the preprocessing steps.

Prediction model development

To get from the raw sensor data to a prediction model, several steps are needed
(Figure 1). First, since most classifiers in ML prefer training on balanced datasets, i.e.
a prevalence of 50%, we used augmented data as training with a prevalence of 5%
could easily lead to “negative” classification in all cases, however still resulting in a
correct outcome in 95% of all tests. Augmented data are synthetic data based on
real data points, to simulate extra events to train the model (21). In our experience,
the quality of the augmented data is critical: they should not resemble the original
datapoints too much, but they should also not be too deviant to make recognition of
profiles difficult. Therefore, the parameters for generating augmented data should
be chosen carefully. For our simulation data set, we used Gaussian Noise, which is
a statistical noise having a probability density equal to a normal distribution (22),
using the Synthetic Minority Oversampling Technique (SMOTE).

Next, to control for slight variations between multiple e-nose devices before using
this data in classifying models, all data is pre-processed. For this, normalization
is used by scaling the measurement amplitudes between 0 and 1. Then, as the
number of conductivity values per breath profile is usually large compared to
the number of participants, it is common practice to apply data compression to
prevent overfitting (23). The pre-processed and compressed data is then used in
the supervised ML model. We used two different approaches for compressing and
classifying both real and simulated breath profiles, using an average performance
based on 10 runs of the classifier:
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1. Principal Component Analysis (PCA) as compression technique followed by
a Random Forest (RF) classifier. This approach worked well for data analysis
of the LC study data. Nevertheless, a drawback of the PCA lies in its linear
nature, potentially leading to the missing of non-linear features. Additionally,
PCA tends to emphasize high-variance features, thereby risking the neglect
of more subtle and nuanced features. We used RF with depth of 3 and 10000
trees, proceeded by a SVD that compresses the data to 17 features.

2. Compression and classification using a Convolutional Neural Network (CNN).
The CNN is a powerful deep-learning tool, able to handle subtle differences
in data sets. A disadvantage is that it requires an even larger number of data
points than the PCA + RF approach. However, when using simulated data, this
tool can be useful. We used a CNN consisting of the following layers:

1. Conv2D with 8 filters, kernel size of 7, stride of 2, with padding and a
relu activation.

2. Conv2D with 16 filters, kernel size of 5, stride of 2, with padding and a
relu activation.

3. Batchnormalization

4, Flatten

5. Dense to 1 neuron with sigmoid activation.

The classifiers were selected based on experience in prior studies. To prevent
overfitting, leave-10%-out cross validation is used, a resampling technique in which
10 rounds of validation are used to increase the likelihood of robust models. After
a training and calibration phase, the model is tested on a blinded data set. After
satisfactory performance, external validation in a separate cohort is performed.

Analyses

Using the simulated dataset, we aimed to assess three study situations. First, the
effect of reducing the prevalence from an ideal 50% towards 5% (i.e., the neoplasia
prevalence in the CRC study). Second, the effect of adding augmented data at
different neoplasia prevalence values on the required sample size to achieve a
similar model performance. Third, the effect of increasing or reducing the number
of devices used in the study on the required sample size to achieve similar model
performance. This was tested by comparing model performance trained on a single
device to model performance trained on multiple devices.

For each situation, we calculated the effect on the model performance and plotted
this against the required sample size. Performance was displayed as the F1-score
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and AUC of the model (24). The F1 score is the harmonic mean of the precision
(positive predicted value) and recall (sensitivity) of the model. A higher F1 score
indicates a better accuracy and better representing the model accuracy in case of
imbalanced datasets compared to the AUC. With this information, we aimed to get
insight into sample size requirements to achieve stable model performance. Stable
model was defined as the phase where additional data points no longer lead to an
improvement of the AUC and F1-score.

We used Aethena (version 3.0, the eNose Company, Zutphen, the Netherlands) to
generate the simulated data and Python 3.10 (Python Software foundation, Delaware,
United states) and Tensorflow 2.13 (Google Brain, Alphabet Inc., California, United
states) for testing the predictive model performance.

Phase 1: Original clinical studies Phase 2: Simulation data Phase 3: Prediction model
development development

Simulation data

Healthy Data
n=co q Augmentation

Neoplasia
prevalence 5-50%

¥

Preprocessing:
Normalization
Compression

¥

Machine learning
prediction model
development

* Training
* Testing
¢ Validation

A4

Prediction of individual breath
tests

.

to original clinical studies

[ Comparing simulation data

] Phase 4: Analyses

Figure 1. Graphical representation of simulation model development. We derived breath tests from
healthy volunteers from our LC study (Phase 1) and superimposed small deviations to make positive
and negative breath profiles with varying neoplasia prevalence values (Phase 2). To get from the raw
sensor data to the prediction model (Phase 3), we first performed data augmentation using Gaussian
Noise, then we preprocessed the data including standardization and compression. The pre-processed
and compressed data is then used in the supervised ML model using 10% cross-validation and
validation in a separate, resulting in the final prediction model to answer our research questions
(Phase 4). Created with BioRender.com
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Results

Simulation data characteristics

The resemblance of our simulation data to real data was tested with both CNN
and PCA+RF as classifier (Table 2). Using PCA+RF, which were the ML techniques
used for the LC study dataset, AUC values of the simulation data in the training set
mimicked real data of the LC study. However, in the validation set, performance loss
in the simulation dataset was greater than in the LC dataset. This performance loss
is likely caused by the tendency of the PCA to prioritise high variance within the
data. The artificial disease created for the simulation data is unrelated to the highest
variance present in the data and is therefore “overlooked” by PCA compression.
However, by using a CNN, which combines classification and compression, we were
able to reproduce the LC results (Table 2). In lower prevalence settings, the model
performance in the simulation dataset also approached the performance in the
CRC dataset, confirming the validity of our simulation data.

Table 2. Overview of model performance in simulation data compared to the performed clinical studies.

Simulation LC study (18) Simulation  CRC pilot study (5)

Neoplasia prevalence 43% 43% 10% 15.6%
Sample size
Training set 410 410 400 153
Validation set 135 135 135 33
AUCmax
Training set
CNN  99.65 84.23 99.94 82.15
PCA+RFC 84.73 84.17 X 98.68
Validation set
CNN 8254 73.89 72.85 73.38
PCA+RFC 50.27 76.82 X 70.0

AUC, Area under the receiver operating characteristics curve; CNN, convolutional neural network;
CRC, colorectal cancer; LC, lung cancer; RFC, random forest classifier; PCA, Principal components analysis.

Effect of prevalence

To assess the effect of neoplasia prevalence on AUC and F1-score, we used simulated
data of five e-nose devices (Figure 2, Figure S1). At decreasing prevalence from
50% (ideal training prevalence) to 5% (comparable to the CRC cohort), increasingly
more datapoints are necessary to maintain a similar AUC. For example, to reach
an AUC of 0.80 with a disease prevalence of 5%, approximately 2100 datapoints
are required, compared to approximately 600 datapoints with a prevalence of
30% and 400 datapoints with a 50% prevalence. Corrected for number of positive
cases at lower neoplasia prevalence (i.e., 5% and 10%), the model performance
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is lower as well (Figure S2). Furthermore, overfitting risk is demonstrated at
lower prevalence models by the loss of high training-model performance to low
validation-model performance (Figure S1). The risk of overfitting decreases with
increasing datapoints.

100

(a)

0% Prevalence
0% Prevalence -
o 0% Prevalence

Prevalence

ACU (%)

65

100

(b)

% Prevalence

20% Prevalence

F1 score

(0% Prevalence

5% Prevalence

Figure 2. Effect of prevalence on required sample size on area under the curve (AUC) (A) and F1-score
(B) calculated on the validation set using a convolutional neural network (CNN). For reference, the
results of the LC study have been plotted in the graph. Lines represent polynomials to illustrate
patterns since exact sample size requirements are related to disease and device characteristics.
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Effect of augmented data

We assessed the effect of adding augmented data to the LC dataset and simulated
dataset on model performance at varying sample sizes, using a CNN (Figure S1,
dashed lines) and an PCA+RF model (Figure S3) including five e-nose devices.
While augmented data may help reducing class-imbalance, the absence of model
performance improvement in this figure demonstrates that augmented data is not
able to substitute actual data points and provides only marginal improvement.
Furthermore, when the used classifier performs insufficient, augmented data will
not further improve this (Figure S3).

Effect of number of devices

Model performance varies for each device (Figure 3). Model training on a combination
of devices does not translate into an equal increase of predictive performance.
Nonetheless, model performance using combined data from three devices (i.e. model
training on data from device 1, 2, and 3) was higher than the means of the model
performances per individual device. Approximately 300 datapoints per device at a
50% prevalence are required to reach a plateau phase. Further adding devices here
does not result in an additionally required total sample size.

Figure 3. Effect of variation of number of datapoints per device at a 50% prevalence on model
performance (AUC and F1-score) of single devices (device 1, device 2, device 3), and combination of
devices (Device 1 + device 2 + device 3).
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Discussion

The use of VOCs as non-invasive biomarkers for screening purposes seems
promising. However, data from large scale studies and external validation are
lacking. This could be due to methodological difficulties in e-nose studies,
including the unknown impact of background noise, varying neoplasia prevalence,
and use of multiple measuring devices on sample size requirement and study
design. Our results indicate that in low-prevalent settings, exhaled breath analysis
may require up to five times as much data compared to high-prevalent diseases to
build a stable predictive model. Augmented data only gives marginal improvement
of the predictive performance. Additionally, the use of multiple study devices has
a considerable impact on the sample size that is required to build an adequate
predictive model.

Previous studies on sample size requirements for diagnostic test studies mainly
focus on logistic regression models. Several guidelines for sample size calculation
have been proposed, such as the rule of thumb of 10 events per variable (15).
However, the total sample size required is also dependent on the total number of
participants, the outcome incidence, and expected model performance (15, 25).
Riley et al. have proposed a method that includes the precision of the outcome
proportion estimate, which is less likely to be overfitted (15). Following the
provided pmsampsize package in R, where the number of variables is set equal to
the number of features that remain after preprocessing of the current studies, this
results in similar outcomes as the sample size used in the published LC study (18)
and our simulation data. This adds to the validity of our results.

Diagnostic performance in high-prevalent study settings in our simulation were
as expected from previous pilot studies, but in low-prevalent settings, predictive
performance was subpar. This correlates with findings from our CRC studies. It is
known that training of ML models should be performed on a balanced dataset, i.e.,
number of positive cases and controls should be present in relatively equal parts. In
case of unbalanced data, itis general practice to use augmented data (21). In contrast
to reports in literature on use of augmented data in imaging techniques (21),
our study results demonstrate that augmented data was not able to substitute real
datapoints. This may explain the need for extra datapoints in low-prevalent study
settings. A second explanation is that our simulated dataset used data of five e-nose
devices to mimic actual study settings. However, our results also demonstrate that
the number of devices negatively impacts the number of required positive cases,
as a low number of positive cases per study device results in a low predictive
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performance. Together, this may clarify the effect of a low prevalence of the studied
disease on the poor predictive performance in our studies.

Throughout our previous studies, multiple study devices were used, ranging
from 5-6 in the LC and CRC pilot studies, to 21 in the CRC study. Due to case mix,
local VOCs in ambient air, or sensor characteristics, predictive performances
differed per used study device. A frequently occurring problem in e-nose devices
is sensor drift over time (26). The micro-hotplate metal-oxide sensors used in the
current study device have been developed to enable transferable calibration (20),
which minimizes the effect of sensor drift. Other sensor types, such as conducting
polymer sensors, may be subject to more inter-device deviations. This impairs
robust prediction model development because correction of sensor drift on the
signals requires a large dataset of baseline breath samples (26). Therefore, our results
demonstrate that required sample size is not only dependent on number of datapoints
and prevalence variance but may be more dependent on the number of datapoints
per study device. Future study designs should therefore strongly consider the number
of devices used, and where possible, restrict the number of devices, instead of using
several devices in large multicenter studies to catch as many cases as possible in low-
prevalent settings. After establishing a robust model, which is not affected by inter-
device differences, external validation in a cohort using a higher number of study
devices can be performed to ensure adequate performance in clinical practice.

Despite its vital importance (8, 9, 27, 28), e-nose studies with a truly external
validation cohort have yet not been published. Our study demonstrates that for
validation purposes in low-prevalence study settings, a substantial number of data
points is required. This might explain the discrepancy between the high number of
positive pilot studies and the low number of validation studies. Furthermore, this
may also delay the use of e-nose technology in clinical practice in the not too far
future. Given the high diagnostic performance with pooled sensitivity and specificity
of over 80% in meta-analyses of pilot studies (6, 29), there is evidence for VOCs as
a diagnostic biomarker, despite the variation in analysis methods. However, for true
confirmation, external validation is imperative, preferably in a multicenter setting
to guarantee robust results. Analysis methods of VOCs in pilot studies vary greatly,
from traditional methods such as gas-chromatography-mass-spectrometry (GCMS)
to the use of e-nose technology. Since traditional analysis methods such as GCMS
are developed at a high calibrated level, this may result in a lower signal to noise
ratio, which positively impacts sample size requirements. Clinical use of VOCs as
biomarkers may therefore initially better be done with traditional methods like
GCMS, albeit more labor intensive, than with e-nose devices.
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Our results implicate that future study designs should consider limiting the number
of study devices in a study. In addition, a minimum number of positive cases per
study device should be taken into account. Since low-prevalent settings may lead to
limited predictive performance, this may warrant a study design with an artificially
high prevalence, over development in a setting in which testing will ultimately take
place, such as for cancer screening purposes. Following this, external validation
could then take place in lower prevalence settings to confirm the accuracy in the
intended clinical setting.

This study has several strengths. It is the first to report on data characteristics
of e-nose devices and its behavior in machine learning predictive models and
may provide directions for future study designs. This may prevent unnecessary
endeavors and associated costs for performing a study and expedite reporting of
external validation studies. Although different types of e-nose devices may have
proprietary components in sensors and analysis methods, the main steps are similar
for different devices (23). Our conclusions may apply beyond the specific e-nose we
used during the studies.

A limitation of the use of e-nose technology is that the exact sensor signal
features that are used for disease recognition remain unknown. Different types
of e-nose devices all need a process of pre-processing and feature extraction to
evaluate a signal with ML, and the ‘black-box’ characteristic of ML complicates
monitoring of measured signals (23). This inherently limits in depth analysis and
more precise calculations. Additionally, it hampers designing of simulation data,
which is demonstrated by the loss of predictive performance in ML models that
use data compression in a separate step, unlike the CNN model that was used in
our final calculations. While our simulated data was designed assuming a normal
distribution, VOC distributions in breath research may not always follow a normal
distribution. Testing non-normally distributed data might influence the required
sample size to achieve stable model performance and should be considered in
future studies. Nevertheless, the similarity of the model performance in simulation
data with both the LC study and CRC study confirms the validity of our simulation
data. Additionally, different diseases, sampling media, and sampling devices may
create different profiles that include more explicit features. Hypothetically, as
this increases the effect size, and thereby decreases sample size requirements to
achieve similar model performance, our results may not directly translate to other
clinical contexts. Additionally, the use of different classifiers may be more fitting
to be used in data from other e-nose devices and may lead to variations in sample
size requirements to obtain stable model performance. In the future, more precise
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feature selection and visualization could result in more efficient data analysis,
leading to fewer subjects needed to build robust disease prediction models.
Therefore, a currently ongoing study aims to explore the exact features of positive
and negative signals.

Conclusion

Sample size requirements for e-nose studies strongly depend on disease prevalence
and number of study devices used throughout the study. We recommend limiting the
number of devices and aim for a minimum number of 150 neoplasia cases per e-nose
device for studies aiming at determining discriminative ability and a provisional
positivity threshold. This may result in adapting study designs to increase the
prevalence in the study cohort to be able to build a robust prediction model.
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Figure S1 (A-D). Effect of prevalence and addition of augmented data (aug) on required sample size
on area under the curve (AUC) (AB) and F1-score (CD) of training and validation cohort. Extra data
points increase the models accuracy, while this is only very limited for augmented data. AUC - area
under the receiver operating characteristics curve, Aug - augmented data, Sim — simulation data.
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Figure S2 (AB). Effect of prevalence and addition of augmented data (aug) on required positive cases
on area under the curve (AUC) (A) and F1-score (B) of validation cohort. AUC - area under the receiver
operating characteristics curve, Aug — augmented data, Sim - simulation data.
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(a) (c)

Figure S3 - AB. Effect of addition of augmented data to training (A) and validation (B) cohort on AUC
generated with a combined Principal Component Analysis (PCA) random forest (RF) network, versus
addition of extra datapoints. CD. Effect of addition of augmented data to training (C) and validation
(D) cohort on F1-scores, versus addition of extra datapoints, using a combined PCA-RF network.
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Part Il: Improvement of bowel
preparation for colonoscopy

She is water.

Powerful enough to drown you
Soft enough to cleanse you
Deep enough to save you.
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Abstract

Background and aims: High-quality bowel preparation is paramount for the diagnostic
accuracy and safety of colonoscopy; however, it is often difficult for patients to adhere
to high-volume laxatives, which may contribute to poor bowel preparation. This review
aims to assess the efficacy of bowel preparation fluids of 1L or less (<1L).

Methods: We performed a systematic review including all relevant randomized
controlled trials on ultra-low volume (<1L) bowel preparation fluids for colonoscopy
published since 2015. Primary endpoint was the percentage of adequately prepared
patients. Secondary endpoints included adenoma detection rate (ADR) and safety.

Results: Bowel preparation with sodium picosulfate/magnesium citrate (SPMC)
(19 trials, n=10,287), 1L-polyethylene glycol with ascorbate (PEGA) (10 trials,
n=1,717), sodium phosphate (NaP) (2 trials, n=621), and oral sulfate solution (OSS)
(3 trials, n=597) was adequate in 75.2%, 82.9%, 81.9%, and 92.1%, respectively,
of patients; however, heterogeneity between studies was considerable (I? range:
86%-98%). Pooled ADRs were 31.1% with SPMC, 32.3% with 1L-PEGA, 30.4% with
NaP, and 40.9% with OSS. Temporary electrolyte changes were seen with all ultra-
low volume bowel preparation fluid solutions but without sustained effects in
most patients.

Conclusion: Ultra-low volume bowel preparation fluids do not always meet
the 90% quality standard for adequate bowel preparation as defined by current
guidelines. Nonetheless, they may be considered in patients intolerant for higher-
volume laxatives and without risk factors for inadequate bowel preparation or
dehydration-related complications.

Definitions: High-volume bowel preparation - more than 2 liters (>2L). Low-volume
bowel preparation - 2 liters or less (<2L). Ultralow-volume bowel preparation - 1 liter
or less (<1L).
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Introduction

Colonoscopy is considered the gold standard for screening and surveillance of
colorectal cancer (CRC) and its precursor lesions. However, diagnostic accuracy
and safety of colonoscopy highly depend on the quality of preprocedural bowel
preparation. Inadequate bowel preparation has been reported as frequent as 25%
and is associated with a lower adenoma detection rate (ADR), lower procedure
completion rate, longer procedure time, higher complication rate, and a higher
need for repeat colonoscopy with associated increased healthcare costs (1-7). In
light of this, the European Society of Gastrointestinal Endoscopy (ESGE) guidelines
advise that at least 90% of the colonoscopy patients should have adequate bowel
preparation (1, 8).

Inadequate bowel preparation is often linked to the high volume of laxatives
patients need to drink (9, 10). Moreover, the high burden of bowel preparation
may be one of the reasons for patients not to undergo colonoscopy (11, 12). In the
past few years, several strategies have been developed to ensure adequate bowel
cleansing, aiming to improve bowel preparation tolerability while maintaining an
adequate cleansing effect. The reference standard for bowel preparation consisted
for a long time of 3-4 liters (L) of polyethylene glycol (PEG) electrolyte solution (1, 2)
due to its efficacy and favorable safety profile (13). More recent randomized clinical
trials (RCT) and meta-analyses comparing lower volumes (2L) of bowel preparation
solutions to standard regimes, demonstrated that the former benefit patient
compliance and show a higher willingness to repeat colonoscopy while still leading
to a high bowel cleansing efficacy (14-16).

Nonetheless, even two liters of poorly tasting laxatives is still less optimal for a
subgroup of patients (9, 17). In an effort to further optimize patient experience and
compliance, several ultra-low volume bowel preparation fluids of 1L or less have
been developed, based on either hyperosmotic solutions or stimulant laxatives
(supplementary A). In a recently published observational study including 5000
patients, a 300ml bowel preparation solution consisting of sodium picosulfate with
magnesium citrate (SPMC) demonstrated a high willingness to repeat colonoscopy
(93.5%) when compared to 4L PEG (69.4%) and 2L PEG with ascorbate (73.2%)(18).

The ESGE recommends both high-volume (>2L) as well as low- (<2L), or ultralow-
volume (<1L) laxatives in healthy patients, based on a non-inferiority outcome
of individual studies. However, not all included studies investigating ultra-low
volume laxatives were found to meet the quality standard of a minimum of 90%
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adequate bowel preparation. Considering that the cleansing efficacy is even more
important than tolerability(3), the scope of this review is to assess the efficacy and
safety of ultra-low volume fluids (<1L) to achieve adequate bowel preparation
for colonoscopy.

Materials and methods

Protocol and registration
The protocol was designed in line with the PRISMA guidelines and registered in the
PROSPERO database of systematic reviews (CRD42020181630).

Information sources and search strategy

The search was systematically performed on April 17, 2020 in three databases:
PubMed, Embase (Ovid interface), and the Cochrane Library (CENTRAL). The search
strategy and search terms were developed in collaboration with a medical librarian.

"o i

Search terms included “colonoscopy’, “laxatives”, “cathartics’, “purgatives’, “bowel
evacuant”, “bowel preparation”, “bowel cleansing’, “colon cleansing”, “visualization”,
“lavage”. Alternative spelling was accounted for. The full search strategy is available

in supplementary B.

Eligibility criteria

We included RCTs that investigated bowel preparation fluids with a volume of <1L,
published between January 1, 2015 and April 17, 2020. We excluded studies that
did not report original data, animal studies, studies focusing on a specific study
population, and conference abstracts. The search was limited to articles either in
English or Dutch, with full-text available through the university library or open
access publishing.

Study selection

To deduplicate the records, we used Endnote X9.2 (Clarivate Analytics, Philadelphia,
PA, USA), after which all remaining records were transported to the web-based
screening program Rayyan QCRI (19). Eligible studies were identified by one
researcher (MvR). Uncertainties were resolved through discussion with the senior
author (PS).

Outcome measures
Our primary endpoint was the proportion of adequately prepared patients on an
intention-to-treat basis. Adequate bowel cleansing was defined as a Boston Bowel
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Preparation Scale (BBPS) score =6, Aronchick Scale (AS) score <2 (good or excellent),
Ottawa Bowel Preparation Scale (OBPS) score <5, and Harefield cleansing scale
(HCS) grade A or B (20).

If the outcome was reported with more than one preparation scale, BBPS and
OBPS were preferred over AS, as previous studies have shown better interobserver
consistency with a Cohen’s kappa coefficient of 0.77, 0.94, and 0.77 for BBPS, OBPS,
and AS, respectively. Furthermore, AS is preferred over HCS (kappa 0.457) (20-22).
Additionally, BBPS was preferred over OBPS because of more extensive validation
and more frequent use in clinical practice (1, 20).

Secondary endpoints included ADR and safety. If the primary outcome was not
reported, the study was not included in the meta-analysis for efficacy, but only in
the safety analysis.

Statistical analysis

We used a random-effects model to calculate the pooled proportion of adequately
prepped patients and ADR per type of fluid, using the restricted maximum
likelihood method (23). A Freeman-Tukey double arcsine transformation was used
to minimize the effect of extreme proportions (near 1 or 0) in study subsets with
small sample sizes and to stabilize variances(24). Additionally, subgroup analyses
and meta-regression on predefined subgroups were conducted. We assessed the
effects of the use of additives (i.e., adjunctive laxatives drugs prescribed besides
the main laxative, e.g., bisacodyl), the dosing protocol (split-dose, same day, or day
before), and diet (liquid diet, low-residue diet, or a combination).

Heterogeneity across the pooled studies was assessed using I statistics, with
low, moderate, and substantial heterogeneity defined as 25%, 50%, and 75%,
respectively (25). To further explore heterogeneity and to detect possible outliers,
influence analyses were conducted, including leave-1-out sensitivity analyses and
Baujat-plots (26, 27). If more than 10 studies were available, a graphic display of
study heterogeneity (GOSH plot) analysis was conducted(28). All analyses were
conducted in R3.6.2 (29), using the packages meta (30), metafor (31), and dmetar (32).

Risk of bias assessment

To assess and visualize risk of bias in the included studies, the Cochrane
Collaboration Risk of Bias 2 (RoB2) tool was used for randomized interventional
trials(33). Selection bias was assessed using funnel plots.
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Results

Search results

Our systematic literature search yielded 5097 citations. After deduplicating,
3029 were screened based on title and abstract. Based on potential relevance,
239 articles were screened full-text, of which 43 were included. The full selection
process is shown in the PRISMA flowchart (figure 1) (34).

Records identified through
database searching
& PubMed (n=1237) - -
= Embase (n=1402) Additional records identified
& Cochrane reviews (n=20) through other sources
] -
S Cochrane trials (n=2438) (n=0)
: I I
Records after duplicates removed
(n=3029)
a0
i=
S
[
()
5] v
(%]
Records screened N Records excluded
(n=3029) 4 (n=2758)
Full-text articles E
E P, N
= assessed for eligibility > Conference abstract (n=115)
) (n=239) No RCT (n=23)
w No English/Dutch (n=12)
Specific study population (n=7)
No full text (n=4)
Studies included in No original data (n=3)
quantitative synthesis Other (n=6)
(n=43)
el
[
3
S Studies included in
= quantitative synthesis
(meta-analysis)
(n=32)

Figure 1. PRISMA flow diagram of study selection. RCT - randomized controlled trial.

Study characteristics

Of the 43 included studies, 26 evaluated SPMC (16, 34-59), 12 1L-PEG with ascorbate
(PEGA) (46, 58-68), 4 oral sulphate solution (OSS) (61, 69-71), 4 sodium phosphate
solution (NaP) (38, 72-74), 2 sennoside s(72, 75), and 1 magnesium citrate (76) (table 1).
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All studies were single- or multicenter assessor-blinded RCTs. Fourteen studies
(32%) were sponsored by pharmaceutical companies (35, 36, 39, 41, 42, 49, 51,
55, 58, 60, 61, 66, 69, 70). Study populations included outpatient patients with
various indications for colonoscopy, i.e., screening, surveillance, and diagnostic.
Exclusion criteria were commonly accepted contraindications for colonoscopy and
contraindications for bowel preparation in general.

Adequately prepared patients per fluid

For SPMC, the percentage adequately cleaned patients was reported in 19 studies
comprising 10,287 patients, with a pooled percentage of 75.2% (95% confidence
interval [Cl] 67.6-81.4; 12=96%) (figure 2). The pooled estimate was significantly
higher in studies that used additives, such as bisacodyl (n=9714), compared to
studies that only used the standard dosage of 300mI SPMC (n=573) (P<0.01) (table 2,
Supplementary (S) figure 1). Dosing subgroups (same-day, day before, split-dose)
performed significantly different in subgroup analysis (P<0.00001), with a negative
trend for day-before dosing (table 2, figure S2). Bowel preparation efficacy did
not differ significantly between diet subgroups (liquid, low-residue, or combined)
(table 2, figure S3).

Ten studies comprising 1717 patients reported the proportion of adequately
prepared patients using 1L-PEGA, with a pooled percentage of 82.9% [95%Cl 74.4-
90.1; I’=94%)] (figure 3). The pooled efficacy of 7 studies (n=641) using additives was
comparable to the efficacy of NER1006, a 1L-PEG solution with a higher ascorbate
concentration (table 2, figure S4). In addition, subgroup analysis for dosing
subgroups showed comparable efficacy of same-day or split dosing (table 2, figure
S5). Subgroup analysis for diet effect did not show a significant difference in bowel
cleansing efficacy (table 2, figure S6).

Two studies comprising 621 patients reported the efficacy of NaP, with a pooled
percentage adequately prepared patients of 81.9% [95%Cl| 36.7-97.2; 1°=98%]
(figure 4). For OSS, 3 studies comprising 597 patients reported on our primary
endpoint, with a pooled percentage of 92.1% [95%Cl 79.7-97.2, 1>=86%] (figure 5).
Due to the small number of studies available, no subgroup analyses could
be performed.

Furthermore, the 2 studies investigating the efficacy of sennosides did not report
on preparation adequacy in a proportional manner.
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Table 2. Subgroup analyses for sodium picosulfate/magnesium citrate and 1L polyethylene glycol
with ascorbate.

Subgroup analysis Ne° of studies Adequately prepared (%, 95%Cl)  12(%)

(category)
All studies 43
SPMC 19 75.15 (67.63-81.41) 96
1L-PEGA 10 82.94 (74.39-90.08) 94
0ss 3 92.06 (79.67-97.17) 86
NaP 2 81.91 (36.75-97.24) 98
SPMC
With additives 5 85.77 (74.05-92.71) 96
Without additives 14 71.18 (62.37-78.63) 79
Sameday 1 86.79 (53.13-97.44) NA
Day before 6 52.71 (36.52-68.36) 91
Split-dose 9 77.96 (68.40-85.25) 93
Liquid diet 3 78.68 (59.84-90.14) 98
Low-residue diet 6 80.42 (66.45-89.50) 92
Combined 9 69.75 (57.46-79.74) 96
1L-PEGA
With additives 7 80.04 (75.46-83.95) 91
Without additives (NER1006) 3 80.72 (76.59-84.27) 97
Sameday 6 88.69 (79.48-94.07) 84
Day before 1 58.40 (22.30-87.29) NA
Split-dose 4 80.75 (65.10-90.42) 94
Liquid diet 5 78.56 (61.44-89.39) 93
Low-residue diet 1 89.50 (69.89-96.90) NA
Combined 4 86.82(71.13-94.62) 94

1L-PEGA - 1L polyethylene glycol with ascorbate, Cl - confidence interval, OSS - oral sulfate solution,
Ne — Number, NA - not applicable, NaP - Sodium Phosphate solution, SPMC - sodium picosulfate with
magnesium citrate.

Secondary endpoints

Adenoma detection rate

ADR was reported in 10 SPMC studies with a pooled ADR of 31.0% [95%Cl 25.6-36.7;
[2=83%] and in 8 1L-PEGA studies with a pooled ADR of 32.4% [95%CI 26.6-38.4;
[>=83%]. ADR was reported in 1 study in the NaP group and was 30.4% [95%CI 20.6-
41.2], and in 2 studies in the OSS group with a pooled ADR of 40.9% [95%CI 28.3-
54.2; 1>=81%]) (figure 6A-D)
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Study Events Total Adequately prepped (%) 95% CI weight
Dwyer 2017 65 112 —-— 58.04 [48.72;66.81] 4.4%
Hookey 2019-a 365 448 - 81.47 [77.60;84.81] 4.5%
Hookey 2019-b 397 453 kg 87.64 [84.27,90.36] 4.5%
Hung 2020 274 316 k3 86.71 [82.50;90.03] 4.5%
Klare 2015 42 99 —— 42.42 [33.09;52.33] 4.4%
Kojecky 2018 122 178 —= 68.54 [61.36; 74.93] 4.5%
Munos-Navas 2015-a 1562 224 — 67.86 [61.46;73.65] 4.5%
Munos-Navas 2015-b 46 53 —— 86.79 [74.79;93.57] 3.8%
Munsterman 2015 79 85 —& 9294 [85.17;96.79] 3.8%
Pisera 2019 5334 6752 79.00 [78.01;79.95] 4.6%
Pohl 2015 111 193 - 57.51 [50.44;64.30] 4.5%
Rostom 2019-a 30 38 —— 78.95 [63.22;89.11] 3.8%
Rostom 2019-b 20 33 —a— 60.61 [43.35;75.57] 4.0%
Sahebally 2015 35 64 —— 54.69 [42.46;66.38] 4.3%
Schreiber 2019 115 251 — 45.82 [39.75;52.01] 4.5%
Schulz 2016-a 127 159 i 79.87 [72.92;85.40] 4.4%
Schulz 2016-b 48 156 —— 30.77 [24.03;38.44] 4.5%
Yoo 2015 80 100 — 80.00 [71.02;86.72] 4.3%
Choi 2016 90 102 — 88.24 [80.42;93.20] 4.1%
Gweon 2015 87 104 — 83.65 [75.27;89.59] 4.2%
Kim SH 2020 85 97 — 87.63 [79.47,92.84] 4.1%
Kim HG 2015 134 153 & 87.58 [81.35;91.94] 4.3%
Kim MJ 2016-a 58 58 —=100.00 [87.85;99.95] 1.3%
Kim MJ 2016-b 38 59 —— 64.41 [51.50;75.51] 4.2%

Pooled proportion (random effects) 10287 —— 75.15 [67.63; 81.41] 100.0%
Heterogeneity: 12= 96%, ?= 0.7708, p < 0.01 f T T T T !
0 20 40 60 80 100

Figure 2. Pooled proportion adequately prepped patients, sodium picosulfate/magnesium citrate
(SPMCQ). Cl - confidence interval.

Study Events Total Adequately prepped (%) 95% CI weight
Schreiber 2019 146 250 = 58.40 [52.22;64.45] 9.4%
DeMicco 2018 228 276 - 82.61 [77.90;86.87] 9.5%
Bisschops 2019-a 243 275 -  88.36 [84.29;91.91] 9.5%
Bisschops 2019-b 249 275 + 90.55 [86.78;93.75] 9.5%
Tian 2019 44 82 —— 53.66 [42.77,64.38] 8.8%
Kwon 2016 87 91 —# 95.60 [90.23;99.04] 8.9%
Kim SH 2020 85 99 —#— 85.86 [78.23;92.11] 9.0%
Kang 2017 70 100 —— 70.00 [60.61;78.63] 9.0%
Kamei 2018 65 68 —# 9559 [89.12;99.44] 8.7%
Choi 2018 111 130 —=—  85.38 [78.74;90.99] 9.1%
Banerjee 2016 63 71 —#— 88.73 [80.19;95.20] 8.7%
Pooled proportion (random effects) 1717 — : 82.94 [74.39; 90.08] 100.0%

Heterogeneity: 12 = 94%, t° = 0.0285, p < 0.01 r T T T T
0 20 40 60 80 100

Figure 3. Pooled efficacy for 1L PEG with ascorbate (PEGA).

Study Events Total Adequately prepped (%) 95% Cl weight

Hung 2019-a 89 93 —=# 95.70 [89.10;98.38] 24.3%

Hung 2019-b 93 97 —# 05.88 [89.52;98.44] 24.3%

Kang 2015-a 57 259 = 22.01 [17.38;27.46] 25.7%

Kang 2015-b 133 172 — 77.33 [70.47;82.97] 25.6%

Pooled proportion (random effects) 621 ————mmm——  81.91 [36.75; 97.24] 100.0%
1

T
0 20 40 60 80 100

Heterogeneity: 12 = 98%, 2 = 4.2466, p < 0.01

Figure 4. Pooled efficacy Sodium Phosphate solution (NaP). Cl - confidence interval.
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Study Events Total Adequately prepped (%) 95% Cl weight

DeMicco 2018-b 227 280 - 81.07 [76.05;85.24] 28.7%

Lee 2019 80 93 —#—  86.02 [77.40;91.71] 27.1%

Yang 2020-a 107 112 —# 09554 [89.72;98.13] 24.5%

Yang 2020-b 110 112 —# 98.21 [93.14;99.55] 19.7%

Pooled proportion (random effects) 597 —==> 092.06 [79.67; 97.17] 100.0%
T 1

Heterogeneity: 12 = 86%, t° = 1.0418, p < 0.01 r T T T
0 20 40 60 80 100

Figure 5. Pooled efficacy oral sulfate solution (OSS) Cl - confidence interval.

Study Events Total Adenoma detection rate (%) 95% Cl weight
Dwyjer 2017 24 112 —— 21.43 [14.28;29.55] 8.0%
Gweon 2015 41 104 —— 39.42 [30.21;49.02] 7.9%
Hookey 2019-a 130 453 = 28.70 [24.62;32.96] 9.4%
Hookey 2019-b 141 448 k3 31.47 [27.25;35.86] 9.4%
Kim MJ 2016-a 21 58 —— 36.21 [24.25;49.06] 6.8%
Kim MJ 2016-b 24 59 —— 40.68 [28.42;53.54] 6.9%
Klare 2015 18 99 —a— 18.18 [11.14;26.45] 7.9%
Pisera 2019 2039 6752 30.20 [29.11;31.30] 9.9%
Pohl 2015 49 193 &= 25.39 [19.48;31.79] 8.8%
Schreiber 2019 47 251 = 18.73 [14.12;23.80] 9.0%
Seo 2018 57 114 —— 50.00 [40.81;59.19] 8.1%
Yoo 2015 42 100 —— 42.00 [32.47;51.84] 7.9%

Pooled proportion (random effects) 8743 - 31.05 [25.63; 36.74] 100.0%
Heterogeneity: 12 = 83%, % = 0.0093, p < 0.01 f T T T T 1
0 20 40 60 80 100

Study Events Total Adenoma detection rate (%) 95% Cl weight
Bisschops 2019-a 73 275 - 26.55 [21.48;31.94] 12.3%
Bisschops 2019-b 76 275 - 27.64 [22.50;33.08] 12.3%
Choi 2018 59 130 —=— 45.38 [36.89;54.02] 11.0%
DeMicco 2018 93 276 = 33.70 [28.23;39.39] 12.3%
Kamei 2018 23 68 —a— 33.82 [23.00;45.55] 9.3%
Kang 2017 45 100 —— 45.00 [35.33;54.86] 10.4%
Kim SH 2020 37 99 —F— 37.37 [28.07;47.16] 10.3%
Schreiber 2019 47 250 - 18.80 [14.18;23.90] 12.2%
Tian 2019 24 82 —— 29.27 [19.87;39.63] 9.8%
Pooled proportion (random effects) 1555 - ‘ 32.36 [26.60; 38.40] 100.0%

2 20,0074, p <0.01 f T T T T

0 20 40 60 80 100

Heterogeneity: 12 = 83%, T

Study Events Total Adenoma detection rate (%) 95% Cl weight
Kang 2015-a 66 259 - 25.48 [20.35;30.98] 51.9%
Kang 2015-b 62 172 s ol 36.05 [29.02; 43.38] 48.1%
Pooled proportion (random effects) 431 R — ; ‘ 30.44 [20.63; 41.23] 100.0%

Heterogeneity: 12 = 82%, t* = 0.0054, p = 0.02 f T T T
0 20 40 60 80 100

Study Events Total Adenoma detection rate (%) 95% Cl weight
DeMicco 2018-b 98 280 - 35.00 [29.51;40.69] 54.8%
Lee 2019 45 93 —— 48.39 [38.25;58.59] 45.2%
Pooled proportion (random effects) 373 ———— ; ‘ 40.94 [28.29; 54.23] 100.0%

Heterogeneity: 12 = 81%, t° = 0.0074, p = 0.02 f T T T
0 20 40 60 80 100

Figure 6. Forrest plots for pooled adenoma detection rate for fluid studies. A — sodium picosulfate/
magnesium citrate (SPMC), B - 1L PEG with ascorbate (PEGA), C - sodium phosphate solution (NaP),
D - oral sulfate solution (OSS). Cl - confidence interval.
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Safety

All included studies reported gastrointestinal symptoms such as abdominal pain
and distention, anal irritation, nausea, and to a lesser extent vomiting as most
frequent adverse events (AEs). Furthermore, headache, dizziness, and general
malaise were reported with the use of all fluids.

Of the 26 SPMC studies, 22 reported on AEs, and 6 evaluated laboratory
abnormalities. A range of 8.1-85.6% of the patients experienced at least some of the
AEs as mentioned above. Moreover, 3 studies (37, 39, 42) reported elevated serum
magnesium in 3.6-10.5% of the patients, and decreased serum sodium levels in up
to 21.2% of patients (45) with one report of severe hyponatremia (119mmol/L)(55).
Schulz et al. reported hyperkalemia (6.2mmol/L and 8.5mmol/L, respectively) in
2 young patients, which resolved without sequelae.

In the 1L-PEGA group, AEs were reported in 11 of 12 studies, occurring in 13.2-
43.4% of patients. In the NER1006 studies (58, 60, 61), higher rates of temporary
decrease in renal function and hypernatremia (median +4.0 mmol/L from baseline)
were reported, compared to other ultra-low volume fluids included in these review.

For NaP, AEs were reported in 2 of the 4 included studies, occurring in 44.3-72.2%
of the patients. The type of reported AEs was similar to those reported above.
Additionally, an increase in serum inorganic phosphorus levels (from a median of
3.5mEq/L at baseline to 6.3mEq/L at the day of colonoscopy) was noted (72).

AEs were reported in all OSS studies and occurred over a range of 18.5-77.4% of the
patients. Laboratory abnormalities included a temporary decrease in renal function
(61). Other electrolyte changes were not considered as clinically significant (61, 69).

Heterogeneity

Heterogeneity was considerable for all bowel preparation fluid studies and could
only partially be explained by the prespecified subgroups (additive-use and
differences in dosing schedule). In subgroup analyses based on type of bowel
preparation scale, I> remained substantial (BBPS 12 91%, OBPS 1> 96%, data not
shown). No changes in the pooled effect size nor in the extent of heterogeneity
were observed in sensitivity analysis (figure S7). Influence analysis, including Baujat-
and GOSH plots, identified possible outliers (55, 58, 68, 74) (figure $7-9). Excluding
these outliers in the meta-analyses did however not change the pooled effect
sizes significantly but reduced the Cl. For SPMC, the Cl changed from 67.6-81.4 to
73.2-76.0. For 1L-PEGA, after removing the outliers(58, 68), the pooled percentage
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changed non-significantly from 82.9% [95%CI 74.4-90.1; 1>=94%] to 77.0% [95%CI
75.7-78.1; 1>=94%].

Risk of bias

Funnel plots showed no evidence for publication bias (figures S11A-D). The
overall risk of bias was low in 58.1%, intermediate in 23.3%, and high in 16.3% of
the included studies (figure 7, figure S12). The pooled outcome did not change
significantly for any of the fluids when excluding the studies classified as high risk
of bias (36, 46, 52, 63, 67, 72, 74), but for the 1L-PEGA group, a drop from 83.0%
[95%Cl 74.4-90.1] to 75.3% [95%Cl 73.0-77.3] was found.

As percentage (intention-to-treat)

Overall Bias I I
Selection of the reported result - I
e

Measurement of the outcome

Mising outcome data |

Deviations from intended interventions

Randomization process [ —

o

10 20 30 40 50 60 70 80 90 100

M Low risk Some concerns B High risk

Figure 7. Summary of risk of bias (Cochrane RoB2 tool*). *The Cochrane RoB2 tool assesses the risk of
bias across five domains, including randomization process, protocol deviations, missing data, outcome
measurement, and selection of the reported result. The overall risk of bias is determined by the highest
risk within the subdomains. This figure summarizes the risk of bias within all included studies, as
percentage of the total number of studies.

Discussion

This systematic review and meta-analysis show that ultra-low volume (<1L) bowel
preparation with SPMC, 1L-PEGA, NaP, or OSS, was adequate in 75.2%, 82.9%, 81.9%,
and 92.1%, of patients, respectively. While ESGE guidelines on bowel preparation
and CRC screening recommend an adequate bowel cleansing rate in at least 90%
of procedures (1), the majority of these ultra-low volume bowel preparation fluids,
with the exception of OSS, do not meet this quality standard as defined by the ESGE
in our analysis. It should be noted that only a low number of studies investigating
NaP (n=4) and OSS (n=4) were included, which likely mirrors their limited use in
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daily clinical practice. The preference for SPMC and 1-PEGA in various international
guidelines is motivated by potential side-effects that have been reported with use
of NaP and OSS (1, 2, 8).

Evidence on the efficacy of low-volume fluids is contradictory (77). Some meta-analyses
comparing high-volume (>3L) PEG with lower-volume fluids (<2L) have demonstrated
a lower efficacy of low-volume fluids (78, 79), whereas others have suggested
non-inferiority when comparing these two different volume fluids (14, 80-82).
An explanation of the suboptimal efficacy results in our meta-analysis may well be
that we limited our analysis to <1L (ultra-low volume) fluids, while others classify
a volume of <2L already as low-volume. High- or intermediate volume laxatives
such as 4L-PEG or 2L-PEGA have a well-established efficacy profile (1). Therefore,
when 2L preps are included in the same group as the ultra-low-volume fluids, this
may improve the overall efficacy results of the low-volume group and give the
wrong impression that all low-volume fluids are equally effective or non-inferior to
the high-volume counterpart. Another explanation may be that day-before dosing
generally performed worse than split-dose protocols in our analysis. This has also
been reported in other meta-analyses (78, 80) and might at least partly explain why
the pooled efficacy we found is lower than expected as in the included studies both
split-dose and day-before dosing was used. It is recommended that a colonoscopy
procedure should take place within 2-5 hours after finishing bowel preparation to
make sure that the colon is most optimally prepped (1), thereby reducing the risk that
neoplastic lesions will be missed due to bowel contamination (83, 84). Furthermore,
it is questionable whether split-dosing is feasible with ultra-low volume fluids,
especially in isotonic fluids, or that same-day dosing should be standard. Split-
dosing may lower the purging effect of the first dose, thereby reducing the final
laxative effect of the hypertonic second dose. In our dosing-stratified analyses, the
pooled efficacy of same-day and split-dosing were close to the recommended 90%.
Further studies on ultra-low volume fluids should focus on the efficacy of dosing
on the day of colonoscopy, as in this way ultra-low volume bowel preparation fluids
might still be a viable option for bowel cleansing.

The ultra-low volume laxatives presented here may offer a solution for patients
having difficulties with drinking high volumes. Additionally, the optimized patient
perception as compared to high-volume fluids likely will increase the willingness
of patients to repeat colonoscopy and decreases the number of patients avoiding
colonoscopy (11, 80, 81). Spadaccini et al. performed a meta-analysis including
17 RCTs (n=7582) in which they showed that the compliance rate, tolerability, and
willingness to repeat taking the same preparation were all in favor of low-volume
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(<2L) preparations (80). Nevertheless, lowering the volume of bowel preparation
fluids does not release patients from drinking large volumes. The stimulant and
hyperosmotic pharmacologic mechanism of action that draws water into the
gut lumen makes taking extra fluids necessary in addition to the laxatives. Thus,
patients should be instructed to maintain hydration to compensate for the large
fecal effluent of 2.5L-3L (85). For the 300ml prep SPMC for example, this means
drinking at least 2 liters of fluid, which is the same as is recommended in addition
to 2L-PEGA.

High-volume bowel preparation fluids such as 4L-PEG may anyhow be preferable

in patients with a high risk of dehydration-related complications, such as acute
kidney injury, or fluid shifts. The iso-osmotic nature of the PEG electrolyte solution
minimizes fluid shifts and thereby reduces the risk of electrolyte disturbances.
These electrolyte disturbances such as transient hypermagnesemia for SPMC,
hypo- or hypernatremia for 1L-PEGA, and hyperphosphatemia for NaP have been
reported in this systematic review, as well as in other publications(86). No serious
AEs were reported in our included studies, but there are case reports that report on
fatal hyponatremia and hypermagnesemia (87, 88). The rare risk of acute phosphate
nephropathy caused by tubular calcium depositions due to NaP use has resulted
in a warning by the United States Food and Drug Administration to consider
alternative bowel preparations instead of NaP (89). Therefore, hyperosmotic <1L
laxatives may be less suitable for elderly or patients with renal dysfunction (1, 3, 6).

Nonetheless, it is debatable whether the above-mentioned electrolyte changes
are clinically relevant for the majority of patients (90, 91). In a retrospective study
of 2.8 million participants, 30- and 90-day hospitalizations for electrolyte changes
were <0.1% in patients that used several low-volume bowel preparations, which
was not significantly different from patients using high-volume alternatives(92).
However, the severe AEs that occur only rarely, are often reported in post-marketing
surveillance data in case-series or retrospective studies. For some of the more
recently developed bowel preparation fluids, such as NER1006, this data is still
limited. Additionally, study populations of included studies in this meta-analysis
mostly comprised healthy adult patients, excluding patients at risk for adverse
events or unable to drink larger volumes. This should be taken into account when
deciding on the most suitable laxative for a particular patient.

Bowel preparation quality can be improved in several ways. On the one hand,
lowering the volume of bowel preparation fluids may reduce non-compliance
rates in patients (80). On the other hand, diet restrictions may influence the
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experienced burden of bowel preparation significantly. Compared to a clear liquid
diet (CLD), low residue diets (LRD) are better tolerated (93-95). Two meta-analyses
compared LRD to CLD in studies with similar bowel preparation solutions in both
arms and found an equal bowel cleansing efficacy but better tolerability with
a higher willingness to repeat for LRD (94, 95). Furthermore, too many rules and
restrictions for patients can be overwhelming and may undermine understanding
the importance of adequate cleansing (96). Enhanced patient education has
been shown to improve colonoscopy preparation (97), for example using visual
aids or mobile apps in addition to regular counseling (97-99). Two meta-analyses
concluded that enhanced instructions benefit bowel preparation quality and ADR
(100, 101), although another meta-analysis acknowledging these benefits, pointed
to a possible risk of publication bias (102).

An interesting and possibly useful development may be the use of bowel cleansing
devices. Using mechanical bowel cleansing before or during colonoscopy is
proposed as an alternative to oral laxatives in selected patient groups (103-107).
Preprocedural devices work through retrograde bowel lavage using pressurized
water one hour before colonoscopy (108-110), while intraprocedural devices can
be used during colonoscopy providing water-pressured cleansing (107, 111-113).
Feasibility studies have shown a clear potential, with adequate bowel preparation
achieved in 97.9-100% and 68.8-91.1% of patients in whom intraprocedural
devices (107, 111-113) or preprocedural devices (108-110), respectively, were used.
Nonetheless, the use of intraprocedural devices adds significantly to the total
procedure time, and preprocedural devices require a specialized nurse to operate
the system. The associated costs may prohibit ubiquitous use, but the application
of these bowel cleansing devices could be of interest in patients with risk factors for
inadequate preparation, in whom a repeat endoscopic procedure often is indicated.
Additionally, these devices could reduce admission time for inpatients.

Strengths and limitations

The strengths of our meta-analysis are the large number of patients included
(n=13,222) and the robustness of the results in the extensive sensitivity analysis.
Moreover, we only included studies in which bowel preparation fluids with
a volume of <1L were included. Currently, 2L-PEGA is widely prescribed and
recommended(1), but some patients still have difficulty with this volume. This
makes <1L fluids a welcome innovation.

The large heterogeneity in our meta-analysis inevitably limits interpretation of the
results. This is illustrated by the reduced efficacy of 1L-PEGA after removing outliers
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and studies with a high risk of bias. Pooling the proportion of adequately prepped
patients might have introduced heterogeneity in our results, besides the existing
heterogeneity due to different study locations (Asia, Europe), dietary instructions,
dosing regimens, and use of additives. Through subgroup- and extensive sensitivity
analyses, the influence of this heterogeneity could be minimized, and this
further endorsed the robustness of our results. Although we could not take into
account individual patients’ risk factors for poor bowel preparation, such as high
age, BMI, history of poor preparation, constipation, or history of neurological
disorders (9, 17, 114), the RCTs in this meta-analysis frequently did not include
patients who, for example, had serious systemic illnesses or used tricyclic

antidepressants. While the use of different bowel preparation scales across studies
is a drawback for performing a meta-analysis, our approach is not different from
other published meta-analyses (80, 115). The trend that a large proportion of
published studies are non-inferiority trials and underpowered to detect superiority,
and the great variety of comparative arms led us to only pool the efficacy of the
ultra-low volume fluids without the comparative high-volume arms of the included
studies. This enabled us to select more studies, giving a more precise direction to
the pooled effect.

Conclusion

Large scale use of ultra-low volume bowel preparation is limited by an overall
efficacy of these <1L fluids below the 90% ESGE quality target. Therefore, their use
might mainly be considered in selected patient populations with no risk factors
for dehydration-related complications or inadequate preparation, as well as for
patients having difficulty drinking large volumes.
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Supporting information

Supplementary A. Background information bowel preparation fluids

Supplementary B. Search strategy 17 April 2020

Supplementary C. Subgroup and heterogeneity analyses (figures).

Figure S1. Subgroup analysis based on additive use, sodium picosulfate/magnesium citrate (SPMC).
Figure S2. Subgroup analysis based on dosing schedule, sodium picosulfate/magnesium citrate
(SPMCQ).

Figure S3. Subgroup analysis based on diet, sodium picosulfate/magnesium citrate (SPMC)

Figure S4. Pooled efficacy 1L PEG with ascorbate (PEGA), additives subgroups.

Figure S5. Pooled efficacy of 1L PEG with ascorbate (PEGA), dosing subgroups.

Figure S6. Pooled efficacy of 1L PEG with ascorbate (PEGA), diet subgroups.

Figure S7 - leave-1-out analyses for pooled efficacy and heterogeneity. A - Sodium picosulfate with
magnesium citrate, B - 1L-PEG with ascorbate, C - Sodium phosphate solution, D - Sodium sulfate
solution.

Figure S8 - influence analyses and Baujat-plots for identifying outliers. A - Sodium picosulfate
with magnesium citrate, B - 1L-PEG with ascorbate, C - Sodium phosphate solution, D - Sodium
sulfate solution.

Figure S9 - Graphic display of study heterogeneity (GOSH) plot analysis for identifying outliers,
Sodium Picosulfate with Magnesium Citrate (SPMC)

Figure S10 - Graphic display of study heterogeneity (GOSH) plot analysis for identifying outliers, 1L
PEG with ascorbate

Figure S11 - funnel plots of percentage adequately prepped patients per fluid. A - Sodium picosulfate
with magnesium citrate, B - 1L-PEG with ascorbate, C - Sodium phosphate solution, D - Sodium
sulfate solution.

Figure S12 - Traffic light plot for individual risk of bias of included studies, Cochrane RoB2 tool
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Supporting information

A - Background information bowel preparation fluids

Sodium picosulfate magnesium citrate (SPMC) is a 300ml cathartic in 2 doses,
combined of 2 active ingredients. Magnesium citrate is an osmotic laxative that
stimulates colon motility in a hyperosmolar environment. Sodium picosulfate is
a stimulant laxative, decreasing water and salt resorption while increasing water
excretion in the bowel lumen.

Other hyperosmolar bowel preparation fluids include sodium phosphate (NaP) and
sodium sulfate solution (OSS). NaP is a laxative consisting of 90mL delivered in 2
doses. Although reports demonstrate a better compliance and efficacy compared
to PEG', NaP is at risk of causing fluid shifts and electrolyte abnormalities, which
has led to a black box warning by the United States Food and Drug Administration
(FDA) due to the rare risk of acute phosphate nephropathy caused by tubular
calcium phosphate depositions?.

0SS is a phosphate-free alternative to NaP. Gut sulfate resorption is easily saturated,
which leaves a high concentration in the bowel lumen, hence its osmotic laxative
effect. Sulfate does not cause significant fluid shifts and is delivered in a split dose
of a total of 1L solution.

PEG is an iso-osmotic laxative. While its high-volume equivalent exerts bowel
cleansing through high-volume lavage, this low-volume counterpart relies more
on the use of adjuncts. The resorption of ascorbic acid is easily saturated and
thus remains in the gut lumen in high doses, increasing osmolarity® and thereby
stimulating colon cleansing with a lower volume needed. Other adjuncts include
the contact laxatives bisacodyl and lubiprostone, and the prokinetic drug
prucalopride.

Less frequently used low-volume cathartics include sennosides. Sennosides are
contact stimulant laxative, stimulating colon motility and water and electrolyte
excretion. Senna is taken as a syrup of TmL/kg bodyweight.
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B - Search strategy 17 April 2020

Pubmed:
Search Query Items found
#3 Search (#1 NOT (Animals[MeSH] NOT 1237

Humans[MeSH])) Filters: Publication date
from 2015/01/01 to 2020/12/31

#2 Search (#1 NOT (Animals[MeSH] NOT Humans[MeSH])) 3489

#1 Search ((“colonoscopy” [MeSH] OR endoscop*[tiab] OR 3656
colonoscop*[tiab]) AND (“Laxatives” [MeSH] OR “Laxatives”
[Pharmacological Action] OR “Cathartics” [MeSH] OR “Cathartics”
[Pharmacological Action] OR “therapeutic irrigation” [MeSH] OR
laxative* [tiab] OR laxan*[tiab] OR laxat*[tiab] OR prepar* [tiab]
OR clean* [tiab] OR cathartic* [tiab] OR Bowel Evacuant*[tiab] OR
Purgative*[tiab] OR Bowel Preparation Solution*[tiab] OR bowel
clean*[tiab] OR bowel preparation*[tiab] OR colon clean*[tiab] OR
Low volume *[tiab] OR visualization*[tiab] OR visualisation*[tiab]
OR lavage*[tiab] OR prepared colonoscop*[tiab] OR prepared
bowel[tiab 1) AND (randomized controlled trial[pt] OR controlled
clinical trial[pt] OR randomized[tiab] OR randomised[tiab] OR
placebo[tiab] OR drug therapy[sh] OR randomly[tiab] OR trial[tiab]
OR groups|[tiab] OR Aronchick Scale[tiab] OR Aronchick[tiab]
OR“Boston Bowel Preparation Scale”[tiab] OR BPPS[tiab] OR
Bowel preparation scale*[tiab] OR Boston[tiab] OR “Ottawa
Bowel Preparation Scale”[tiab] OR OBPS[tiab] OR scale*[tiab]))




Embase:
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Search

Results

1

O 00 N o U

exp colonoscopy/ or intestine endoscopy/ or *gastrointestinal 384649
endoscopy/ or *rectoscopy/ or *sigmoidoscopy/
or (endoscop* or colonoscop®).ti,ab,kw.

exp intestine preparation/ or exp intestine contraction stimulating 1533557
agent/ or exp intestine lavage/ or (laxative* or laxan* or laxat* or prepar*

or clean* or cathartic* or Bowel Evacuant* or Purgative* or Bowel

Preparation Solution* or bowel clean* or bowel preparation® or colon

clean* or inadequate bowel preparation or inadequate bowel clean* or

Low volume* or visualization* or visualisation* or lavage®).ti,ab,kw.

Randomized controlled trial/ or Controlled clinical study/ or ((random§. 4442189
ti,ab. or randomization/ or intermethod comparison/ or placebo.ti,ab.

or (compare or compared or comparison).ti. or ((evaluated or evaluate
or evaluating or assessed or assess) and (compare or compared or
comparing or comparison)).ab. or (open adj label).ti,ab. or ((double or
single or doubly or singly) adj (blind or blinded or blindly)).ti,ab. or double
blind procedure/ or parallel group$1.ti,ab. or (crossover or cross over).
ti,ab. or ((assign$ or match or matched or allocation) adj5 (alternate or
group$1 or intervention$1 or patient$1 or subject$1 or participant$1)).
ti,ab. or (assigned or allocated).ti,ab. or (controlled adj7 (study or design
or trial)).ti,ab. or (volunteer or volunteers).ti,ab. or human experiment/

or trial.ti.) not (Randomized controlled trial/ or Controlled clinical study/)
not (((random$ adj sampl$ adj7 (“cross section$” or questionnaire$1

or survey$ or database$1)).ti,ab. not (comparative study/ or controlled
study/ or randomi?ed controlled.ti,ab. or randomly assigned.ti,ab.)) or
(Cross-sectional study/ not (randomized controlled trial/ or controlled
clinical study/ or controlled study/ or randomi?ed controlled.ti,ab.

or control group$1.ti,ab.)) or (((case adj control$) and random$) not
randomi?ed controlled).ti,ab. or (Systematic review not (trial or study)).
ti. or (nonrandom$ not randomS$).ti,ab. or “Random field$"ti,ab. or
(random cluster adj3 sampl$).ti,ab. or ((review.ab. and review.pt.) not
trial.ti.) or (“we searched”ab. and (review.ti. or review.pt.)) or “update
review".ab. or (databases adj4 searched).ab. or ((rat or rats or mouse or
mice or swine or porcine or murine or sheep or lambs or pigs or piglets
or rabbit or rabbits or cat or cats or dog or dogs or cattle or bovine or
monkey or monkeys or trout or marmoset$1).ti. and animal experiment/)
or (Animal experiment/ not (human experiment/ or humany/))))

(Aronchick Scale or Aronchick or Boston Bowel Preparation 1094799
Scale or BPPS or Bowel preparation scale* or Boston or Ottawa
Bowel Preparation Scale or OBPS or scale®).ti,ab,kw.

3or4 5196395
land2and5 8897
limit 6 to conference abstract 4099
6 not7 4798

8 not ((exp animal/ or exp invertebrate/ or nonhuman/ or 4662
animal experiment/ or animal tissue/ or animal model/ or exp
plant/ or exp fungus/) not (exp human/ or human tissue/))

limit 9 to yr="2015 -Current” 1402
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Cochrane - CENTRAL:

((Imh colonoscopy] OR (endoscop* OR colonoscop*):ti,ab,kw) AND ([mh Laxatives]
OR [mh Cathartics] OR [mh “therapeutic irrigation”] OR (laxative* OR laxan* OR
laxat* OR prepar* OR clean* OR cathartic* OR Bowel Evacuant* OR Purgative* OR
Bowel Preparation Solution* OR bowel clean* OR bowel preparation* OR colon
clean* OR inadequate bowel preparation OR inadequate bowel clean* OR Low
volume* OR visualization®* OR visualisation®* OR lavage*):ti,ab,kw)) NOT ([mh
animals] NOT [mh humans])

Limits: publication date from Jan 2015 to Dec 2020

Results: 20 Cochrane reviews, 2438 trials, T Cochrane protocol

C - Subgroup and heterogeneity analyses

Study

Dwyer 2017

Hookey 2018-a
Hookey 2019-b

Hung 2020

Klare 2015

Kojecky 2018
Munos-Navas 2015-a
Munos-Navas 2015-b
Munsterman 2015
Pisera 2019

Pohl 2015

Rostom 2019-a
Rostom 2019-b
Sahebally 2015
Schreiber 2018
Schulz 2016-a
Schulz 2016-b

Yoo 2015

Choi 2016
Gweon 2015
Kim SH 2020
Kim HG 2015
Kim MJ 2016-a
Kim MJ 2016-b

Pooled proportion (random effects)

Cases

65
365
397
274

42
122
152

46

79

5334
111

30

20

35
113
127

48

80

90
87
85
124
58
38

Total

112
448
453
316
99
178
224
53
85
6752
193
38
33
64
251
159
156
100

102
104
97
153
58
59

10287

Heterogeneity: I© = 96%, «* = 0.6898, Zéa =520.14 (p < 0.01)
Residual heterogeneity: /* = 97%, 75, = 505.38 (p < 0.01)

Adequately prepped (%) 95% Cl weight
—i— 58.04 [48.72;66.81] 44%
= 81.47 [77.60,8481] 46%
= 8764 [8427,9036] 45%
& 86.71 [82.50,90.03] 45%
—— 4242 [3309;5233] 44%
— 68.54 [61.36;7493] 45%
—- 67.86 [6146;73.65 45%
—#@—  B86.79 [74.79,93.57] 38%
—& 09294 [8517,96.79] 3.7%
] 7900 [78.01,7905] 47%
& 5751 [5044;6430] 45%
— 78.95 [63.22;89.11] 38%
— 60.61 [43.35;7557] 39%
— 5469 [4246;66.38] 43%
— 4582 [39.75,52.01] 46%
- 7987 [7292,8540] 44%
—— 3077 [2403;3844] 45%
—— 80.00 [71.02;86.72] 43%
.
—& 38824 [8042;9320] 41%
— i 8365 [7527,8959] 42%
—& 8763 [7947,9284] 41%
—& 87.58 [81.35;9184] 43%
—=100.00 [87.85,99.95] 12%
—— 6441 [5150,7551] 42%
Tl

[ I I I
0 20 40 60 80 100

'-'*I | 76.05 [67.91; 81.05] 100.0%

Figure S1. Subgroup analysis based on additive use, sodium picosulfate/magnesium citrate (SPMC).
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Study Cases Total Adedquately prepped (%) 95% Cl weight
Split dose

Dwyer 2017 65 112 —a— 58.04 [48.72,66.81] 44%
Hookey 2019-a 365 448 E 8147 [7760,8481] 46%
Hookey 2019-b 397 453 = 8764 [8427,9038] 46%
Hung 2020 274 316 L 86.71 [82.50,9003] 45%
Klare 2015 42 99 —— 4242 [33.09,52.33] 4.4%
Kojecky 2018 122 178 —- 68.54 [61.36,74.93] 45%
Munsterman 2015 79 85 —& 0204 [8517,9679] 37%
Pisera 2019 5334 6752 7900 [7801;7995] 47%
Rostom 2019-a 30 38 — 7895 [63.22;8911] 38%
Schulz 2016-a 127 159 - 79.87 [72.92,85.40] 44%
Yoo 2015 80 100 —— 80.00 [71.02,86.72] 4.3%
Pooled proportion (random effects) 8740 ~—si— 77.96 [68.40; 85.25] 47.8%
Day before

Munos-Navas 2015-a 152 224 —- 67.86 [61.46,73.65 46%
Pohl 2015 111 193 — 5751 [5044;6430] 45%
Rostom 2019-b 20 33 — 60.61 [43.35,75.57] 3.9%
Sahebally 2015 35 64 —— 5469 [42.46,66.38] 43%
Schreiber 2019 115 251 — 45.82 [39.75,52.01] 46%
Schulz 2016-b 48 156 —a— 30.77 [24.03,38.44] 45%
Pooled proportion (random effects) 921 ——e————— 52.71 [36.52; 68.36] 26.4%
Same day

Munos-Navas 2015-b 46 53 —®@—  86.79 [74.79,9357] 37%
Pooled proportion (random effects) 53 86.79 [53.13;97.44] 3.7%
additive used

Choi 2016 90 102 —& 8824 [80.42,9320] 41%
Gweon 2015 87 104 —- 8365 [7527,8959] 42%
Kim SH 2020 85 97 —& 8763 [7947,9284] 41%
Kim HG 2015 134 153 —a& 8758 [81.35,9194] 43%
Kim MJ 2016-a 58 58 —=100.00 [87.85;99.95] 1.1%
Kim MJ 2016-b 38 59 —8— 64.41 [51.50,75.51] 42%
Pooled proportion (random effects) 573 - 85.67 [74.36;92.50] 22.1%
Pooled proportion (random effects) 10287 - 74.99 [68.10; 80.81] 100.0%
Heterogeneity: I° = 96%, < = 0.6394, 75, =620.14 (p <0.01) | T T T T !

Residual heterogeneity: /% = 94%, 3, = 223.38 (p < 0.01) 0 20 40 60 80 100

Figure S2. Subgroup analysis based on dosing schedule, sodium picosulfate/magnesium citrate (SPMC).
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Study Cases Total Adequately prepped (%) 95% Cl weight
Choi 2016 a0 102 —& 8824 [8042;9320] 43%
Hookey 2019-a 365 448 L 3 81.47 [7760,84.81 47T%
Hookey 2019-b 397 453 = 8764 [84.27,9036] 47%
Schreiber 2019 115 251 — 4582 [39.75,52.011 47%
Dwyer 2017 85 112 —— 58.04 [48.72,66.81] 46%
Hung 2020 274 316 = 8671 [8250;9003] 47%
KimHG 2015 134 153 —= 8758 [81.35;9104] 45%
KimMJ 2016-a 58 58 —=100.00 [87.85,99.93] 14%
KimMJ 2016-b 38 59 —— 6441 [51.50,7551] 44%
Kim SH 2020 85 97 —& 87.63 [79.47,92.84] 4.3%
Kojecky 2018 122 178 —= 68.54 [61.36,74.93] 47%
————
Klare 2015 42 99 —— 4242 [33.09,52.33] 46%
Munos-Navas 2015-a 152 224 — 67.86 [6146,7365] 47%
Munos-Navas 2015-b 46 53 —®— 8679 [74.79,93.57] 4.0%
Munsterman 2015 79 85 —= 0294 [8517,96.79] 39%
Pisera 2019 5334 6752 79.00 [78.01,79.93] 4.8%
Pohl 2015 111 193 —— 57.51 [50.44,64.30] 47%
Rostom 2019-a 30 38 — 7895 [63.22;8911] 40%
Rostom 2019-b 20 33 —a— 60.61 [43.35,7557] 42%
Sahebally 2015 35 64 —— 5469 [4246,66.38] 45%
Schulz 2016-a 127 159 i 79.87 [72.92,8540] 46%
Schulz 2016-b 48 156 —a— 30.77 [24.03,38.44] 46%
Yoo 2015 80 100 —- 8000 [71.02;8672] 45%
-

Pooled proportion (random effects) 10183 e 74.78 [66.76; 81.40] 100.0%
Heterogeneity: I° = 96%, ©° = 0.8216, 2, = 517.11 (p < 0.00) | I T T T !

Residual heterogensity 1% = NA%, 3° = NA (p = NA) 0 20 40 B0 80 100

Figure S3. Subgroup analysis based on diet, sodium picosulfate/magnesium citrate (SPMC)
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Study Cases Total Adequately prepped (%) 95% Cl weight
NER1006

Schreiber 2019 146 250 & 5840 [52.19;6435] 165%
DeMicco 2018 228 276 - 8261 [77.68,86.64] 141%
Bisschops 2019-a 243 275 & 38836 [8401;9165 121%
Bisschops 2019-b 249 275 # 0055 [86.48;93.48] 11.0%
Pooled proportion (random effects) 1076 - 80.72 [76.59; 84.27] 53.7%
With additives

Tian 2019 44 82 —a— 5366 [42.86,64.12] 10.1%
Kwon 2016 87 9N —= 0560 [88.87,98.34] 29%
Kim SH 2020 85 99 == 8586 [7753;9144] 72%
Kang 2017 70 100 —8— 70.00 [60.34;78.16] 10.3%
Kamei 2018 65 68 — 9559 [8720,9857] 22%
Choi 2018 111 130 #8538 [78.22,0048] 88%
Banerjee 2016 63 ™ —=— 8873 [79.05,94.26] 48%
Pooled proportion (random effects) 641 - 80.04 [75.46; 83.95] 46.3%
Pooled proportion (random effects) 1717 - 80.41 [77.40; 83.10] 100.0%
Heterogeneity: /° = 94%, < = 0.0349, 75, = 168.40 (p < 0.01) | T T T T !

Residual heterogeneity: I° = 95%, 72 = 158.40 (p < 0.01) 0 20 40 60 80 100

Figure S4. Pooled efficacy 1L PEG with ascorbate (PEGA), additives subgroups.
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Study Cases Total Adequately prepped (%) 95% Cl weight
Schreiber 2019 146 250 — 58.40 [52.19;64.35] 101%
DeMicco 2018 228 276 L3 8261 [77.68;8664] 10.0%
Bisschops 2019-b 249 275 {® 0055 [86.48,93.48] 97%
Tian 2019 44 82 —a— 5366 [4286;6412] 96%
Choi 2018 111 130 —& 8538 [7822,9048] 94%
————

Bisschops 2019-a 243 275 8836 [8401;9165) 98%
Kwon 2016 87 91 9560 [8887,9834] 74%
Kim SH 2020 85 99 85.86 [77.53;9144] 92%
Kang 2017 70 100 70.00 [60.34,78.16] 96%
Kamei 2018 65 68 9559 [87.20;9857] 67%
Banerjee 2016 63 71 8873 [7905;9426] 85%
Pooled proportion (random effects) 1717 - 83.80 [75.75; 89.55] 100.0%
Heterogeneity: /* = 94%. +* = 0.6394, 1}, = 156.40 (2 <0.01) | T T T I !

Residual heterogeneity: /* = 91%, x5 = 83.92 (p < 0.01) 0 20 40 60 80 100

Figure S5. Pooled efficacy of 1L PEG with ascorbate (PEGA), dosing subgroups.
Study Cases Total Adequately prepped (%) 95% Cl weight
Schreiber 2019 146 250 —& 58.40 [52.19;64.35] 9.9%
DeMicco 2018 228 276 - 8261 [/7.68;86.64] 98%
Kim SH 2020 85 99 —B- 8586 [7753,9144] 92%
Kang 2017 70 100 —i— 70.00 [60.34,78.16] 95%
Banerjee 2016 63 71 —#- 8873 [7905,0426] 86%
—
Bisschops 2019-a 243 275 @ 8836 [8401:9165] 97%
Bisschops 2019-b 249 275 & 9055 [86.48,93.48] 06%
.
Tian 2019 44 82 — 5366 [42.86,64.12] 05%
Kwon 2016 87 9 —® 9560 [86.87,98.34] T7.7%
Kamei 2018 65 68 —& 9559 [87.20;9857] 71%
Choi 2018 111 130 —& 8538 [78.22,9048] 04%
e

Pooled proportion (random effects) 1717 et 84.01 [74.80; 90.29] 100.0%
Heterogeneity /2 = 94%, * = 0 8419, 43, = 15840 (p < 0.01) | T T T T !

Residual heterogeneity: I° = NA%, 1~ = NA (p = NA) 0 20 40 60 80 100

Figure S6. Pooled efficacy of 1L PEG with ascorbate (PEGA), diet subgroups.
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Figure S6 - leave-1-out analyses for pooled efficacy and heterogeneity. A - Sodium picosulfate
with magnesium citrate, B - 1L-PEG with ascorbate, C — Sodium phosphate solution, D - Sodium
sulfate solution.
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Figure S8 - influence analyses and Baujat-plots for identifying outliers. A — Sodium picosulfate
with magnesium citrate, B - 1L-PEG with ascorbate, C — Sodium phosphate solution, D - Sodium
sulfate solution.
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Figure S9 - Graphic display of study heterogeneity (GOSH) plot analysis for identifying outliers,
Sodium Picosulfate with Magnesium Citrate (SPMC)
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Figure S10 - Graphic display of study heterogeneity (GOSH) plot analysis for identifying outliers, 1L
PEG with ascorbate
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Abstract

Background: Bowel preparation is essential for colonoscopy, but patients
may experience it as a deterrent factor for colonoscopy. Although low-volume
laxatives are associated with better tolerability, little is known on their effect on
patient reported outcomes. We compared low- and intermediate volume bowel
preparation and assessed the impact on tolerability, health-related quality of life
(HRQol) and work.

Methods: We performed an open-label, non-inferiority, randomized trial in 4 Dutch
hospitals. Patients were randomized between 2L polyethylene glycol with ascorbate
(2LPEG+Asc) or 1L PEG+Asc with added sodium sulfate. Before and after bowel
preparation, patients completed validated questionnaires on productivity costs,
tolerability, and QoL. Primary outcome was non-inferiority of 1L to 2L PEG+Asc.
Secondary outcomes included change in QoL scores, tolerability, and impact on
working productivity.

Results: We included 467 patients (2LPEG+Asc, n=229 and 1L PEG+Asc, n=238).
1L PEG+Asc was non-inferior to 2L PEG+Asc, with adequate cleansing rates of 96.1%
(95% Cl 92.6-98.0%) and 96.4% (95% Cl 92.9-98.3%), respectively (p=0.841). Patients
in the 1L PEG+Asc group were more willing to repeat bowel preparation (59.88%
vs 48.3%, p=0.044), with experienced tolerability being the most influential factor
(OR 0.053-0.225 in case of difficult or fair tolerability). No clinically significant
changes were found in the HRQoL scores. Absenteeism and impaired working
productivity were seen in 7.9% and 12.3% of patients, respectively, but did not
differ significantly between groups.

Conclusions: Bowel preparation with 1L PEG+Asc is non-inferior to 2L PEG+Asc and
has a higher willingness-to-repeat. Bowel preparation tolerability is fundamental
for effective cleansing and reducing colonoscopy barriers.

ClinicalTrials.gov Identifier: NCT05242562

Keywords: Colonoscopy, bowel preparation, quality of life, randomized controlled
trial, work productivity
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Introduction

High quality colonoscopy cannot be performed without adequate bowel
preparation [1]. Inadequate bowel preparation is associated with lower lesion
detection rates, and a major predictor of failed cecal intubation. Moreover, the need
for repeat procedures increase healthcare costs. Importantly, patients with poor
bowel preparation are less likely to be satisfied about their colonoscopy and have
a lower willingness-to-repeat colonoscopy [2]. This is detrimental to the benefit
of CRC screening, as lower participation rates significantly decrease colonoscopy
screening efficiency [3].

Efforts have been made to increase both bowel preparation efficiency and
tolerability. Meta-analyses have demonstrated a higher tolerability of lower volume
bowel preparation fluids [4]. A 2L poly-ethylene glycol with added ascorbate
(PEG+Asc) solution has been shown to be non-inferior to the “gold standard” of 4L

PEG, and has a higher willingness-to-repeat [1]. Recently, even lower volume bowel
preparations were introduced, such as 1L PEG+Asc with added sodium sulfate.

Nevertheless, the impact of bo wel preparation on patients’ working life and
health related quality of life (HRQoL) may be significant, leading to postponement
and sometimes patients refraining from colonoscopy [5, 6]. Despite its negative
correlation with both bowel preparation efficacy and colonoscopy uptake, little
is known on the effect of bowel preparation on patient reported outcomes,
and differences between various volume laxatives. In a prospective cohort of
1100 patients, Collatuzzo et al. reported a correlation between patient-related
factors and symptoms caused by bowel preparation [7]. Fuccio et al. demonstrated
that bowel preparation and colonoscopy significantly impacted work, with up
to one-third of patients reporting work absenteeism or reduced performance,
particularly when using same-day full-dose regimens or experiencing procedure-
related symptoms [8]. However, they did not include 1L PEG+Asc, and the studies
were not randomized, which may lead to selection bias of patients choosing the
laxative of their choice. Additionally, unemployed patients were excluded, while a
large proportion of the patient population undergoing colonoscopy also consists
of patients who are retired or not working due to illness. Other studies on impact
of bowel preparation on patient reported outcomes and working productivity are
scarce and mainly involve larger volume preparations (2L and higher).

Insight on impact of experienced symptoms, work, and HRQoL may help patients
and caregivers in selecting a bowel preparation and could reduce the experienced
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barriers for undergoing colonoscopy. Therefore, this study aims to compare
low-volume bowel preparation to intermediate-volume bowel preparation on
tolerability, impact on work, and HRQoL.

Methods

Study design

We performed an open label, non-inferiority, randomized controlled trial in four
Dutch hospitals. We included adult patients referred for diagnostic, screening,
or surveillance colonoscopy. Exclusion criteria included therapeutic procedures,
inpatient status, emergency colonoscopy, inflammatory bowel disease, American
Society of Anesthesiologists (ASA) score =4, (partial) colectomy, inability to
provide informed consent, inability to complete Dutch questionnaires via e-mail
(due to language barrier, lack of e-mail, visual impairment, or dementia), common
contraindications for bowel preparation or its ingredients, and indications for
intensified bowel preparation.

The study was approved by the Radboudumc Medical Ethics Committee (Medisch
Ethische Toetsingscommissie Oost-Nederland, registration number NL79014.091).
It was conducted in accordance with the Declaration of Helsinki and Good
Clinical Practice guidelines and registered on clinicaltrials.gov (NCT05242562). All
patients provided written informed consent. An independent monitor reviewed
the study data and informed consent process, and two research team members
independently verified all study data.

Randomization

After informed consent, eligible patients were randomized 1:1 using a block design
with variable block sizes (4, 6, 8) via a secure web-based system (Castor Electronic
Data Capture, Amsterdam, the Netherlands). Randomization was stratified by study
site and prior experience with bowel preparation. The randomization sequence was
blinded to study team members, but patients and healthcare providers were not
blinded to allocation to minimize interference with routine medical care. Blinding
of patients was not possible due to the differing volumes. We included additional
questions on patient experiences and satisfaction in the questionnaires to assess
the impact of potential modifying factors without disrupting standard care.
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Study procedures

Bowel preparation and colonoscopy

Patients received either 1L PEG+Asc (Pleinvue, Norgine) or 2L PEG+Asc (Moviprep,
Norgine) [9] in an overnight split-dose regimen, each dose followed by 0.5L clear
liquids (additional fluids allowed). The last dose needed to be completed 2 hours
before travel to the hospital. Patients were also instructed to follow a low-residue
diet (LRD) starting two days before colonoscopy, followed by a liquid diet (CLD)
upon start taking the laxatives. Instructions were provided by specialized nurses
supplemented with a detailed leaflet.

Colonoscopies were performed as part of standard medical care [9], under
conscious sedation or propofol, by experienced endoscopists. Bowel preparation

quality was assessed using the Boston Bowel Preparation Scale (BBPS), with
adequate preparation defined as a minimum score of 2 per segment.

Questionnaires

Participants completed online questionnaires at two timepoints: before
starting preparation (baseline) and within one week after colonoscopy. The first
questionnaire collected baseline socio-demographic and lifestyle characteristics,
clinical details including bowel symptoms, prior bowel preparation experience,
risk factors for inadequate preparation, and HRQoL data. The second questionnaire
assessed patient experiences with the bowel preparation and colonoscopy, impact
on work productivity and costs, and HRQoL.

To assess work productivity impact, we used the validated Institute for Medical
Technology Assessment Productivity Cost Questionnaire (IPCQ). Unlike the commonly
used Work Productivity and Activity Impairment questionnaire, the IPCQ also considers
the impact of unpaid labor [10]. HRQoL was assessed using the EuroQol Group
five dimensions five levels (EQ-5D-5L) and the Short Form-36 (SF-36) version 2
questionnaires. SF-36 version 2 includes improvements in instructions, wording,
and response options, enhancing validity, reliability, and precision [11]. The results
are directly comparable to version 1 results. Previous studies indicate that the
endoscopic procedure minimally affects HRQoL outcomes, with bowel preparation
being the primary factor influencing HRQoL [12, 13].

The second questionnaire also included the Mayo Florida Bowel Preparation
Tolerability Questionnaire (MBTQ), validated in outpatient colonoscopy settings in
the United States [14]. For our study, the MBTQ was translated using a forward-
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backward translation process by a professional translator. In addition to the
MBTQ, we assessed patient satisfaction using the Dutch Gastrointestinal Endoscopy
Satisfaction Questionnaire (D-GESQ) [15].

Outcomes

Our primary outcome was non-inferiority in bowel cleansing of 1L PEG+Asc
to 2L PEG+Asc. Rates of adequate preparation were compared using a pre-
defined non-inferiority margin of 5%. For the secondary outcomes we aimed to
multidimensionally assess patient experience for a broader insight in factors that
drive tolerability of and willingness-to-repeat bowel preparation, next to impact of
bowel preparation on HRQoL and working life of patients.

Statistical analysis

Baseline characteristics were summarized using means and standard deviations (SD),
medians and interquartile ranges (IQR), or proportions, as appropriate. Comparisons
were made using Student’s t-test, Mann-Whitney-U test, Wilcoxon’s rank test, chi-
square test, or Fisher’s exact test. Primary outcome analysis was conducted on both an
intention-to-treat and per-protocol basis. Non-inferiority was assessed by calculating
the confidence interval (Cl) of the proportion of adequately prepared patients,
with a 5% non-inferiority margin. If non-inferiority was confirmed, superiority
was tested using Fisher’s exact test. Questionnaire outcomes were analyzed per
their manuals. The SF-36 mental and physical component scores (MCS and PCS)
and EQ-index of the EQ-5D-5L were compared to the general population [16].
A minimal clinical important change was defined as 0.5SD of the change [17].
Costs of absenteeism, presenteeism, and unpaid labor were calculated using Dutch
government-set reference costs (Zorginstituut Nederland), with hourly costs of
€34.75 for paid work and €14 for unpaid labor. A multiple logistic regression was used
to evaluate associations between willingness-to-repeat the bowel preparation, with
variables selected based on literature and outcome events. After assessing linearity
and multicollinearity, variables with a P-value <0.2 in univariate analysis were
included in multivariate analysis, using backward propagation for model selection.
Odds ratios (OR) and 95% Cl were reported. Missing data were handled through
multiple imputation after confirming data were missing at random, using predictive
mean matching with 50 iterations to create 50 imputed datasets. All analyses were
performed using SPSS Statistics (IBM, version 25.0), with a two-sided significance
level of 5%. Secondary outcomes were assessed in an exploratory fashion, therefore
multiple-testing corrections were not applied.
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Sample size

Assuming a 95% adequate preparation rate in both groups, a sample of 470 patients
(235 per group) was calculated to be required for demonstrating non-inferiority
with a 5% one-sided alpha and 80% power. For the secondary endpoint, the study
was powered to detect a minimally clinically relevant 5-point difference on the
SF-36, with a mean score of 70 and a standard deviation of 20. This required 137 per
arm with a 60% response rate.

Results

Baseline characteristics
From May 2022 to February 2023, we enrolled 509 patients across four centers.

After excluding 42 patients for consent withdrawal or exclusion criteria, 238 were
randomized to the 1L PEG+Asc group and 229 to the 2L PEG+Asc group. The
intention-to-treat population included 467 patients. In the per protocol analysis,
35 patients were excluded due to non-compliance or logistical treatment arm
switches, resulting in 432 patients (Figure 1).

Baseline characteristics were well balanced (Table 1). The questionnaire response
rate was 87.8% (n=410) and was not significantly different between groups
(p=0.321). Half of the study population (49.3%) had previous experience with
bowel preparation, of which 2L PEG+Asc was the most common prior laxative
(24.9%-29.8%). As for pre-existent risk factors for inadequate bowel preparation,
most patients had a fair physical activity level, whereas 88.2%-89.9% did not have
any risk factors for poor bowel preparation (Table 1). The background of patients
was predominantly Dutch (96.2-96.6%), with intermediate to high education levels.
Nearly half were employed (51.7-54.0%) (Table 1).
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Enrolled
N=509
Excluded (n=42)
e Withdrew consent before date
of colonoscopy, n=32
e |[BD,n=2
e History of (sub)total colectomy,
n=6
e Indication for intensified bowel
preparation, n=1
e Language restrictions, n=1
Y
Randomized
N=467

|

Intention to treat
2L PEG+asc
N=229

Excluded from intention to treat
(n=23)
Used bisacodyl in addition to
laxative, n=13
Switched treatment groups, n=4
Did not drink 75% or more, n=3

Other, n=3
|

Per protocol
N=206

Figure 1. Patient flow chart. IBD; inflammatory bowel disease, PEG+Asc; polyethylene glycol with

added ascorbate

|

Intention to treat
1L PEG+asc
N=238

Excluded from intention to treat
(n=12)
Used bisacodyl in addition to
laxative, n=7
Switched treatment groups, n=3
Did not drink 75% or more, n=1

Other, n=1
|

Per protocol
N=226
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Table 1. Baseline characteristics.

1L PEG+Asc (n=238, ITT)*

2L PEG+Asc (n=229, ITT)**

Response rate, n (%)
Baseline
After colonoscopy
Both questionnaires
median time between
questionnaires in days (IQR)

Age, median (IQR)

Female sex, n (%)

ASA score, median (IQR)

BMI, median (IQR)

Prior experience with bowel
preparation, n (%)

Number of prior colonoscopies,
median (IQR)

Prior laxative used, n (%)

2L PEG+Asc
3L PEG+Asc or more
1L PEG+Asc
300mL sodium picosulfate magnesium citrate
41 PEG
Other
Do not remember

Willingness-to-repeat prior laxative, n (%)
2L PEG+Asc
3L PEG+Asc or more
1L PEG+Asc
300mL sodium picosulfate magnesium citrate
41 PEG
Other
Do not remember

Colonoscopy indication, n (%)
Screening
Surveillance
Diagnostic

Smoking, n (%)

Active smoker
Former smoker
Never

Migration background, n (%)
Dutch
Western migration background
Non-western migration background
Other
Prefer not to say

223(93.7)
218(91.6)
212(89.1)
8(4-13)

63 (55-71)

101 (42.6)
2(1-2)
25.9(23.6-29.7)
113 (49.3)

2(1-3)

71(29.8)
7(2.9)
3(1.3)
2(0.8)
9(3.8)
3(1.3)
34(14.3)

65 (91.5)
6(85.7)
3(100.0)
2(100.0)
7(77.8)
2(66.7)
28(82.4)

75(31.5)
77 (32.4)
84(35.3)

26 (11.1)
113 (48.3)
94 (40.2)

217 (96.9)
3(1.3)
2(0.9)

0

2(0.9)

206 (90.0)

204 (89.1)

198 (86.5)
9(5-14)

64 (55-70)

98 (42.8)
2(1-2)

26.3 (23.4-29.4)
113 (47.5)

2(1-3)

57 (24.9)
14 (6.1)
3(1.3)
4(1.7)
7(3.1)
2(0.9)
34(14.8)

49 (86.0)
13(92.9)
3(100.0)
4(100.0)
6(85.7)

2(100.0)
26 (76.5)

89 (38.9)
71(31.9)
67(29.3)

25(11.2)
107 (48.0)
91 (40.8)

200 (96.2)
5(2.4)

0

2(0.9)
1(0.5)
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Table 1. Continued

1L PEG+Asc (n=238, ITT)*

2L PEG+Asc (n=229, ITT)**

Education level, n (%)
None
Primary school
Secondary school or vocational college
University or college
Other

Marital status, n (%)
Single
Married
Partner, living together
Partner, not living together
Widow(er)
Other

Physical Activity level, n (%)
Bedridden
Sedentary work
Work involving walking, no heavy lifting
Work involving walking and heavy lifting
Particularly strenuous physical work

Paid job, n (%)
Yes
No

Work activity per week, mean (SD)
Hours
Days

Occupational level, n (%)

Student
Employed
Entrepreneur
Homemaker
Unemployed
Incapacitated for work
Retired
Other

Risk factors for poor bowel
preparation, n (%)
Related conditions
none
Constipation
Abdominal surgery
Diabetes mellitus
Kidney disease
Liver cirrhosis
Parkinson’s disease
CVA
Medication
Polypharmacy
Opioid use
TCA use

3(1.3)
4(1.8)
126 (58.0)
89 (39.8)
2(0.9)

21(9.4)
149 (66.5)
28(12.5)
10 (4.5)
14 (6.3)
2(0.9)

0(0)
9(4.0)
118 (52.7)
43(19.2)
54(24.1)

121 (54.0)
103 (46.0)

31.8(11.7)
42(1.1)

1(0.4)
90 (40.2)
19 (8.5)
17 (7.6)
2(0.9)
7(3.1)
82(36.6)
6(2.7)

214 (89.9)
28(11.8)
27 (11.3)
22(9.2)
3(1.3)
3(1.3)
1(0.4)
4(1.7)
191 (80.3)
6(2.5)
3(1.2)

0

3(1.4)
119 (57.5)
82(39.6)
3(1.4)

20(9.6)
150 (72.1)
25(12.0)
4(1.9)

7 (3.4)
2(1.0)

2(1.0)
3(1.4)
100 (48.3)
33(15.9)
69 (33.3)

107 (51.7)
100 (48.3)

32.6(11.4)
43(1.1)

2(1.0)
79 (38.2)
19(9.2)
6(2.9)
1(0.5)

7 (3.4)
85(41.1)
8(3.9)

202 (88.2)
26 (11.4)
27 (11.8)
18 (7.9)
1(0.4)
0(0)
1(0.4)
4(1.7)

189 (79.9)
3(1.3)
2(0.9)
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Table 1. Continued

1L PEG+Asc (n=238, ITT)* 2L PEG+Asc (n=229, ITT)**

Bristol stool scale score, n (%)

1 5(2) 4(1.9)
2 14(6.3) 8(3.9)
3 39(17.4) 39(18.8)
4 91 (40.6) 87 (42.0)
5 31(13.8) 29 (14.0)
6 39(17.4) 36 (17.4)
7 5(2.2) 4(1.9)
Median (IQR) 4(3-5) 4 (4-5)
History of inadequate bowel
preparation, n (%) 7 (6.5) 6 (6.1)

* missing n=14 (5.9%), ** missing n=22 (9.6%). Asc; ascorbate, ASA; American Society of Anesthesiologists,
BMI; body mass index, CVA; cerebrovascular accident, IQR; interquartile range, ITT; intention-to-treat, PEG;
polyethylene glycol, SD; standard deviation, TCA; tricyclic antidepressant.

Bowel cleansing efficacy

In the 1L PEG+Asc group, 96.1% (95%Cl 92.6-98.0%) and 96.4% (95%Cl| 92.9-98.3%)
of colonoscopies were adequately prepared in the ITT and PP analysis compared
10 96.4% (95%Cl 93.0-98.3%) and 96.6% (95%Cl 92.9-98.5%), respectively, in the 2L
PEG+Asc group (p,=0.841, p,,=0.917) (Figure 2, Table 2). This met our predefined
non-inferiority margin of 5%. Median BBPS scores were significantly higher in the
1L PEG+Asc group for the right (p=0.012) and transverse (p=0.004) colon, but
not significantly different in the left colon. High-quality cleansing (BBPS 3-3-3)
was more common in the 1L PEG+Asc group, with 72.7% (95% Cl 67.0-78.0%)
versus 63.8% (95% Cl 57.5-70.0%) in the 2L PEG+Asc group for the ITT population
(p=0.038). Due to high adequate cleansing rates, in-depth analysis of reasons of
inadequate bowel preparation was not performed. Other colonoscopy quality
parameters are in Table 2.
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Table 1. Baseline characteristics.

% adequately cleansed, ITT population

100
99
98
97
%
95
94
93
92
91
90

® 1L PEG
® 2L PEG

Figure 2. Proportion of adequately cleaned patients using 1L or 2L polyethylene glycol (PEG) bowel
preparation with 95% confidence interval. The difference falls in our predefined non-inferiority margin

of 5%, establishing non-inferiority.

Table 2. Colonoscopy and bowel preparation outcomes.

1L PEG+Asc 2L PEG+Asc p-value
(n=238, ITT)* (n=229, ITT)**
Adequate cleansing, n (%) 221 (96.1) 217 (96.4) 0.841
95% ClI 92.6-98.0 93.0-98.3
High quality cleansing rate, n (%) 173 (72.7) 146 (63.8) 0.038
95% ClI 67.0-78.0 57.5-70.0
PER PROTOCOL, n 206 226 0.917
Adequate cleansing n (%) 212 (96.4) 196 (96.6)
95% Cl 92.9-98.3 92.9-98.5
High quality cleansing n (%) 166 (73.5) 131 (63.6) 0.027
95% Cl 67.7-78.8 57.0-70.2
BBPS score, median (IQR)
Right 3(3-3) 3(2-3) 0.012
Transverse 3 (3-3) 3(3-3) 0.004
Left 3(3-3) 3(3-3) 0.077
Experienced difficulty with compliance 0.246
to low-residue diet, n (%)
Very easy 50 (22.6) 56 (27.3)
Easy 122(55.2) 101 (49.3)
Fair 37(16.7) 42(21.0)
Difficult 11 (5.0) 5(24)
Very difficult 1 (0.5) 0(0)
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Table 2. Continued

1L PEG+Asc 2L PEG+Asc p-value
(n=238, ITT)* (n=229, ITT)**
Experienced difficulty with 0.747
compliance to liquid diet, n (%)
Very easy 39(17.6) 40 (19.5)
Easy 103 (46.6) 97 (47.3)
Fair 58(26.2) 48 (23.4)
Difficult 16(7.2) 18 (8.8)
Very difficult 5(2.3) 2(1.0)
Additional liquids taken, liters, median (IQR) 3(2-4) 4 (2.4-5.1) <0.001
= 75% compliance to laxative, n (%) 218(99.5) 202 (98.5) 0.356
Physical activity level during 0.810
bowel preparation, n (%)
less than usual 85 (38.5) 85 (41.5)
not changed 131 (59.3) 116 (56.6)
more than usual 5(2.3) 4(2.0)
Cecal intubation, n (%) 219 (92.8) 219 (96.1) 0.127
Reason for failed cecal intubation, n (%) 0.095
Inadequate bowel preparation 3 (17.6) 0(0)
Obstruction/stricture 5 (29.4) 0(0)
Pain/discomfort 5 (29.4) 6 (66.7)
Looping 4 (23.5) 3(33.3)
Gloucester comfort scale score, median (IQR) 2(1-2) 2(1-2) 0.597
Sedation, n (%) 0.181
No sedation 16 (6.8) 16 (7.0)
Conscious sedation 207 (87.7) 207 (90.8)
Deep sedation 13 (5.5) 5(2.2)
Need for repeat colonoscopy due to 8(3.4) 4(1.8) 0.382
inadequate bowel preparation, n (%)
Adenoma detection rate (%) 48.7 51.5 0.396
Adenomas per colonoscopy, median (IQR) 0(0-1) 0(0-1) 0.640
Serrated polyp detection rate (%) 17.6 16.2 0.668
Colorectal cancer, n (%) 10 (4.2) 4(1.8) 0.120
Polyp detection rate (%) 55.9 62.0 0.179
Polyps per colonoscopy, median (IQR) 1(0-2) 1(0-2) 0.545
Withdrawal time (minutes), median (IQR) 12 (8-17) 13(9-19) 0.047

* Missing from questionnaires, n=17 (7.1%). ** Missing from questionnaires, n= 24 (10.5%).
Asc; ascorbate, BBPS; Boston Bowel Preparation Scale, Cl; confidence interval, IQR; interquartile range,
ITT; intention-to-treat, PEG; polyethylene glycol, SD; standard deviation.

Impact on work and related costs

Among working patients, mean baseline absenteeism was 16.2%, decreasing to
7.9% after colonoscopy (p=0.008), with no significant difference between the
groups (Table S1). Additionally, 12.3% of patients in both groups reported reduced
productivity (presenteeism) in the past four weeks, with median associated costs of
€1390 (Figure 3AB, Table S1).
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Unpaid labor loss rates remained stable before and after the procedure in both
groups (9.0% before vs. 8.5% after colonoscopy), with mean costs of €1012.3 and
€1065.2, respectively. Caregiver involvement was common, with 82.5% of patients
requiring assistance, resulting in caregiver absenteeism in 30.6% of cases.

The out-of-pocket costs of patients were modest, with median out-of-pocket costs of

€15 (IQR €8.5-€49.5), and no significant difference between study groups (p=0.585).
No significant differences between study arms were observed in all categories.
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Figure 3. A - impact on work and working productivity in the 1L PEG+Asc and 2L PEG+Asc group
using rates of absenteeism and presenteeism in the working subpopulation, and rates of unpaid labor
loss, caregiver help, and caregiver absenteeism in the entire study population measured after bowel
preparation and colonoscopy. B — Costs of absenteeism, presenteeism, unpaid labor loss, and median
self-reported costs in euros.
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Tolerability and impact on quality of life

Tolerability

Most respondents drank >75% of the bowel preparation fluid (99.5% in the 1L
PEG+Asc group and 98.5% in the 2L PEG+Asc group, p=0.183) (Table S2). Tolerability
was rated as “easy” by 51.6% in the 1L PEG+Asc group and 57.1% in the 2L PEG+Asc
group (p=0.219). Willingness-to-repeat taking the bowel preparation was higher
with 1L PEG+Asc (59.8% vs. 48.3%, p=0.044). Among patients with previous
experience with bowel preparation, more patients in the 1L PEG+Asc group found
the tolerability better than previous experience (26.9% vs. 9.3%, p<0.001). The total
symptom score due to bowel preparation was not significantly different between
groups, but patients in the 1L PEG+Asc group reported more often a bad taste
(p=0.007) and nausea/vomiting (p=0.006) (Table S2).

In univariable regression analysis, married or living together (OR 1.858), higher
endoscopy satisfaction scores (OR 1.067), higher EQ-VAS (OR 1.031), and EQ-Index
(OR 1.040) were significantly associated with a higher willingness-to-repeat the bowel
preparation. In contrast, 2L PEG+Asc compared to 1L PEG+Asc (OR 0.622), female sex
(OR 0.488), fair tolerability (OR 0.178) and difficult compared to good tolerability (OR
0.029) were significantly associated with a lower willingness-to-repeat the bowel
preparation. In multivariable analysis, lower tolerability (fair OR 0.225, difficult
OR 0.053) and higher symptom score due to bowel preparation (OR 0.852) had a
negative impact on willingness-to-repeat the bowel preparation, while patients with
a higher endoscopy satisfaction score (OR 1.042), and patients who used 1L PEG+Asc
(OR 2.6066 (95% Cl 1.592-4.265)) compared to 2L PEG+Asc (OR 0.400) had a higher
willingness-to-repeat the bowel preparation (p<0.001) (Table S3).

Health related quality of life

HRQoL measured by the SF-36 was not different before and after bowel preparation
and colonoscopy (Figure 4, Table S4). The median PCS and MCS were 51.5 and
53.4, respectively, with no significant difference between study arms. In the 1L
PEG+Asc group, physical functioning increased and pain decreased significantly
comparing before vs. after colonoscopy (p<0.001 and p=0.002), but this was below
the minimal clinically important difference. In the 2L PEG+Asc group, the vitality
domain significantly decreased comparing before vs. after colonoscopy (p=0.044),
also below the minimal clinically important difference.

In the EQ-5D-5L, patients scored a median baseline EQ-index of 0.89 (1L PEG+Asc)
and 0.92 (2L PEG+Asc), both improving to 1.0 after colonoscopy (p<0.001). The
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EQ-VAS decreased from 80.41 to 79.95 in the 1L PEG+Asc group and from 81.85 to
81.0 in the 2L PEG+Asc group (p<0.001). These changes were below the minimally
clinically important difference. No differences were observed between study arms

in subdomains (Figure 4, Table S5), although pain and anxiety in 1L PEG+Asc group

and mobility in the 2L PEG+Asc group significantly decreased below the minimally

clinically important difference.
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Figure 4. Violin plots of health related quality of life outcomes in the 1L PEG+Asc and 2L PEG+Asc
group measured by the EQ index score, EQ VAS score, SF-36 physical component score (PCS),
and mental component score (MCS). Higher scores indicate higher quality of life. A wider plot indicates
more frequently occurring of the score. Scores were not significantly different between treatment arms.
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Endoscopy satisfaction

In general, patients were satisfied about the endoscopic care with a mean score of
85.1 (SD 8.3) (Table S6). Patients were especially satisfied about the endoscopist
skills (mean 92.4, SD 8.8) and overall hospital impression (mean 90.5, SD 11.5).
Scores were not significantly different between treatment groups.

Adverse events

Sixteen adverse events (AEs) were reported, equally split between the 1L PEG+Asc
and 2L PEG+Asc groups. In the 1L PEG+Asc group, all AEs were related to the
colonoscopy. In the 2L PEG+Asc group, five AEs were colonoscopy-related, while
two involved bowel preparation (both atrial fibrillation). These cases resolved
within one day, but the colonoscopies were postponed, and alternative laxatives
were used. One serious adverse event, a head injury 30 days post-procedure, was

unrelated to the colonoscopy or bowel preparation.

Discussion

While tolerability of bowel preparation is negatively associated with both bowel
preparation efficacy and colonoscopy participation, little is known on the impact
of bowel preparations with presumed higher tolerability due to lower volumes
on patient reported outcomes. Our findings demonstrate that the low-volume
preparation (1L PEG+Asc) was non-inferior to the intermediate-volume preparation
(2L PEG+Asc) in achieving adequate bowel cleansing (96.1% vs. 96.4%), had higher
high-quality cleansing rates (72.7% vs 63.8%), and was associated with greater
patient willingness-to-repeat the preparation (59.8% vs. 48.3%). Patient-reported
outcomes, including HRQoL and productivity loss, were not significantly different
between treatment arms.

Adequate efficacy is a prerequisite for research on patient reported outcomes
of bowel preparation. The non-inferiority of 1L PEG+Asc to 2L PEG+Asc in our
study is in line with previous studies [18-20]. Our rate of 97% adequately clean
colonoscopies is on the high end of the spectrum. This could be due to the exclusion
of patients at risk for inadequate bowel preparation in our study; however, in other
studies this patient group was also excluded [20-22]. The high compliance in both
groups could also be a contributing factor. Furthermore, we included a low-residue
diet and split-dose protocol, combined with enhanced instructions, all known to
improve efficacy and adherence [1].
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Our results demonstrated that tolerability is a critical factor in bowel preparation
because it directly impacts patient compliance and willingness-to-repeat, with
patients who found the preparation 'difficult' being 94.7% less likely (OR 0.053)
to be willing to repeat the preparation compared to those who found it 'easy’
Repici et al. demonstrated that 1L PEG+Asc had significantly higher compliance
compared to 4L PEG, resulting in more effective bowel cleansing [20]. Similarly,
Bednarska et al. concluded that patients were more willing to repeat a regimen of
1L PEG+Asc compared to 2L PEG+Asc [23], consistent with our findings (59.8% vs
48.3%, P=0.044). Despite a more frequent bad taste (p=0.007) and nausea/vomiting
(p=0.006) in the 1L PEG+Asc group, overall tolerability rates were similar between
groups. Patients who had a prior experience with taking bowel preparation found
the 1L PEG+Asc regimen significantly more tolerable than the bowel preparation
taken previously, as also reported by Bednarska et al [23]. This may well suggest
that volume is an important factor in negatively affecting patient experience, even
more than taste or side effects. Therefore, the superior experience of 1L PEG+Asc
contributes to the efficacy of the bowel preparation. Furthermore, management of
discomfort and anxiety by effective communication likely also plays an important
role in improving compliance and overall patient experience [24].

Due to the several instructions patients have to adhere to during bowel preparation,
and possible discomfort and anxiety [2], we hypothesized that these could also
have an impact on HRQoL. We found comparable HRQoL scores to the general
Dutch population, with no clinically relevant difference in both groups. Andronis
et al. reported that patients undergoing colonoscopy experienced a temporary
decrease in HRQoL due to bowel preparation discomfort [25]. Contrarily, Niv et
al. observed that while patients had some discomfort during bowel preparation,
the overall HRQoL scores remained relatively stable after colonoscopy, in line with
our results [12]. As patients report some discomfort during bowel preparation,
traditional HRQoL measures unlikely are able to fully capture impact on patients
[26]. However, given the short duration of the bowel preparation process, long-
term HRQoL impact by bowel preparation is likely negligible.

Bowel preparation can have a significant impact on patients’ work as they need to
take time off to complete the bowel preparation and undergo the colonoscopy.
Fuccio et al. reported in a prospective cohort (n=1137) that absenteeism or
presenteeism due to bowel preparation or symptoms after colonoscopy was 30.5%
in patients undergoing colonoscopy [8]. Our study’s lower rate of both absenteeism
(7.9%) and presenteeism (12.3%) may be due to the use of a split-dose regimen and
a difference in laxatives used (4L and 2L vs. our study’s 1L and 2L). Other studies
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observed absenteeism in 20-32% of patients due to bowel preparation, with an
association between a higher symptom burden and absenteeism [27, 28]. Additionally,
our study observed that the loss of unpaid labor was 8.5% after colonoscopy, which
has poorly been investigated so far. Both direct (hospital) and indirect, nonmedical
costs are needed for a clearer understanding of the total expenses associated with
bowel preparation [29, 30]. Our findings may thus offer a perspective on these costs
from both patient and societal viewpoints.

Ongoing interest is needed for bowel preparation tolerability, to ensure adequate
preparation but also to minimize the possible negative impact on patients. This
includes a split-dose regimen, diet liberations such as low-residue diets with shorter
durations [31, 32], and also developing other low-volume laxatives. This will likely
reduce experienced barriers to colonoscopy and CRC screening [33]. Furthermore,

our results on HRQoL and patient costs using validated instruments may inform
healthcare policies and allow them to make informed decisions that improve CRC
screening participation while minimizing impact on patients.

Our study has several strengths. In contrast to previous studies, our multicenter
randomized design reduces the risk of bias. Additionally, we used validated
instruments to increase generalizability and comparability. To minimize possible
remaining bias, we used multiple imputations to compensate for missing
information, although the response rate was already nearly 90%. The use of clinical
and socio-economic variables enabled us to correct for potential confounders and
provided more optimal information on the impact of bowel preparation on patients
and relatives.

We also acknowledge some limitations. Our study population consisted of
predominantly Dutch, high-educated patients. This may limit generalizability to
patients with other ethnicities or lower socio-economic levels, while these patients
are known to be at a slightly higher risk for inadequate bowel preparation [34, 35].
Lastly, overlapping recall periods of the SF-36 and IPCQ limit the ability to accurately
capture the true change before and after bowel preparation. However, since other
parameters such as the EQ-5D-5L with shorter recall periods confirmed the results of
the SF-36, our study still provides valuable insights.
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Conclusion

In conclusion, low-volume 1L PEG+Asc bowel preparation is an effective and
tolerable alternative to intermediate-volume 2L PEG+Asc preparation, with
high patient satisfaction and minimal impact on quality of life and productivity.
Prioritizing tolerability of bowel preparation is essential to increase adequate bowel
cleansing and reduce barriers to colonoscopy.
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Tolerability
Table S2. Results of the Mayo Florida Bowel preparation tolerability questionnaire
1L PEG+Asc 2L PEG+Asc p-value
(n=238,ITT) (n=229, ITT)
missing n=19 (8.4) missing n=24 (10.5)
Number of bowel movements 0.722
in week prior to prep, n (%)
3 orless/week 18(8.2) 20 (8.7)
4-8/week 129 (58.9) 124 (60.5)
9 or more/week 72 (32.9) 61 (26.6)
Laxative left after drinking 0.341
to best effort, n (%)
Less than 25% 218 (99.5) 202 (98.5)
25%-50% left 1(0.5) 1(0.5)
50%-75% left 0 2(1.0)
75% or more left 0 0
Tolerability, n (%) 0.219
Easy 113(51.6) 115 (57.1)
Acceptable 63 (28.8) 63 (30.7)
Somewhat difficult 27 (12.3) 15(7.3)
Very difficult 16 (7.3) 10 (4.9)
Willingness-to-repeat this prep, n (%) 0.044
not willing atall 17 (7.8) 16 (7.8)
somewhat willing 71 (32.4) 90 (43.9)
mostly willing 131 (59.8) 99 (48.3)
In case of experienced difficulties in 0.550
tolerability, do you think it was due 0.304 for
to your current health issues? n, (%) trend
Yes 6(2.7) 2(1.0)
No 52(23.7) 46 (22.4)
N/A (no difficulties) 117 (53.4) 111 (54.1)

N/A (no health issues) 44 (20.1) 46 (22.4)
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Table S2. Continued

1L PEG+Asc 2L PEG+Asc p-value
(n=238, ITT) (n=229, ITT)
missing n=19 (8.4) missing n=24(10.5)
Symptoms, n (%)
Bad taste 0.007
None 65 (29.7) 85 (41.5)
Mild 92 (42.0) 79 (38.5)
Moderate 4(18.7) 35(17.1)
Severe 21(9.6) 6(2.6)
Feeling full
None 63(28.8) 42 (20.5) 0.166
Mild 87 (39.7) 81 (39.5)
Moderate 55 (25.1) 65 (31.7)
Severe 14 (6.4) 17 (8.8)
Lack of sleep
None 110(50.2) 80 (39.0) 0.091
Mild 59 (26.9) 61 (29.8)
Moderate 35 (16.0) 41 (20.0)
Severe 15 (6.8) 23(11.2)
Nausea/vomiting
None 141 (64.4) 163 (79.5) 0.006
Mild 51 (23.3) 30(14.6)
Moderate 15 (6.8) 7 (3.1)
Severe 12(5.5) 5(2.4)
Bloating
None 67 (30.6) 64 (31.2) 0.749
Mild 99 (45.2) 87 (42.4)
Moderate 44 (20.1) 41 (20.0)
Severe 9(4.1) 13 (6.3)
Abdominal pain/cramps
None 104 (47.5) 98 (47.8) 0.960
Mild 84 (38.4) 75 (36.6)
Moderate 25(11.4) 25(12.2)
Severe 6(2.7) 7 (3.4)
Headache
None 155(70.8) 149 (72.7) 0.212
Mild 42 (19.2) 43(21.0)
Moderate 15 (6.8) 12 (5.9)
Severe 7(3.2) 1(0.5)
Symptom score*, mean (SD) 5.6 (3.8) 5.5(3.4) 0.743
What is the tolerability of the N=105 N=98 <0.001
laxative used compared to the
previous experience? N (%)
Worse 12 (5.5) 13(6.3)
About the same 34 (15.5) 66 (32.2)
Better 59 (26.9) 19(9.3)
N/A (first colonoscopy) 114 (52.1) 107 (52.2)
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Published article
The published version of this manuscript can be found at Endoscopy. 2025 Sep 3.
doi: 10.1055/a-2695-0994.

The following major changes have been made to this manuscript in the
published version:

Updated wording in methods to specify why certain procedures and statistical
methods were chosen.

« Clarified definition of primary outcome to include bowel cleansing efficacy in
terms of non-inferiority in rate of adequate bowel cleansing of 1L PEG+Asc to 2L
PEG+Asc in Abstract and Methods.

- Addition of between group difference of -0.4% (95%CI -4.0-3.3) (ITT) and -0.2%
(-3.9-3.6) (PP) in the Abstract and Results section and updated figure representing
the primary outcome (figure 2):

Omission of SF-36 results due to the plurality of outcomes and overlapping
recall period in first and second questionnaire and updated methods and results
(including figure 4) accordingly.
Expansion of the limitations section to include a deviation from ESGE guidelines
of the 2-day low residue diet and emphasize the exploratory nature of the
secondary analyses performed.
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An intraprocedural bowel cleansing
system for difficult-to-prepare patients —
a multicenter prospective feasibility study

Milou L.M. van Riswijk, MD, Kelly E. van Keulen, MD, Helmut Neumann, MD,
Peter D. Siersema, MD, PhD

United European Gastroenterol J. 2024 Feb;12(1):56-65. doi: 10.1002/ueg2.12501.
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Abstract

Background: Adequate bowel preparation is a prerequisite for colonoscopy.
However, up to 20% of colonoscopies remain inadequately prepared. Risk factors for
inadequate bowel preparation often overlap with those of failed cecal intubation.
This study aimed to assess the feasibility of an intraprocedural bowel cleansing
system (BCS) in patients with a history of inadequate bowel preparation.

Methods: Patients (n=44) with a history of inadequate bowel preparation in the
past two years were included. After a limited preparation with 300mL split-dose
sodium picosulfate magnesium citrate, additional cleansing during colonoscopy
was performed with the BCS. Primary outcome was adequate bowel preparation
using the Boston Bowel Preparation Scale (BBPS). Secondary outcomes included
cecal intubation rate (CIR), procedure times, usability, and safety.

Results: Median BBPS increased from 1-2-2 (IQR 1-2) to 3-3-3 (IQR) (P<0.0001), with
31.8% and 88.6% of patients adequately prepared before and after using the BCS,
respectively (p<0.0001). CIR was 88.6%. Reasons for incomplete colonoscopy were
looping (n=2), technical failure (n=1), relative stricture (n=1), and residual feces (n=1).
In patients with complete colonoscopy, the adequate cleansing rate was 97.5%.
Median total procedure time was 26 minutes, of which 5.3 minutes were spent on
cleaning. General ease of use was scored with a median of 4 out of 5, representing “as
good as conventional colonoscopy”. No serious adverse events occurred.

Conclusions: Adequate bowel cleaning can be achieved with an intraprocedural
BCS in patients with a history of inadequate bowel preparation which may reduce
repeat colonoscopies and clinical admissions for bowel preparation. However,
since these patients more frequently have a complicated anatomy (surgical
scarring, diverticulosis, etc.), adequate patient selection is advised to avoid
incomplete procedures.

ClinicalTrials.gov Identifier: NCT04700410
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Study highlights

What is known

- Adequate bowel preparation is essential to perform high-quality colonoscopy.

- Patients known with inadequate bowel preparation are at risk for recurrent
inadequate bowel preparation.

« The optimal approach to patients at risk for inadequate bowel preparation is not
yet known.

What is new here

« A novel bowel cleansing system could be used during colonoscopy to achieve
adequate bowel preparation in patients at risk for inadequate preparation.

« The bowel cleansing system slightly increases the scope diameter and stiffness,
which may restrict cecal intubation.

« In selected patients, this bowel cleansing system may reduce the number of
repeat colonoscopies and clinical admissions for bowel preparation.
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Introduction

High quality colonoscopy reduces the incidence and mortality of colorectal cancer
(CRQ) (1, 2), but cannot be performed without adequate bowel preparation (3, 4).
Inadequate bowel preparation precludes meticulous mucosal inspection and is
therefore associated with a lower polyp detection rate (5-8). Other consequences
of inadequate bowel preparation include a lower cecal intubation rate, higher
complication rate, longer procedure times, higher costs because of repeat procedures,
and lower patient satisfaction (3, 4, 9-12).

Unfortunately, inadequate bowel preparation has been reported in up to 20% of
colonoscopies (13). Several risk factors have been identified, related to factors
interfering with bowel motility (i.e,, opioid use, diabetes, constipation), or to
non-compliance of laxative use, such as poor health literacy (14). Previous poor
preparation is one of the most important and easy identifiable risk factors for
inadequate bowel preparation (15, 16). Identifying patients at risk for insufficient
preparation enables taking timely additional measures to optimize preparation.

However, the optimal approach to patients at risk for inadequate bowel preparation
is unclear (3, 16), because these patients are frequently excluded in clinical trials
that assess a cleansing strategy and guideline recommendations are lacking. In
daily practice, patients are often prescribed an intensified bowel preparation
regime that requires patients to drink an even higher volume. This increases the
difficulty for patients, resulting in recurrent inadequate bowel preparation.

Intraprocedural bowel cleansing removes the dependency on adequate preprocedural
bowel preparation. In healthy individuals, we previously demonstrated the feasibility
of an intraprocedural bowel cleansing system (BCS) (17). However, patients at risk for
inadequate bowel preparation would be a more attractive patient population for BCS-
assisted colonoscopy. Nevertheless, risk factors for inadequate bowel preparation
overlap with risk factors for incomplete procedures (14, 18, 19), and use of an
intraprocedural BCS might increase technical difficulty. Patients at risk for inadequate
bowel preparation often have a history of abdominal or pelvic surgery, or diverticulosis
resulting in narrowing of the lumen or fixation of the sigmoid (14, 18), which makes
establishing the feasibility of an BCS in this population of interest. We aimed to assess
the feasibility of BCS-assisted colonoscopy in a patient population with a history of
inadequate bowel preparation.
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Methods

Study design and population

We performed a single-arm multicenter prospective study in a tertiary referral center
(Radboud university medical center, Nijmegen, The Netherlands), and an outpatient
endoscopy unit (GastroZentrum Lippe, Bad Salzuflen, Germany). The study
population consisted of patients aged 18 years or older scheduled for screening or
surveillance colonoscopy. All patients had a history of inadequate bowel preparation
in the last two years, defined as segmental BBPS of <2, need for repeat colonoscopy,
or shortening of surveillance interval due to inadequate bowel preparation. Patients
were enrolled consecutively at the date of their scheduled colonoscopy. Patients who
had a history of (partial) colectomy, colorectal cancer or colitis (due to a higher risk of
per-procedural adverse events), an American Society of Anesthesiologists (ASA) score
of > 4, inadequately corrected anticoagulation disorder, bowel obstruction, lower
gastrointestinal bleeding with hemodynamic instability, pregnancy or lactating, or
inability to provide informed consent, were excluded.

This study was performed in compliance with the Declaration of Helsinki,
approved by the ethics committees of both sites, and registered at clinicaltrials.gov
(NCT04700410). An independent monitor reviewed all study data. Written informed
consent was obtained from all subjects before enrollment.

Study device

The second generation Pure-Vu System, (MotusGl, Tirat Carmel, Israel) is an FDA-
approved and CE-certified BCS intended to increase visualization in inadequately
prepared colons by offering intraprocedural cleansing. It consists of a disposable
oversleeve and a workstation for flushing saline or water through the oversleeve
(Figure 1A&B, Video 1), controlled by foot pedals. The oversleeve is available for
most standard and slim size colonoscopes, with a maximum outer diameter of 21mm
at the tip of the scope and 18mm at the oversleeve when attached on a standard
size colonoscope. The workstation provides pulsed irrigation with simultaneous
evacuation that breaks up feces faster than standard through-the-scope irrigation.
The presence of several jets in the oversleeve and large suctioning tube could
increase cleansing efficiency. An auto-purge function may prevent clogging.
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Figure 1. A. System set-up. A 0.9% saline solution or sterile water is used for cleaning and connected
to the oversleeve via the workstation. Suction tubes are also connected to the workstation to evacuate
debris. The loading fixture is located on the workstation to load the oversleeve onto the colonoscope.
B. Details of the oversleeve with a standard size colonoscope.

Study procedures

After informed consent, we obtained participants’ baseline characteristics using
standardized case report forms. We used a combined approach for BP, using both
laxatives and the BCS. All subjects, who would usually have been prescribed an
intensified regimen due to previous inadequate preparation, now received a
split-dose (2x150mL) sodium picosulfate magnesium citrate (Picoprep, Ferring,
Germany), supplemented by a low-fiber diet starting two days before colonoscopy.
Instructions were given by specialized endoscopy nurses, and an information
leaflet containing detailed diet and laxative instructions was provided to each
participant (Supplemental table S1). The laxatives were not intended to provide
adequate BP on its own in this patient group. Additional bowel cleansing during
colonoscopy using the BCS was performed during insertion and/or withdrawal at
the endoscopists’ discretion.
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Colonoscopy procedure

All colonoscopies were outpatient procedures performed under propofol sedation.
At each site, one expert endoscopist (P.S., H.N.), both having performed >2,000
colonoscopies, performed half of the study procedures. Only standard size
colonoscopes were used (Pentax EC38-i10L, Fujifilm EC-760R-VL) and corresponding
standard size BCS oversleeves.

The time spent for cecal intubation, withdrawal, washing with the BCS, and time
for interventions were recorded. Cecal intubation- and withdrawal time did not
include time for interventions or cleaning with the BCS. Common colonoscopy
techniques for cecal intubation were used, including CO2 insufflation, manual
pressure and position changes. All interventions were performed with the BCS
attached. Segmental bowel preparation levels were assessed by the endoscopist
using BBPS before BCS-use, but after regular flushing, and after full cleaning (20).
Each corresponding segment was photo-documented before and after using the
BCS. Patient discomfort during the procedure was scored by the attending nurses
using the five-point Gloucester Comfort Scale score (GCS).

Follow-up (FU) consisted of a phone call at 48 hours and 1 month after the
study procedure, to assess patient-related outcomes and adverse events (AE).
Additionally, medical records were evaluated. Participants scored their level of
abdominal pain on a numeric rating scale (NRS) from 0 (no pain) to 10 (worst pain).

Outcomes

Our primary endpoint was the proportion of adequately prepared patients before
and after using the BCS assessed using BBPS. A second, independent and blinded
evaluation was performed by a third expert endoscopist evaluating the photos
taken before and after BCS use, blinded to the initial assessment. To minimize
interobserver variability, all assessors completed a validated online training for
BBPS assessment (21). Adequate bowel cleansing was defined as a BBPS of >2
per segment.

Secondary endpoints included cecal intubation rate (CIR), procedure times, device
usability, level of patient discomfort and willingness to repeat, procedural findings,
and safety. The usability of the BCS was graded by the performing endoscopist in
concordance with previous studies on a 5-point scale (from 1 (worst) to 5 (best))
for general ease of use, ease of insertion, ease of angulation, ease of advancement,
ease of retroflexion, ease of polyp resection, device stiffness, and device holding
forces (Supplemental table S2).
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Statistical analysis

The primary outcome was compared using a McNemars’ test for the proportion
of adequately prepared patients, and a Wilcoxon signed-rank test for segmental
median BBPS scores before and after using the BCS. The second assessment of the
BBPS scores was compared to the original scores using a Wilcoxon signed-rank test,
applying Bonferroni correction for multiple testing.

For descriptive statistics, we used mean and standard deviation (SD) for normally
distributed data, and median and interquartile range (IQR) in case of skewed
data. Categorical data was represented as counts and percentages. To assess a
learning curve, a secondary analysis using the Mann-Whitney-U test was performed
for procedure times and usability scores, excluding the first four subjects
per endoscopist.

Missing data were not imputed and excluded from analyses. Two-sided p-values
of <0.05 were considered statistically significant. All analyses were performed with
IBM SPSS 25 (IBM. Corp., Armonk, New York, USA). Graphs were designed using
GraphPad Prism 9 (GraphPad Software, San Diego, California, USA).

Sample size calculation

Based on previous studies with this BCS and rates of recurrent inadequate bowel
preparation, we assumed that 60% of patients would be adequately prepared
before using the BCS, and 95% of patients would be adequately prepared after
using the BCS. Using a McNemar’s test with a 90% power and two-sided alpha
of 5%, we required 36 patients to find a statistically significant difference. Per
endoscopist, 4 extra patients were included to become familiar with the second-
generation device, making the total sample size 44.

Role of funding source

The study was investigator-initiated and financially sponsored by Motus GlI.
The financial sponsor did not have a role in data collection, data analysis or
interpretation, writing of the manuscript or decision to submit for publication.

Results

Baseline characteristics
Between June 2021 and March 2022, forty-four patients with a history of inadequate
bowel preparation were included (Table 1). Prior to inclusion, inadequate BP had
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been noted in a median of 70.8% of past colonoscopies. All patients had at least
one and some up to six risk factors for inadequate BP (13, 14). The most frequent
risk factors were chronic constipation, and history of intra-abdominal or pelvic
surgery (19, 22). All patients reported full compliance with the laxatives.

Table 1. Baseline characteristics.

Number of patients, n 44

Male, n (%) 36 (81.8)

Age, median (IQR), years 61 (55-66.8)
BMI, median (IQR), kg/m? 26.2 (24.4-29.1)
ASA, median (IQR) 2(1-2)

Medication use, n (%)
Tricyclic antidepressant 2 (4.5)
Chronic laxative use 6 (13.6)

Patient history, n (%)
Chronic constipation’
Diabetes

5(11.4)

5
Intra-abdominal or pelvic surgery 7

2

1

1

(
(11.4)
(15.9)
History of neurological disease? 2 (4.5)

Diverticulosis 19

(

(43.2)

Number of previously inadequately prepped colonoscopies, median (IQR) 1-1)
Number of total colonoscopies, median (IQR) 2(1-3.75)
Proportion of previous inadequately prepped colonoscopies, median (%) 70.8

BBPS score during previous colonoscopy? (total), n (%)
(2.3)
(15.9)
(15.9)
26 (59.1)
1(2.3)

1
7
7

QU wWwo

Reason for previous poor BP*, n (%)
Non-compliance to diet or laxative 25
Laxative side effects 6 (
Medical history 9 (20.5)
Medicationuse 1 (
Unknown 3 (

Prior bowel preparation, n (%)

2L PEG with ascorbate 9(20.5)
1L PEG with ascorbate 1(2.3)
300mL Sodium picosulfate/magnesium citrate 3(6.8)
2L Sodium Phosphate solution 4(9.1)
4L PEG electrolyte solution 18 (40.9)
Intensified regime® 9(20.5)
Bisacodyl added to bowel preparation, n (%) 16 (36.4)

! defined as <3 bowel movements per week. 2 Neurologic disease including stroke, spina bifida,
dementia, paraplegia, or Parkinson’s disease.* Retrospectively collected combined segmental BBPS
scores. Separate segmental BBPS scores were not available. * Inadequate bowel preparation during
last colonoscopy procedure before study inclusion. ° 4L PEG with ascorbate (n=5, 11.4%), 3L PEG with
ascorbate (n=2, 4.6%), clinical preparation with 9L PEG with ascorbate (n=1), clinical preparation with
6.5L PEG with ascorbate (n=1). ASA, American Society of Anesthesiologist classification; BMI, Body
mass index; IQR, interquartile range; PEG, polyethylene glycol.
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Primary outcome

The median BBPS increased significantly from 1-2-2 (IQR 1-2) before to 3-3-3 (IQR
3-3) after BCS use (P<0.0001), with 31.8% and 88.6% being adequately prepared
before and after BCS-use, respectively (P<0.0001). This outcome was confirmed by
independent assessment of representative endoscopic photos (Table 2, Figure 2). In
five patients (11.4%), cecal intubation was not feasible with the BCS attached and
thus the BCS could not perform full colonic cleansing. In patients with successful
cecal intubation, adequate cleansing was achieved in 97.5%.

Table 2. Primary outcome.

Before BCS cleaning  After BCS cleaning p-value

(n=44) (n=44)
Median BBPS scores (IQR) 1-2-2 (1-2)* 3-3-3(3-3) P<0.0001
Median BBPS scores (IQR), 1-1-2 (1-2)* 3-3-3(3-3) P<0.0001
secondary assessment
Adequately cleaned patients, n (%) 14 (31.8%) 39 (88.6%) P<0.0001

BBPS, Boston Bowel Preparation Scale; A segmental score of >2 is defined as adequate; BCS, Bowel
cleansing system; IQR, Interquartile range. * Median BBPS before cleaning between primary and
secondary assessment P=0.012.

Figure 2. Violin plot of Boston Bowel Preparation Scale (BBPS) scores before and after cleaning with
the BCS. The width of the plots indicates the prevalence of that particular score; median scores before
BCS-use were 1-2-2, after BCS-use 3-3-3 (P<0.0001).
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Secondary outcomes

Cecal intubation

The cecal intubation rate was 88.6%. Causes of failed cecal intubation were scope
looping (n=2), technical device failure (n=1), relative stricture (n=1), and residual
fecal material (n=1). The technical failure was caused by a protocol breach as the
oversleeve was attached to an incompatible colonoscope. In two patients, cecal
intubation was still possible with a regular colonoscope without BCS attachment,
while this was not attempted for the remaining patients because of time constraints
and inability to clean the remaining colon without the BCS. The ascending colon
was reached in four of five patients with the BCS attached. In the fifth patient,
the procedure was stopped in the transverse colon due to severe diverticulosis
resulting in luminal narrowing.

Procedure times

The median total procedure time was 26 minutes, of which a median 5.3 minutes
were spent on cleaning with the BCS (Figure 3). Results were not significantly
different when the first four patients were left out to determine a learning
curve (p=0.267-0.725).

Figure 3. Boxplot of procedure times, median and interquartile range (IQR). Dots indicate times that
are >1.5x IQR.
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System usability

The performing endoscopist scored the general ease of use of the BCS as “good” or
“excellent” in 84.1% of the cases with a median score of 4 out of 5 (IQR 4-5), while in
13.6% and 2.3% it was scored as “acceptable” and “difficult”, respectively (Figure 4).
The BCS did not interfere with insertion (100%), angulation (97.7%), advancement
(97.7%), or polyp resection (100%), but the oversleeve increased the level of device
holding forces and stiffness compared to conventional colonoscopy in 30% and
25% of procedures, respectively, which also increased difficulty of retroflexion in
3/11 (27%) patients. Usability scores were not significantly different for the first four
included patients, compared to the other subjects (P=0.052 for insertion, P=0.142-
0.927 for other categories).

Figure 4. Proportional distribution of usability scores per category (n=44). *Categories “Ease of polyp
resection”(n=9) and “ease of retroflex” (n=11) were only performed on a subset of patients, when
applicable. A score of “good” represents “as good as conventional colonoscopy”.

Patient experience & safety

The median GCS score during colonoscopy was 1 (IQR 1-1), meaning no discomfort.
After 48 hours, 11 patients had mild abdominal pain (NRS 3, IQR 3-6). Willingness
to repeat BCS-assisted colonoscopy was 92.9%. Three patients indicated that
they did not want repeat BCS-assisted colonoscopy in the future, because of
incomplete colonoscopy.

Five patients were lost to follow-up. During a median follow-up of 29 days (IQR 28-33),
seven AEs in seven patients occurred, all minor, which resolved without sequelae.
Two AEs were unrelated to the study device: One patient fell during exercising and
one patient experienced transient facial numbness. The other five AEs were possibly
related to the procedure or device, i.e., abdominal pain, NRS 5-7 (n=3), and mild rectal
blood loss (n=2), both self-limiting.
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Procedural findings

Procedural findings included 22 polyps in 10 patients, of which 9 were tubular
adenomas, 1 tubulovillous adenoma, 3 sessile serrated adenoma, 6 hyperplastic
polyps, and 3 others. This resulted in an adenoma detection rate of 22.7%.

Discussion

In this study, we assessed the feasibility of BCS-assisted colonoscopy for hard-
to-prepare patients, to reduce dependency on extensive preprocedural bowel
preparation and admission or need for a repeat-colonoscopy. We achieved
adequate cleansing in 88.6% of patients, and in 97.5% of patients with successful
cecal intubation. Cecal intubation was achieved in 88.6%, and no serious adverse
events occurred during the study.

Our results align with previous studies conducted with this BCS on cleansing

efficacy, procedure times, and usability (17, 23-25). Two feasibility studies were
conducted in patients without a history of inadequate bowel preparation (17, 23).
Van Keulen et al. included 47 outpatients from three sites and prescribed 20mg
of bisacodyl with additional cleansing by BCS. Baseline adequate cleansing rates
improved from 19.1% to 97.9% (P<0.001) and BBPS scores increased from median
3to 9 (P<0.001). Perez-Jimenez et al. performed a similar feasibility study including
50 outpatients at two sites. After a 20mg bisacodyl preparation, the proportion
of patients with adequate cleansing was 31%, which increased to 98% after BCS
use (P<0.001). Neumann et al. treated 94 inpatients, who were at higher risk for
inadequate bowel preparation, with regular bowel preparation combined with
additional cleansing using the BCS (24). Adequate bowel cleaning levels increased
from 38% before, to 96% after using the BCS (P<0.001).

Our CIR of 88.6% was comparable to the CIR of 84.5% in the study by Neumann
et al. (24), which is below the recommended quality target of 90% (4). The BCS
oversleeve increases the colonoscope diameter and stiffness, as reflected in the
usability scores. Stiffness and holding forces were higher than in conventional
colonoscopy with 25% and 30%, respectively. Together, this negatively impacts
maneuverability. Additionally, a relatively high number of patients (11/44) with
abdominal pain was noticed, although this was comparable to rates of abdominal
pain following colonoscopy (26). However, known risk factors for inadequate bowel
preparation, such as abdominal and pelvic surgery or diverticulosis, also increase
technical difficulty and complicate cecal intubation (19, 22, 27). In the present study,
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almost half of the patients (43.2%) had mild to severe diverticulosis. Furthermore,
15.9% had a history of intra-abdominal or pelvic surgery. Therefore, our study’s
suboptimal CIR should be regarded in light of a population with frequent difficult
cecal intubation (27). Nonetheless, careful patient selection is advised to avoid
incomplete procedures. For patients with a history of failed cecal intubation, this
should be considered.

Existing evidence that recommends a regimen for patients with a history of
inadequate bowel preparation is scarce. Two RCTs have been performed in this
patient population, comparing 4L PEG to 2L PEG plus ascorbic acid (28), or to 6L PEG
(29). Compared to the 6L PEG regime, 4L PEG did not perform significantly different
regarding adequate cleansing rate (91.2% vs 87.6%; P =0.44), while it performed
superior compared to 2L PEG plus ascorbic acid (81.1% vs. 67.4%, P=0.012).
However, in both studies patients with repeated inadequate bowel preparation
were excluded, which is the population with the highest burden.

Several potential patients may profit from BCS-assisted colonoscopy. First, in
patients with recurrent inadequate bowel preparation, it may prevent repeat
colonoscopies. Each repeat colonoscopy doubles healthcare costs and indirectly
affects costs by impacting patient’s working productivity (30). Arguably, BCS-use
may increase costs by adding to the total procedure time. In the present study,
median total procedure time was 29 minutes, of which cleaning took 5.3 minutes
(18.3% of total procedure time), with 61% of patients only adequately cleaned after
cleansing with the BCS. In comparison, in a prospective outpatient colonoscopy
cohort, MacPhail et al. described a mean intraprocedural cleansing time of
4.1 minutes (17% of total procedure time) with an adequate bowel preparation
rate of 96%, of which 6% was only adequate after intraprocedural cleansing (31).
Additionally, BCS use may result in additional costs and CO2 footprint resulting
from the single use plastics. However, this may be compensated by reducing
repeat colonoscopies. Exact costs of the BCS are not yet established, limiting a
cost-effectiveness analysis. We hypothesize that BCS-use would be cost-effective
in difficult-to-prepare patients or salvage purposes. Other potential patient
populations are inpatients, in which BCS-assisted colonoscopy may limit delays in
hospital stays and therefore decreases costs (24, 32). Jacobs et al. demonstrated
that inadequate bowel preparation was the most frequent cause of prolonged
hospital stays in a retrospective cohort (h=4239). The use of a BCS may also result in
fewer clinical admissions for bowel preparation.
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Strengths of our study include the multicenter approach, the use of a BBPS-training
upfront to decrease interobserver variability, and independent assessment of our
primary outcome to minimize the risk of bias. Furthermore, we included patients
usually excluded from participating in trials. A limitation of this study is the within-
patient comparison of cleansing efficacy instead of a comparative arm. However,
no standard effective bowel preparation regimen is available in this patient
population. Additionally, the presumed added difficulty of BCS-use combined
with the risk of failed cecal intubation in this patient population warranted a
feasibility study before performing a randomized controlled trial. However, the
true added benefit of BCS-assisted colonoscopy over intensified bowel preparation
needs further confirmation. Additionally, our small sample size may hamper the
generalizability of our results to new study groups. Finally, we only used standard
size colonoscopes, while in patients with difficult cecal intubation frequently
slim size colonoscopes are used. Therefore, no robust conclusions regarding our
secondary endpoints can be drawn.

Conclusions

Concluding, BCS-assisted colonoscopy seems effective and safe for bowel
preparation in patients with a history of recurrent inadequate bowel preparation.
However, since these patients frequently have a difficult anatomy to achieve cecal
intubation, careful patient selection is advised to avoid incomplete colonoscopies.
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Video legend

Video 1. Demonstration of intraprocedural cleansing of an inadequately prepared colon using
the bowel cleansing system. To view this video in the full-text HTML version of the article, please
visit https://onlinelibrary.wiley.com/doi/10.1002/ueg2.12501.
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Supporting information

Table S1. Detailed bowel preparation instructions.

2 Days before
colonoscopy

Low fiber diet
- food low in fat and fiber AND without seeds, hard pieces, peels and skins
« Examples:
- Breakfast, lunch, and snacks: White bread, waffles, cracker,
rice cake spread (thinly) with butter or margarine
« Topped with: Low-fat meats such as smoked meat, chicken breast,
turkey breast, ham 30+ cheese, low fat cheese spread, dairy spread,
egg prepared in any way, sweet toppings such as jam without seeds,
honey, marmite, apple syrup, agave / date syrup, colored sprinkles
- Beverages: Water, tea, coffee (maximum 2 cups), non-carbonated soft drinks,
lemonade, tomato juice, fruit juice without pulp, low-fat or semi-skimmed
milk or milk substitutes (oat milk, almond milk and soy milk, low-fat or semi-
skimmed (soy) yogurt without seeds and pieces, (soy) custard, low-fat cottage
cheese, semolina porridge, rice porridge, cornflakes, clear soup/bouillon.
+ Hot meal:
- White rice, plain macaroni, or spaghetti (no high fiber/
whole grain), boiled potatoes, mashed potatoes
« A choice of the following cooked vegetables: carrots,
cauliflower, broccoli, beets, squash, applesauce (smooth)
- Tomato puree from a can
- Lean meat, chicken, or fish such as steak, ham steak, chicken breast,
turkey breast, white fish, tofu, quorn chopped or quorn pieces, hachee
- NOTE: legumes, nuts, cabbage, onion, raw vegetables
and fresh fruit are NOT allowed

1 Day before
colonoscopy

Liquid diet

On the day before the colonoscopy, you should take liquid food such

as custard, yoghurt, defatted broth or soup without pieces.

At 5 pm you can take a last liquid meal. After this you are not

allowed to eat anymore but you allowed to drink clear liquids.

Clear liquids include water, lemonade, non-carbonated soft drinks, clear
defatted broth (without vegetables, meat, or noodles), clear fruit juices without
pulp such as apple juice and white grape juice, coffee and tea without milk
(limit coffee to no more than 2 cups), and clear isotonic sports drinks.

Start sodium picosulfate magnesium citrate

At 6 pm, take the first sachet of sodium picosulfate magnesium citrate.
After drinking the dissolved sachet, drink 2 liters of clear liquids. We
recommend that you divide the amount of clear liquids until 8 pm and do
not drink it all at once. Coffee, black tea, red fruit juices, cloudy fruit juices
(such as orange juice with pulp), or milk (products) are not allowed
Important: Take the indicated amount of fluids in addition

to the amount you are used to drink daily.

After 8 pm, you may continue to drink clear fluids.

TIP: Do not only drink water but vary as much as possible by
drinking different types of clear liquids. Take at least once

a defatted broth (such as from a bouillon cube).
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Table S1. Continued
On the day of Four hours before going to the hospital, you need to drink another
colonoscopy sachet of sodium picosulfate magnesium citrate and 2 liters of clear

liquid. This should be finished two hours before leaving for the
hospital. This is an important part of the preparation to have enough
time to empty your bowels and achieving a clean bowel.

Your stool after using 2 sachets of sodium picosulfate magnesium
citrate should look just like the one you drank - clear and with

a limited number of solid particles. You are done when your

stool is yellow, light, watery and clear (just like urine).
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Table S2. Scoring form used for grading the usability of the bowel cleansing system during
colonoscopy, scored by the performing endoscopist.

Unacceptable Difficult Acceptable Good Excellent NA/ND
(as good as
conventional
colonoscopy)

General ease of use

Ease of insertion
to the rectum

Ease of angulation

Ease of advancement

Ease of retroflex
Ease of polyp resection
Level of device stiffness

Level of device
holding forces
(weight, comfort)

NA/ND; Not applicable/not done.
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General Discussion




190 | Chapter 7

Screening for colorectal cancer (CRC) is effective in early diagnosis and prevention, but
faces several challenges that potentially result in cases of CRC that could have been
prevented. In this thesis, we assessed the use of volatile organic compound (VOC)
analysis by electronic nose (e-nose) as a new diagnostic biomarker and explored bowel
preparation methods that may reduce patient discomfort while maintaining efficient
cleaning, to improve colonoscopy quality. In this chapter, we reflect and contextualize
this research and give suggestions for improvement of CRC screening. Additionally, we
delineate future research aims. Figure 1 and Table 2 provide an overview of the main
findings and limitations and comments per research chapter. Hereafter, we provide a
discussion of the main findings, limitations, clinical implications, and future research
recommendations per research chapter.

Figure 1. Overview of the most important conclusions in part | and Il of this thesis.
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Part | - Can CRC screening be improved by a breath test?

Although CRC screening is well-established and effective in the prevention of
CRC and reducing CRC-related mortality, some challenges persist that impact
the full potential and efficacy of screening. These can be divided into categories
that represent phases of screening: In the phase in which individuals receive an
invitation for screening, in which a fecal immunochemical test (FIT) kit is send via
mail to identify high-risk populations for colonoscopy, key issues are related to non-
participation and suboptimal FIT accuracy. In Part | of this thesis, the main aim was
therefore to assess whether a breath test could be used as screening instrument for
CRC to address these issues.

Main research findings

After a successful pilot study (1), in which VOCs in exhaled breath by e-nose were
deemed a potential biomarker for CRC detection, we set out to create a robust
study that not only could validate the breath test, but also could shed light on its
robustness across different devices and study sites. Unfortunately, the findings of
the pilot study could not be replicated. In chapter 2, we found that VOC analysis
of exhaled breath by e-nose reached an AUC 0.542 (95% Cl 0.495-0.589), with
a sensitivity of 39.5% and specificity of 68.3%. These results were not different

when using the prediction model from the initial pilot study, nor when designing
a new prediction model based on the newly collected data. Patients had a high
willingness to repeat the breath test (95.3%).

To find out why the results of chapter 2 differed substantially from the initial
pilot study, we performed a study of simulated breath test data in chapter 3. We
hypothesized that the number of CRC cases per study device greatly impacted
the adequate prediction of CRC presence. The per-device prevalence of CRC
was significantly lower in the current study than in the pilot study due to lower
overall CRC prevalence, but also due to a stricter patient selection (in the pilot
study some patients provided a breath test after CRC diagnosis) and used more
study devices. Because of this, the signal-to-noise ratio significantly decreased,
which we presumed to have played a role in the experienced difficulty to predict
CRC from breath samples. In chapter 3, we confirmed this hypothesis and found
that low-prevalent disease prediction requires more positive cases (i.e. positive for
neoplasia) than study samples with high neoplasia prevalence. We initially hoped
that data augmentation of the positive cases would partially compensate for this,
but this was not confirmed in chapter 3; compared to an increase in real data
points (i.e. a breath test), substitution with augmented data provided only marginal
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improvement of the prediction model performance. Lastly, we determined that
the use of multiple measuring devices resulted in a significant increase of required
data to train the prediction model, i.e., achieving an AUC of 0.80 would require
around 2,100 data points when the disease prevalence is 5%, whereas only about
600 data points are needed at a 30% prevalence and 400 data points at a 50%
prevalence. This could be due to case mix or small differences in the sensor signals,
which lowers the signal-to-noise ratio and thereby increases difficulty to accurately
predict CRC from a breath test.

Strengths and limitations

Strengths of chapter 2 include the large-scale study (3,469 samples) that was nearly
nationwide. This allowed us to assess the robustness of the results. In other words,
in a positive scenario with a high accuracy of the breath test, this would probably
have been established with a high level of certainty. Additionally, we tested the
breath test in the future target population, with the intention of ensuring future
applicability. Limitations included the exclusion of patients with a history of other
malignancies and IBD to avoid confounding factors in the model and to remain
close to our pilot study. After future establishment of a successful prediction model,
this patient population needs to be addressed. Secondly, the VOC profile likely is
subtle, making it prone to environmental disturbances including hospital variations
or patient variations such as diet, comorbidities and medication use. Additionally,
different sensor types in e-nose technology limit comparison between different
types of e-nose devices, while sensor-drift and environmental disturbances
introduce limitations to comparisons between devices of the same manufacturer.

Chapter 3 provides insight into inter-device disturbances and gives practical
information on the impact of low-prevalent disease, which was the case in the bowel
cancer screening population in our study. However, although we are confident that
the main principle of low-prevalent disease detection also applies for other VOC
detection methods, it not certain that specific device characteristics are directly
translatable to other e-nose devices that use different sensors, data-processing, or
machine learning techniques. Nonetheless, as all e-nose devices follow a comparable
approach to go from the raw sensor data to a prediction model (2, 3), we believe that
the main message still holds.

Clinical implications

The adagium ‘the best test is the test that gets done’ certainly goes for colorectal
cancer screening. While colonoscopy is recommended by European and American
endoscopy society guidelines, because its sensitivity and effect in screening and
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possibilities for treatment, accessibility and adherence of colonoscopy as primary
screening method is subject to improvement. This is to a large extent due to the
invasiveness of the procedure that poses a deterrent to patients on the one hand,
and increasing resource demands that increase waiting times and costs on the
other hand. Individual reasons for non-participation include logistical challenges,
personal discomfort, perceived risk of CRC, and socioeconomic factors (4, 5).
Addressing these barriers form a means to increase the CRC screening participation
rate but often have a small effect (6, 7). A non-invasive screening method that offers
selection of patients at risk for advanced neoplasia could improve accessibility of
CRC screening.

The most frequently used non-invasive screening method for CRC is FIT screening
in stool samples. A recent nested case control study confirmed that FIT screening
resulted in a 33% lower risk of CRC-specific mortality (8), which was observed
across different ethnic groups. This suggests that FIT screening is also effective in
groups with a lower adherence. However, as FIT-based screening is based on the
premise of occult blood loss by (pre)cancerous lesions, this potentially results in
missed cases as not all lesions bleed enough to cross the threshold. This is reflected
by the imperfect sensitivity of FIT (76-89%) (9) and the rate of colonoscopies in

which no (advanced) neoplasia is detected in over 60% of patients participating in
the Dutch national CRC screening program (10). The sensitivity and specificity of FIT
screening is tied to the Hb threshold that is used, which is currently 47 pg/g feces
in the Netherlands. Evaluation of this threshold after introduction of the national
screening program indicated that a lower threshold may be associated with less
missed cases of neoplasia, but also results in an increase of false-positive results and
unnecessary colonoscopies with its associated costs (11). Higher cutoffs resulted
in an increase of missed adenomas and cancers. This limits the room for further
improvement in FIT-based screening and may open the door for other strategies.

Non-invasive biomarkers including proteins, DNA, microbiota, or VOCs in blood,
stool, urine, or exhaled breath may offer alternatives. However, current research
often includes early phase studies that have not yet been extensively tested in a
screening population. Chapter 2 aimed to build a bridge between proof-of-principle
studies and clinical application. It is not uncommon that biomarkers in a controlled
experimental setting have a higher accuracy than in sequential clinical settings. In
a screening population, the added predictive value would be even lower (please
see the box below), rendering these biomarkers unsuitable for population-based
screening programs (12). This underscores the importance of external validation
studies. This is especially true for studies investigating VOC-analysis, as there is
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a risk of overfitting and spurious correlations due to the data-driven nature (13).
Additionally, the multifactorial pathogenesis of VOC involvement in metabolomic
changes, that also includes dietary habits and environmental influences, could lead
to differences in VOC profiles across countries or even hospitals (14). Together, this
may lead to overly optimistic claims on model performance and accuracy, that do

not hold in new patients (15, 16).

Box 1. Effect of prevalence on diagnostic test performance
Suppose a population of 10,000 individuals, a hypothetical disease with a
prevalence of 40% in cohort A and 5% in cohort B. The diagnostic test has a

sensitivity of 95% and specificity of 90%.

In population A, this leads to the following test metrics:
Disease Cases: 10,000 x0.40=4,000
Non-Disease Cases: 10,000-4,000=6,000

Metric Calculation Value
True Positives (TP) 4,000 x0.95 3,800
False Negatives (FN) 4,000-3,800 200

True Negatives (TN) 6,000 x0.90 5,400
False Positives (FP) 6,000-5,400 600

Positive Predictive Value (PPV) % = 3‘832]8% 86.4%
Negative Predictive Value (NPV) Ll 5,400 96.4%

TN +FN _ 5400 + 200

In this population, the likelihood of disease went from 40% to 86.4% following

a positive test, and the likelihood of being healthy went from 60% to 96.4%.

In population B, the test metrics, using the same test but lower disease

prevalence, are different:
Disease Cases: 10,000 x0.05=500
Non-Cases: 10,000-500=9,500
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Metric Calculation Value

True Positives (TP) 500x0.95 475

False Negatives (FN) 400-475 25

True Negatives (TN) 9,500x0.90 8,550

False Positives (FP) 9,500-8,550 950
TP 475

Positive Predictive Value (PPV) TP+ FP_ 475 +950 33.3%
TN 8,550

Negative Predictive Value (NPV) TNTFN 8550 %25 99.7%

In population B, the likelihood of disease went from 5% pre-test to 33.3%
following a positive test, and the likelihood of being healthy went from 95% to
99.7% after a negative test

Thus, a diagnostic test with high sensitivity and specificity applied to a low
prevalence population adds less to the post-likelihood chances of having
the disease.

The future clinical benefits of e-nose technology in CRC screening are linked to
participation rates. The efficacy of nationwide CRC screening programs heavily
depends on participation, which varies significantly across European countries (17, 18).
Given the high acceptability of the breath test investigated in Chapter 2, with a
willingness-to-repeat rate exceeding 95%, a breath test could improve participation
and the overall effectiveness of CRC screening. Studies have shown increased
adherence when alternative tests, such as blood tests, are offered to individuals
who previously declined screening (19). Another study reported the highest uptake
rates for hypothetical esophageal adenocarcinoma screening scenarios when a
breath test was offered (20). Therefore, implementing a breath test could enhance
participation rates, addressing the gaps in CRC screening adherence.

The research in chapter 2 and 3 demonstrated the complexity of VOC analysis.
The performance of the current e-nose was significantly lower than in the previous
pilot study, likely due to a lower CRC prevalence and issues such as sensor drift and
variability in the data collected from different devices. External validation studies
suggestthatatleast 100-200 positive CRC cases are needed for reliableresults (21-23),
and the variability between devices requires careful consideration in future study
designs. Optimizing prediction models through better feature selection could
reduce the necessary sample size and improve the reliability of e-nose technology.
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This requires more insight into biochemical processes that lead to a CRCVOC profile
and the signals to which this translates.

Research agenda

Looking forward, while VOC-based detection of CRC shows potential, further studies
are still needed. The identification and validation of specific VOCs associated with
CRC, the standardization of detection techniques, and the development of robust
machine learning models are crucial steps. Additionally, addressing environmental
influences on VOCs and standardizing breath tests will be essential for successful
clinical application. Although the e-nose currently faces several challenges,
continued research could eventually lead to its adoption as a non-invasive,
accessible, and effective CRC screening tool. In Table 1, a comprehensive proposed
research agenda for VOC analysis by e-nose is outlined.

Parallels can be drawn between VOC and e-nose research and the Gartner
Hype cycle, in which initial excitement of technological innovations can lead to
disillusionment, but with persistent development, it may find its place in practical
applications (24). An equivalent might be the criticized high-profile study on 33
different cancers and their unique cancer microbiome that was published in Nature
in 2020 and retracted in 2024 because questions were raised on its robustness
(25). Liquid biopsy, the strategy that employs blood-based biomarkers for multi-
cancer screening, also shows similarities with e-nose research, with hopeful pilot
study results but low sensitivity when tested in larger study populations (26). Like
VOCs, the signal of blood-based cancer biomarkers is heavily diluted, particularly
in early stage cancers, requiring ultrasensitive tests to detect (26). Understanding
these parallels can help in setting realistic expectations and guiding research and
development strategies (Figure 2).

To increase the accuracy of VOC analysis in exhaled breath, it is necessary to unravel
the metabolic processes that generate the specific VOC profile in CRC patients.
These processes may include lipid peroxidation, amino acid metabolism, and
fermentation, which are influenced by tumor-specific metabolic alterations (27).
Oxidative stress in CRC leads to lipid peroxidation and the generation of
hydrocarbons and aldehydes, such as hexanal and pentane, which can be detected
in exhaled breath (27). These compounds serve as direct indicators of tumor-
induced metabolic dysregulation and oxidative damage. Since VOCs might be
linked to gut microbiota, playing a role in tumorigenesis as well (28, 29), information
on the interplay of the microbiome and the volatome may aid in understanding the
results and select VOCs that are more likely to be CRC specific (30). Gut dysbiosis
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can create a pro-oncogenic environment through chronic inflammation, immune
responses, and direct DNA damage, for example by pks+ E. Coli (31-33). VOCs related
to gut microbiome changes, including short-chain fatty acids, amino acids, sulfur
compounds, and metabolites like alcohols and ketones, are emerging as potential
biomarkers for early CRC detection. The integration of microbiota, proteome, and
amino acid profiles may improve the accuracy of VOC analysis by offering a more
precise feature selection (34). Selecting the right VOC profile may potentially result
in higher efficacy to train prediction models, which could possibly decrease the
need for large samples to build an initial prediction model.

Figure 2. Parallels of Gartner Hype Cycle and e-nose research in this thesis. Adapted from File:Gartner

Hype Cycle.svg - Wikimedia Commons

Based on the findings in chapter 2 and 3, we assume that the VOC profile has a
low signal-to-noise ratio. Therefore, small disturbances from the test site (different
hospitals), but also from the patient due to diet, smoking, comorbidities, and
medication use, potentially disturb the signal. Environmental disturbances can be
addressed through standardization of testing, a process that has been stressed to
compare different VOC studies (35, 36). Confounding factors in patient variations
need to be addressed in future studies (37). Additionally, differences between
VOC media (e.g. breath, stool, etc), and between sensors and traditional chemical
analysis methods such as GCMS should be assessed. By addressing these various
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disturbances that negatively impact the signal-to-noise ratio, better comparisons
between study devices and between studies can be made (38). Only then, clinical
advancements can be achieved (38). However, developing analysis standards with
stability and traceability at the required concentrations is resource-intensive and
lack consensus, posing practical barriers to adoption (38, 39). These fundamental
challenges and limitations implicate that VOC analysis for CRC screening will not be

ready for clinical application in the near-future (36).

Table 1. Proposed research agenda for VOC analysis by e-nose to use in CRC screening.

Step

Study aims

Identification of Relevant
VOCs for CRC Detection

Conduct a study to identify which VOCs are
most indicative of CRC using GCMS

Characterization of VOC
Signals in E-nose Devices

Investigate how the identified VOCs translate into signals
on e-nose devices. Analyze the features of these signals
to understand how they are represented and detected.

Enhancement of Current Breath Tests
Using Improved Feature Selection

Explore whether the improved identification and
characterization of VOCs can lead to better feature
selection and, consequently, more accurate predictions
in current breath tests for CRC detection.

Assessment of Signal Variability
in E-nose Devices

Study the variability of e-nose signals generated
by VOCs to determine the consistency and
reliability of these devices in detecting CRC.

Variability of VOCs in Breath Samples

Investigate the variability of VOCs present in breath samples
among different individuals and under various conditions to
understand the robustness of VOC-based CRC detection.

Mitigation of Environmental
VOCs in Breath Analysis

Investigate methods to reduce the influence of
environmental VOCs on breath sample analysis to improve
the accuracy of CRC detection using breath-based tests.

Comparison of Breath Tests to
Other Media for VOC Detection

Conduct a comparative study to evaluate the differences
between VOC detection in breath tests versus other
media (e.g., stool, blood, urine) to determine the

most effective medium for CRC detection.

Standardization of Breath
Tests for VOC Analysis

Develop standardized protocols for breath test
analysis, to ensure consistency and reliability in
the detection of breath biomarkers for CRC.

External Validation of VOC-Based
Breath Tests in a Screening Setting

Perform external validation of VOC-based breath tests for
CRCin a large-scale screening setting. This study should
involve diverse populations and multiple study sites to
assess the effectiveness and applicability of the breath
tests in real-world screening scenarios, ensuring the
robustness and generalizability of the detection methods.
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Based on chapter 3, we propose a study design with a CRC prevalence nearing 50%
over a maximum of 5 e-nose devices including 100-150 cases per device to assess
the discriminative ability. This should lead to robust modeling that potentially
results in a transferable model across devices. Next, accuracy in screening settings
should be assessed. Finally, external validation is crucial to assess the robustness
of the prediction models (40). As the robustness of the model is not only subject
to neoplasia prevalence, but also to Al-related issues like spurious correlations
and overfitting, clinical application cannot be started until the test is validated
in screening cohorts. Lastly, the exact implementation needs information on the
added cost-effectiveness and place in the current CRC screening program.

Part Il - Can bowel preparation be improved by
lowering the burden while maintaining efficacy?

After selecting individuals with higher risk for CRC based on a positive FIT, the
second part of the CRC screening process includes a high-quality colonoscopy to a)
detect (early stage) CRC, and b) to detect and treat CRC precursor lesions. However,

a prerequisite for this is adequate bowel preparation. In clinical practice, bowel
preparation may be regarded as difficult, with some individuals even refraining
from colonoscopy, thereby significantly reducing the effect of CRC screening.
Therefore, in Part Il of this thesis, the main aims were 1) to systematically assess
the efficacy of bowel preparation fluids of 1 liter or less in literature, 2) to compare
1L bowel preparation to 2L bowel preparation and assess impact on work and
quality of life, and 3) to investigate whether adequate bowel preparation could
be achieved with an intraprocedural bowel cleansing device in patients that have
recurrent inadequate bowel preparation.

Main research findings

In chapter 4, we conducted a systematic review and meta-analysis to assess the
efficacy of one liter or less bowel preparations. We assessed 1L poly-ethylene
glycol (PEG), 1L oral sulfate solution, 300mL sodium picosulfate combined with
magnesium citrate, and sodium phosphate. The latter is not recommended for
bowel preparation anymore due to an increased risk of nephropathy (41, 42). We
found that in the included studies, low volume preparations frequently do not meet
the 90% quality target set by the European Society of Gastrointestinal Endoscopy
(ESGE) (41) (Table 2). Furthermore, we saw a positive trend for adequate bowel
preparations in split-dose or same-day regimens and added adjuvant laxatives.
The findings of chapter 4, with a subpar rate of adequate cleansing for low volume



200 | Chapter 7

preparations, were somewhat contradictory to the current bowel preparation
guidelines of the ESGE, that state that low volume bowel preparations all could be
used interchangeably with higher volume preparations such as 2L PEG+ascorbate
or 4L PEG in patients without other contraindications for low-volume bowel
preparation. Although direct comparisons cannot be drawn from our meta-analysis,
it questions whether intermediate and high-volume bowel preparation perform
subpar in studies as well.

In chapter 5, we performed a multicenter, open label, randomized controlled
trial comparing a specialized 1L bowel preparation with a 2L bowel preparation.
Considering our findings from chapter 4 and the importance of adequate bowel
preparation, our primary aim was to assess if the low volume preparation was non-
inferior to the intermediate volume. Adequate bowel preparation was found in 96.1%
in the low volume group and in 96.4% in the intermediate volume group, respectively.
Therefore, we confirmed non-inferiority. The second part of chapter 5 aimed to assess
the impact of the bowel preparation process on patients. Through questionnaires
before and after bowel preparation, we found that actual quality of life differences
(EQ-5D-5L and SF36v2) are negligible, with no impact on work productivity
(presenteeism) and absenteeism. However, we did find a close association between
1L bowel preparation and a higher tolerability and willingness to repeat.

Chapter 5 did not include patients at risk for inadequate bowel preparation. This
represents a heterogenous group without uniform guidelines to advise a specific
bowel preparation regimen. Therefore, in chapter 6, we performed a study
investigating if intraprocedural bowel cleansing could serve as a viable option for
bowel preparation in this patient group. We found that a bowel cleansing device
could efficiently clean inadequately prepared colons, but with an increased
difficulty for achieving cecal intubation (cecal intubation rate 88.6%).

Strengths and limitations

Chapters 4, 5, and 6 cover several aspects of bowel preparation. In chapter 4, a
thorough systematic review was performed, including all studies that investigated
bowel preparations of 1L or less. Studies dating from 2015 up to 2020 were
included in this meta-analysis, which was performed separately for each type of
preparation. Since the publication of this systematic review more post-marketing
data has become available on specialized 1L bowel preparation (e.g., Pleinvue,
Eziclen), often reporting higher rates of adequate bowel cleansing than reported
in the included studies, and increasingly use a split-dose regimen, which is more
effective in achieving adequate cleansing than a day before colonoscopy regimen.
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A network meta-analysis could have enabled comparison between the laxatives,
which could have been more informative to guide decision making in clinical
practice. A second limitation is the high heterogeneity of the meta-analyses, which
we assessed with sensitivity analyses and graphic display of study heterogeneity
(GOSH) plots without substantial changing pooled outcomes.

In chapter 5, we conducted a pragmatic open-label multicenter randomized
controlled trial, comparing 1L and 2L bowel preparations. The study provides valuable
real world data representation, and the randomization reduces the risk of bias in
the questionnaires compared to other non-randomized prospective questionnaire
studies. After enrollment and data-analysis, the interval between the two
questionnaires turned out to be shorter than anticipated when setting up the trial. As
the IMTA productivity cost questionnaire is an instrument that uses a four-week recall
period, this unfortunately limits comparison before and after bowel preparation.
Nevertheless, as this is still an under-investigated topic, the questionnaire that
was filled in after colonoscopy still provides interesting information on the impact
of bowel preparation and colonoscopy on work absenteeism, presenteeism, and
associated costs. Lastly, the study population consisted of predominantly Dutch
subjects with a higher education. Since migration background and lower socio-
economic levels are known risk factors for inadequate bowel preparation, it would
be beneficial to collect information in this subpopulation as well. Additionally, it
might be interesting to design a three-questionnaire study, with questionnaires
before-, during-, and after bowel preparation, although this might negatively impact
response rates and also complicates analysis, because it requires more sophisticated
statistical approaches and has power considerations resulting in larger sample sizes.

Chapter 6 is a multicenter feasibility study of a bowel cleansing device in a subpopu-
lation that is frequently inadequately prepared. This is a unique population that is
frequently underrepresented in clinical trials assessing bowel preparation efficacy
and therefore provides valuable information about this subgroup. Although
we could confirm that this device may lead to more adequate cleansing in this
challenging subgroup, due to the small sample size, our findings need confirmation
in larger studies. New studies should compare intraprocedural cleansing by the
study device to A) other salvage options, such as extra laxatives or an enema
before performing the colonoscopy, and B) intensified bowel preparation regimes.
Additionally, only two experienced endoscopists took part in the study, and since
the publication of the study a new generation of the device that is proposed to be
slimmer and easier to use as salvage option was introduced (Pure-Vu EVS, MotusGl).
This potentially could prevent incomplete cecal intubation, which was seen
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in 88.6% in our study, and this needs to be assessed prior to large scale studies.
Furthermore, the specific subpopulation in which the added overtube does not
lead to reduced cecal intubation still needs to be defined as this is not routinely
documented in endoscopy reports in clinical practice.

Clinical implications

What is the most optimal bowel preparation regime?

Bowel preparation is a combined doctor-patient effort that consists of several
components: High-quality instructions, diet modification, dosing regimen, and finally,
a well-tolerated laxative. For optimal bowel preparation, all these components must be
addressed (Figure 2).

Importance of patient education

High-quality instruction involves clear communication between the healthcare
provider and the patient, ensuring that the patient fully understands the steps
and importance of each element of the preparation process. Patients who receive
detailed and easy-to-follow instructions, adhere more to recommended dietary
changes, follow the prescribed dosing regimen, and use an effective laxative, are
more likely to achieve high-quality bowel preparation. Special attention must be paid
to those with lower health literacy and motivation. Various methods of enhanced
education have been shown to notably enhance patient adherence and satisfaction
to bowel preparation instructions (43-47). For example, a smartphone application to
deliver instructions performed similar to paper instructions in an RCT, but with higher
patient satisfaction (48). Similarly, use of an educational video lead to a higher rate
of adequate preparation and was associated with a higher PDR (49). An educational
video offers an easy low-cost option for centers to improve bowel preparation.

Diet modifications

Diet modification typically includes a low-residue diet or clear liquid diet before the
procedure to reduce the amount of fecal material in the intestines. Over the years,
evidence has however shown that a stricter liquid-only diet does not provide better
results than a more liberal diet. In a meta-analysis of 9 RCTs, Nguyen demonstrated
higher tolerability (OR 1.92), willingness to repeat (OR 1.86), and compliance
(OR 1.04) of low-residue diet (LRD) compared to clear-liquid diet (CLD), with
similar rates of adequate bowel preparation (50). Building on this, a more recently
published systematic review demonstrated that one day of LRD is non-inferior to
three days of diet restrictions (51). Machlab et al. additionally concluded in an RCT
(n=582) that no diet restrictions resulted in an equally adequate bowel preparation
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rate as a one-day LRD (52). Notably, randomization was stratified by inadequate
bowel preparation risk using a prediction score (53).

Timing of the laxative

The dosing regimen refers to the timing and administration of the bowel preparation
solution, which may be divided into split doses in the evening prior and on the
morning of colonoscopy to enhance effectiveness and improve patient tolerance (54).
A runway time of 4-6 hours must be kept to increase bowel preparation quality (41).
Although for morning colonoscopies, a split-dose regimen is most practical, a same-
day regimen can also be chosen for afternoon colonoscopies, resulting in less bloating
(OR 0.68) and higher sleeping quality (OR 0.44) (55). Skipping the dose on the day of
the colonoscopy by drinking all laxatives on the day prior to colonoscopy performs
significantly worse (56).

Choosing the right laxative

Finally, the choice of laxative plays a crucial role; selecting the appropriate
laxative type and dose can significantly impact the quality of the bowel cleansing,
ultimately influencing the success of the procedure. Guidelines do not recommend
a specific go-to laxative (41, 57). Nonetheless, lower volumes of bowel preparation
are associated with better patient adherence and tolerability (54). A more tolerable
preparation regimen reduces the likelihood of incomplete or inadequate bowel

preparation and is even associated with a higher polyp detection rate (58). While
in Chapter 4 not all types of low-volume bowel preparation are recommended,
Chapter 5 demonstrates that 1L PEG+Asc (Pleinvue) provides an equally effective
bowel preparation as 2L PEG+Asc (Moviprep), but with higher tolerability and
willingness to repeat. In a recent meta-analysis, a 1L OSS (Eziclen) performed
equally to 1L PEG+Asc (59). Moreover, a network meta-analysis comparing
14 bowel preparations over 22 RCTs in 7179 patients identified 2L PEG+ simethicone,
2L PEG+lactulose, and 1L PEG + Asc as the laxatives with the highest adequate
cleansing rates (60). Sodium picosulfate magnesium citrate (SPMC) is the bowel
preparation laxative with the lowest volume (2x150mL) but results in a slightly lower
quality bowel preparation (61). A new development is that of bowel preparation
tablets. Oral sulfate tablets (OST) could potentially improve tolerability and adherence
compared to liquid laxatives, and studies report comparable cleaning efficacy to PEG-
based laxatives (62, 63). However, OST do not release patients from drinking fluids
as they should be taken with water as well. Additionally, they are associated with a
slightly increased risk of erosive gastritis and peptic ulcers (64).
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Adjuvant laxatives, such as bisacodyl, may increase bowel cleansing efficacy but do
not lead to higher rates of adequate bowel preparation when at baseline effective
laxatives are used and are therefore not recommended to use routinely (41, 59).
Notably, they were not used in Chapter 5 and both laxatives still reached a >96%
adequate cleansing rate.

Altogether, while the specific choice of laxative may vary, the emphasis on patient
comfort and adherence through lower volume preparations is key to achieving
successful bowel preparation and, ultimately, a successful procedure. Indeed, based
on results presented in this thesis, already four regional hospitals have adopted a
more tolerable bowel preparation regimen.

Recommendations for failed bowel preparation

Patient at risk for inadequate preparation should preferably identified before
colonoscopy, so timely additional measures can be taken. Risk factors can be divided
into non-compliance (65) and reduced bowel motility factors, such as higher age,
ASA score, high BMI, abdominal surgery, constipation, opioid use, neurological
disease, polypharmacy, and the increasingly used GLP1-agontist or DDP4-inhibitors
(66-69). Several prediction models that incorporate these risk factors have been
developed, but their performance in effective identification of patients at risk
is not perfect and information on real-world performance is lacking (53, 70-72).
Nonetheless, recognition of known risk factors for inadequate bowel preparation
may aid healthcare providers to select a targeted approach in these patients.

While non-compliance may be addressed through patient education and coaching
in addition to a bowel preparation regimen with high tolerability, a uniform
approach to the category of reduced bowel motility is not available (41). Where
possible, an approach of same-day additional 2L PEG preparation and a second
colonoscopy attempt should be considered to further complete the already partially
performed bowel preparation (73). Chapter 6 indicates that intraprocedural bowel
cleansing using a device (Pure-Vu) may provide a solution to this, although careful
patient selection is advised to not increase the risk of failed cecal intubation. At
baseline, it is important to emphasize that salvage techniques are no substitute for
a thorough and well-coordinated approach to managing patients with a history of
inadequate bowel cleansing.

Our suggested approach for this is tailored to the individual patient and covers
several aspects (Figure 2): Compliance, intensified laxative regimens, and monitoring
and adjusting during the process. First, compliance should not be underestimated.
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Intentional compliance can be addressed through extra education, stressing the
importance of bowel preparation. A qualitative study revealed that even in patients
with prior experience to bowel preparation and colonoscopy, numerous difficulties
resulting from insufficient knowledge are experienced (74). This emphasizes the
importance of high-quality instructions to patients. Unintentional compliance, for
example due to side effects, taste, or volume difficulties, can be resolved through
discussion of alternative laxatives with the patient.

When compliance is ensured, the next step is to add laxatives to the existing
regimen. This can be in the form of adjunctive drugs, such as bisacodyl, or an
extra dose of the used bowel preparation fluid (75-79). Some individuals may
need more bowel preparation, depending on comorbidities, but clear guidance
from the literature is lacking. In order to have a sufficiently high dose of laxatives
but lower the risk of side effects and lessen the burden of bowel preparation,
monitoring of the process with real-time patient feedback including fecal effluent
is recommended. A photo taken by patients themselves, analyzed with an app,
could be an easy way to guide taking bowel preparation fluids at home (80, 81).

Figure 2. Overview of bowel preparation components that are the base to optimal bowel preparation
and suggestions to approach inadequate bowel preparation.

Research agenda

Patient-centered approaches, which consider the individual's preferences and
tolerability, may possibly further optimize outcomes of bowel preparation by
improving the overall patient experience and compliance. Future research should
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assess the application of individualized bowel preparation in hospitals and assess
differences between subjects with and without prior bowel preparation experience.

Furthermore, in the current quality parameters for colonoscopy, patient experience
using validated measurement instruments is recommended as a standard quality
parameter(82). In clinical practice and current research however, this is an
underrepresented topic. Our research demonstrates the importance of patient
experience and satisfaction, as it is tied to compliance and willingness-to-repeat
the bowel preparation. We recommend that colonoscopy experience including
bowel preparation as part of this should be continuously monitored, to guide
individual choices, but also as a quality measure of the hospital colonoscopy
process. In patients who need future colonoscopy, the experience during previous
colonoscopy should be considered to optimize the probability of adequate bowel
cleansing. Current questionnaire recommendations include the global rating scale
(GRS) or gastrointestinal endoscopy satisfaction questionnaire (GESQ) (83, 84).
These do however not provide in depth information on bowel preparation. For
bowel preparation experience specifically, the Mayo Florida bowel preparation
questionnaire has been developed (85). Future studies should assess development,
application, and results of a practical instrument that is easy to use and captures
both colonoscopy and bowel preparation experience. Ideally, this is a digital survey
coupled to a quality monitoring system to allow continuous monitoring.

To further optimize tolerability, additional studies are needed to investigate the
optimal dietary guidelines for bowel preparation, particularly the effectiveness
of more liberal dietary approaches versus stricter diets, and to explore whether
further simplification of dietary restrictions could maintain or even improve bowel
cleansing outcomes. Furthermore, optimizing options for bowel preparation to
minimize patient burden are warranted. Recently, OSTs were developed (62),
but the efficacy and added tolerability compared to other low-volume bowel
preparation agents need to be compared.

Lastly, while salvage techniques are not recommended as primary strategies,
further studies should investigate the specific patient populations for whom these
techniques may be most beneficial and how they can be effectively integrated into
a comprehensive bowel preparation protocol without compromising procedure
success. With respect to the bowel cleansing device used in Chapter 6, future
technical development may improve the usability of the device with respect to cecal
intubation in more complex colonoscopies. Comparative trials are needed to assess
the benefit of device cleaning to other strategies for either salvage cleaning or
bowel preparation regimens for patients at risk for inadequate bowel preparation.
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Research in context and future perspectives - Quality of colorectal
cancer screening

Now that we have discussed the selection for colonoscopy with non-invasive
screening methods, aiming to reduce the number of unnecessary procedures and
to improve screening uptake, and directions to improve bowel preparation for
colonoscopy as a foundation for high-quality colonoscopy screening, we provide
an outlook on the impact of quality improvement of screening colonoscopies.

Current guidelines for colonoscopy screening suggest that a colonoscopy result
without polyps or only a small number of non-advanced polyps (1-4 <10mm adenomas
with low-grade dysplasia) justifies a surveillance interval of 10 years (86-88). Notably,
the 10-year interval recommendation is on an empirical basis (89), and may require
reassessment due to significant advancements in colonoscopy techniques and
quality standards in recent years, which we will address below (90).

After the landmark study of Kaminski et al. that discussed the variations in ADR
between endoscopists tied to the risk of PCCRC (91), quality improvement
initiatives have ubiquitously improved colonoscopy quality (82). Current

recommended quality parameters include a >90% adequate bowel preparation,
>95% cecal intubation, an ADR of >35% and >50% in FIT-positive patients with a
mean number of adenomas per colonoscopy of 0.6, a serrated lesion detection rate
of 26%, a withdrawal time of =8 minutes, an appropriate polypectomy technique in
>80%, measurement of complication rate and patient experience, and appropriate
post-polypectomy surveillance recommendations (82, 92). Organized screening
programs have implemented standardized quality monitoring and auditing, which
further have improved adherence to quality standards (93). Recent data indicate an
increase in ADR, suggesting enhanced detection quality (94-97). The Dutch Trans.
IT database, a national endoscopy database aiming to monitor endoscopy quality,
has reported improved quality parameters compared to the start of monitoring as
well (98). This increased quality was reflected in a decreased PCCRC rate (0.166% vs.
0.027%) in a recent study from New Zealand, including 19 383 individuals who had
undergone a screening colonoscopy (99).

In addition to a stricter adherence to quality standards, technological advancements
including enhanced imaging quality (high-definition white light (HDWL) instead of
standard definition) and increased emphasis on bowel cleanliness, have further
contributed to quality improvements. Additional innovations in colonoscopy have
shown promise in optimizing mucosal exposure and increasing ADR (100-102).
Meta-analyses indicate that computer aided detection (CADe) can yield superior
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outcomes compared to traditional methods (103). A network meta-analysis of 94
RCTs including 61,172 patients investigated different interventions to improve ADR
for colonoscopy (100). Compared to mucosal exposure devices, chromoendoscopy,
and water-based techniques, CADe performed significantly better to improve ADR.
Interestingly, also water exchange colonoscopy and virtual chromoendoscopy
options like iSCAN, narrow-band imaging (NBI), and linked color imaging (LCl)
as part of commonly us HDWL endoscopes, performed better than ‘HDWL-only/,
suggesting that ADR can be further improved using already available techniques.
This was confirmed by a different network meta-analysis (104), that noted that dual
observation and a 9-minute withdrawal time increased ADR as well.

Studies consistently show that CADe improves adenoma detection rates and
reduces the miss rate, particularly for small and flat polyps (105, 106). However,
although CADe increases the detection of small lesions, its effectiveness in detecting
advanced adenomas (larger or with high-grade dysplasia) is less clear (107), with
some concerns about the potential harm of increased detection of non-neoplastic
lesions (108). A recent meta-analysis raised concerns about the quality of evidence,
highlighting a serious risk of bias and limited applicability to symptomatic patients
due to the focus on screening populations (108). Implementation or real-world
studies of CADe have not shown the same benefits as randomized trials, which
indicates potential gaps between controlled settings and routine practice (109).
Our research group has recently published a multicenter randomized controlled
trial (Discovery Il study) investigating the effectiveness of a CADe (Discovery
system, Pentax), and concluded that it did not significantly increase ADR nor APC,
but increased the SSL rate by 58% (110). This could be due to a high ADR in the
control arm, suggesting a lower additive benefit for high-detecting endoscopists,
and is consistent with other real-world publications of CADe use (111, 112).

CADe and mucosal exposure devices such as balloon-aided colonoscopy (G-Eye
colonoscope), potentially complement each other by increasing exposure of
colonic mucosa, whereas CADe offers detection of lesions on the additionally
exposed mucosal surface. Studies suggest that during conventional colonoscopy,
a median 19% of mucosal surface is still missed due to colonic folds and curves,
and endoscope slippage (113, 114). Therefore, we are currently performing a
prospective study in which we compare the combined detection of CADe and
balloon-assisted colonoscopy to CADe-only colonoscopy, to assess whether there
is a synergistic effect of those techniques (Discovery Il study, NCT05220345).
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Future research is needed to demonstrate the added benefit of CADe on the
long term. It is unsure whether detection of non-advanced lesions will lower
CRC incidence and mortality, while increasing recourse demands by the need for
additional surveillance colonoscopies (115). Hereto, we suggest a long-term follow-
up study of subjects initially participating in CADe studies, which could be done
for example using medical record data solutions like CTCue. CTCue is a GDPR-
approved program coupled to the hospital electronic health record, enabling direct
searches into electronic health record data for research questions. Furthermore,
detailed insight into the type of lesions that are detected through CADe is
warranted to guide future clinical application. Lastly, improved endoscopy quality
also improves the detection of lesions. Moreover, it is suggested that optimization
of the endoscopist’s visual gaze pattern to include thorough examination of the
screen periphery may enhance ADR and APC (116). The added benefit of CADe
should therefore be compared to high-quality endoscopy. It would be of interest
to compare the effect of a quality-improving training to CADe, which has been
demonstrated to improve lesion detection as well (117-119).

Other quality aspects of colonoscopy in which Al may help is withdrawal time
monitoring or visualizing the proportion of mucosal exposure. Gong et al. have
introduced the ENDOANGEL, which monitors the withdrawal time and concluded
that its use increased ADR from 8% to 16% (120). Similarly, Lui et al. designed an
Al model that recognizes the cecum, rectum in retroflexion, and polypectomy or
biopsy and thereby offers monitoring the effective withdrawal time, which showed
a strong correlation with ADR (121). As most quality parameters including ADR and
withdrawal time are surrogate markers for meticulous mucosal inspection, it could
be useful to introduce a computer aided system that visualizes the proportion
of mucosal exposure during colonoscopy and provides a map or even warns the
endoscopist during colonoscopy of portions that may have been missed during
inspection (113).

Furthermore, adequate assessment of the size and risk of neoplastic transformation
largely determines the required surveillance after polypectomy (122). However,
visual size assessment by the endoscopist greatly differs, resulting in 10-25%
inappropriate surveillance intervals (123, 124). Therefore, we initiated a study using
alaser assisted measurement of polyps to compare the accuracy to visual estimation
and assess effect on surveillance intervals (Polyp size study, NTC NCT05489380). It is
likely that Al may turn out helpful in this as well, as it may be integrated into existing
CADe solutions (125). A difficulty in the development of improvement of polyp size
measurement is the lack of a gold standard in polyp size. Due to cauterization and
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suction effects accompanying polypectomy and shrinkage of polyps in formalin,
the polyp size measured by the pathologist may differ from the intraluminal size.
Comparing the data measurement variability between measurement methods can
provide insight into the preciseness of the new measurement instrument in in vivo
studies, while in ex vivo studies caliper measurements can be performed.

Lastly, computer aided characterization (CADx) has been developed for optical
diagnosis of polyps (125, 126). CADx has shown potential in improving the accuracy
of polyp characterization during colonoscopy, which could lead to more effective
CRC screening and prevention. However, the performance of these systems is highly
dependent on the quality of the data and the Al model's training, which has been
shown to vary between studies (127). A recent systematic review and meta-analysis
including 11 CADx studies did not find an added benefit of CADx for a resect-and-
discard strategy, which is proposed to save pathology costs (128). The integration
of Al with advanced imaging techniques, such as magnifying endoscopy, could
potentially further improve the diagnostic accuracy of CADx systems.

Overall, given the improved quality of colonoscopy and expected further
increase in the future with the help of innovations, it is hypothesized that a
longer surveillance interval may be feasible following a colonoscopy without
polyps or only a small number of non-advanced polyps (1-4 <10mm adenomas
with low-grade dysplasia). Extending the interval from 10 to 15 years could
reduce the burden of unnecessary colonoscopies even further, while maintaining
the effectiveness of CRC prevention strategies. Recent studies using data from
Swedish, Canadian, and British national registries have provided evidence
supporting this approach, suggesting that the risk of CRC and CRC-specific
mortality remains low up to 15 years post-colonoscopy (90, 129, 130). Data
from a Swedish registry indicated that both the standardized incidence ratio and
mortality ratio up to 15 years are 0.72 and 0.55 compared to the control group,
respectively. The authors concluded that increasing the interval from 10 to
15 years results in 2 additional CRC cases and 1 CRC death, but also to a reduction
of 1000 unnecessary colonoscopies (90). It should be noted that this is a primary
colonoscopy screening cohort without a prior FIT. The Canadian registry confirmed
this with a HR of 0.62 for female CRC incidence and HR of 0.57 for male incidence
15 years after a negative screening colonoscopy (129). In the British registry,
consisting of data from population-based cohorts (n=195 453), a lower CRC HR of 0.51
was observed even after 20 years following a negative screening colonoscopy (130).
Furthermore, sigmoidoscopy-only screening has also been shown to reduce CRC
incidence and mortality up to 20 years in the invited-to-screen group (HR 0.76) (131).
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In addition, in repeated FIT screening, selection based on prior fecal hemoglobin
concentrations may offer less intensive screening. In a study nested in the Dutch
CRC screening program including nearly 2.5 million individuals, subjects with
undetectable hemoglobin had a substantial 8.71 times higher number needed to
scope (132). This could imply less intensive screening in this subgroup. Similarly,
an ltalian screening program-based study found that repeated undetectable
hemoglobin in FIT significantly decreased the probability of advanced neoplasia
(1.4% vs 25.5%) or CRC (0.17% vs 4.5%) (133). Shifting the focus from selection
of high-risk individuals to lessen the burden from low-risk individuals may be a
promising avenue to decrease the harm-to-benefit ratio of screening. Next to
VOC as possible biomarker, the addition of an Al-algorithm to FIT may also aid in
selecting patients that benefit from colonoscopy (134).

In conclusion, the advancements in colonoscopy quality, driven by both
technological innovations and stricter adherence to quality measures, suggest that
extending surveillance intervals could be a beneficial strategy. Future guidelines
should consider these improvements to optimize CRC screening protocols.

Conclusions
To reduce preventable CRC cases, we addressed several issues of CRC screening.

Non-invasive screening tests aid in improving accessibility and lower missed cases.
Unfortunately, VOC-analysis in exhaled breath by e-nose currently does not perform
sufficiently to endorse application in clinical practice. Future studies should first
focus on establishing reproducible VOC profiles of CRC patients before assessing
new measuring devices such as electronic noses.

Conversely, improvements in bowel preparation protocols, particularly the use
of low-volume solutions and intraprocedural bowel cleansing devices, offer
benefits in enhancing patient compliance and colonoscopy quality. Improvement
of bowel preparation quality has the potential to improve multiple facets of
colonoscopy screening. This thesis underscores the critical role of tolerability in
bowel preparation, showing that improved patient comfort enhances the efficacy
and that lower volumes of bowel preparation improve tolerability. In patients that
have recurrent inadequate bowel preparations, an intraprocedural bowel cleansing
device seems safe and effective.

Together with improved quality of screening colonoscopy, these findings pave
the way for more patient-centered approaches in colorectal cancer screening,
potentially leading to higher participation rates and better overall outcomes.
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Table 2. Overview of main findings per research chapter, including limitations and comments.

Chapter

Main findings

Limitations and comments

Part I: VOC analysis for CRC screening

2

Breath testing for colorectal cancer detection in patients with a positive fecal immunochemical
test —a multicenter prospective cross-sectional study with external validation

+ The accuracy of volatile organic
compound (VOC) analysis in exhaled
breath by e-nose is currently
insufficient for clinical application.

- Sensitivity was 39.5% and
specificity was 68.3%, with an AUC
of 0.542 (95% Cl 0.495-0.589).

+ In depth reproducibility assessment
could not be performed due to
insufficient accuracy. The intraclass
correlation coefficient was 0.22,
indicating poor reproducibility.

+ Willingness to repeat the
breath test was 95.3%.

Large scale validation of VOC study

is lacking but imperative for clinical
application, as this study demonstrates
Future research is needed to focus on
the translation of the exact VOC profile
to sensor-based analysis, to assess the
effect of environmental disturbances and
confounders, and comparison between
GCMS and sensor-based analysis.

After standardization, new

validation studies are required

Overcoming methodological barriers in electronic nose clinical

studies, a simulation data-based approach

+ Simulation data of VOC analysis can
be used to assess the effect of varying
neoplasia prevalence and number of
used devices throughout the study

- Low prevalence and high number of
devices negatively impact the ability to
build an adequate prediction model

- Future e-nose studies need to
include a minimum of 150 positive
and negative cases per device

This provides new insights into the results
of chapter 2 and helps determining

what components in the study design
had the most impact on the accuracy.
This study aids new study designs in
e-nose research, which may prevent
unnecessary study endeavors and costs.
Lack of insight into the black-

box proprietary sensor data and

analysis limits in depth analysis.

Part IIl: Improvement of bowel preparation for colonoscopy

4

Efficacy of ultra-low volume (<1L) bowel preparation

fluids - systematic review and meta-analysis

- Pooled rates of adequate
preparation were 82.9% (1L PEG),
92.1% (0SS), 75.2% (SPMC)

+ Split dose or same day regimens provide
highest rates of adequate preparation

+ Heterogeneity of meta-analyses was
considerable (I?range: 86%-98%) despite
in depth heterogeneity assessment

The included studies did not all use
a specialized low-volume bowel
preparation, especially in the 1L PEG
group. However, subgroup analyses
including only the specialized low-
volume laxatives were below 90% as well.
This review confirms that split-

dose bowel preparation is

preferent to day-before dosing
Direct comparisons between low-
volume laxatives could not be drawn
based on this systematic review
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Chapter Main findings Limitations and comments
5 Comparing low-volume vs. intermediate volume bowel preparation and its impact on
work and tolerability: An open-label, non-inferiority, randomized controlled trial
« 1L PEG+Asc is non-inferior to 2L « This study confirms the non-inferiority
PEG+Asc. Both preparations provide of 1L PEG+Asc with high efficacy in
a high rate of adequate cleansing patients without indication for an
(96.1% and 96.4%, respectively) intensified bowel preparation regime
+ Impact on HRQolL is negligible and + The high questionnaire response
not different between 1L and 2L rate, randomized design, use of
« Absenteeism and presenteeism occurred validated questionnaires, and
in 7.9% and 12.3%, respectively, but did application of multiple imputations
not differ significantly between groups enhances generalizability.
or before and after bowel preparation. « Future studies need to address
- Tolerability is tied to the efficacy of bowel impact of bowel preparation on
cleansing. 1L PEG+Asc has a higher patients at risk of inadequate bowel
tolerability and willingness to repeat. preparation, and patients who have
a non-Dutch background and/or
lower socio-economic levels as these
were not included in this study.
6 An intraprocedural bowel cleansing system for difficult-to-prepare

patients — a multicenter prospective feasibility study

- Intraprocedural bowel cleansing using .
a bowel cleansing device provides
adequate cleansing in patients with a
history of inadequate bowel preparation,
with 31.8% of patients adequately .
prepared before using the BCS and
88.6% after its use (p<0.0001).

« Cecal intubation was reached in 88.6%.

« In patients with successful cecal
intubation, success rate for adequate
preparation was 97.7%.

- Time needed for cleaning was a median
of 5.3 minutes per procedure.

« The bowel cleansing device complicates
cecal intubation due to increased
endoscope diameter and stiffness, in
a patient population that is already
at risk of difficult cecal intubation

Future research needs to address cecal
intubation using newer generations
of the bowel cleansing device
including slim colonoscope use.
Comparative studies at a larger scale
to other strategies for patients at risk
for inadequate bowel preparation

are required to understand the full
benefit of a bowel cleansing device for
both salvage strategies and complete
bowel preparation regimens.
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Summary

Colorectal cancer (CRC) remains a significant global health burden, ranking third
in cancer incidence and fourth in cancer mortality worldwide. Early detection and
prevention through screening programs, have proven effective in reducing CRC-
related morbidity and mortality. The two-step screening process consists of a non-
invasive screening method to select the population at risk for CRC or precursor
lesions, followed by colonoscopy to detect and treat lesions if appropriate.
However, limitations at each step persist. This includes, among others, the
suboptimal accuracy of current non-invasive screening methods that can lead to
both unnecessary colonoscopies and missed cancers and may form barriers to
colonoscopy adherence. Additionally, adequate bowel preparation represents the
foundation for high-quality colonoscopy screening but faces several issues leading
to inadequate bowel preparation. This is primarily due to the burdensome process,
which is often cited as a deterrent to colonoscopy. Addressing these challenges
could result in in lower post-colonoscopy CRC incidence.

The aims of this thesis were to reduce preventable cases of CRC, by investigating
volatile organic compound (VOC) analysis using an electronic nose (e-nose) as
alternative non-invasive screening test, and by improving bowel preparation
strategies to enhance colonoscopy quality and patient tolerability.

Part 1 - Can CRC screening be improved by a breath test?

Chapter 2 evaluated the diagnostic potential of VOC analysis via e-nose technology
as non-invasive CRC screening tool. A multicenter prospective study with external
validation involving 3,469 participants showed an area under the receiver
operating characteristics curve (AUC) of 0.542 (95% Cl 0.495-0.589), with sensitivity
and specificity of 39.5% and 68.3%, respectively. Despite high willingness to repeat
the breath test (95.3%), we found that the e-nose lacked sufficient accuracy for
CRC detection in its current form. Key challenges included a low signal-to-noise
ratio, environmental influences, and inter-device variability. This is representative
of the current limitations of VOC analysis with e-nose technology for CRC
screening and emphasizes the importance of external validation studies before
clinical application. Future efforts should focus on refining e-nose technology,
standardizing methodologies, and addressing inter-device variability.

Building on these findings, in Chapter 3, a simulation data-based study was
conducted to assess methodological barriers in e-nose studies. We used breath
test data from healthy subjects in previous studies to design a simulation data
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set, enabling us to synthetically increase or decrease the disease prevalence and
additionally assess the effect of using multiple e-nose devices for training and
validating a model that can robustly predict neoplasia. This revealed that low
disease prevalence and the use of multiple e-nose devices significantly increased
the required sample size to achieve robust model performance. This study
underscores the need for careful consideration of disease prevalence and device
consistency in study designs for VOC-based diagnostic test studies. Our findings
support the importance of collecting large, high-quality datasets and developing
robust prediction models to improve diagnostic performance.

Part Il - Can bowel preparation be improved by lowering the burden

while maintaining efficacy?

In Chapter 4, we present a systematic review and meta-analysis assessing the
efficacy of ultra-low volume (<1L) bowel preparation solutions, such as sodium
picosulfate/magnesium citrate and 1L polyethylene glycol with ascorbate
(1L-PEG+Asc). Pooled analysis demonstrated adequate bowel preparation rates of
75.2% to 92.1%, with adenoma detection rates (ADR) ranging from 30.4% to 40.9%.
While ultra-low volume preparations are suggested to be equally effective to
other bowel preparation formulations in literature, they did not consistently meet
the 90% adequacy benchmark recommended by current guidelines. The findings
in this meta-analysis implicate that ultra-low volume bowel preparations offer

an alternative to improve patient tolerability but require further optimization to
consistently meet adequacy benchmarks.

In Chapter 5, we performed a randomized controlled trial comparing 1L-PEG+Asc
to 2L-PEG+Asc preparations in terms of efficacy, tolerability, and patient-reported
outcomes. The results showed non-inferior bowel cleansing efficacy with 1L-PEGA
(96.1% vs 96.4% adequate preparation in patients not at risk for inadequate
bowel preparation), alongside improved willingness to repeat the preparation.
Additionally, tolerability was the most influential factor for willingness to repeat
(OR 0.053-0.225 in case of difficult or fair tolerability). Other contributing factors
were side effects and satisfaction on the general endoscopic procedure. These
findings support using lower-volume preparations in clinical practice to enhance
adherence and patient experience to bowel preparation protocols.

In Chapter 6, an intraprocedural bowel cleansing system (BCS) was evaluated in a
multicenter feasibility study involving patients with a history of inadequate bowel
preparation. The system increased the Boston Bowel Preparation Scale (BBPS)
score from a median of 1-2-2 to 3-3-3, achieving adequate preparation in 88.6%
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of patients. This approach may therefore reduce the need for repeat procedures
and improved overall colonoscopy completion rates. An important limitation
however is the decreased maneuverability that comes with the oversleeve of the
BCS, resulting in a cecal intubation rate of 88.6%. As this is below the 90% quality
benchmark, adequate patient selection and device optimization is advised to
prevent incomplete procedures.

In conclusion, this thesis aimed to reduce preventable CRC cases by exploring
breath testing as alternative screening modality and improving bowel preparation
methods. VOC-based breath testing using an e-nose requires substantial
further refinement before clinical implementation comes in sight. However, the
advancements in bowel preparation strategies have immediate potential to enhance
CRC screening colonoscopies. This thesis highlights the importance of tolerability
in bowel preparation. For patients with recurrent inadequate preparations, using
an intraprocedural cleansing devices appears feasible, but needs finetuning for use
in clinical practice. These findings support more patient-centered colorectal cancer
screening, potentially boosting participation and further improving outcomes.
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Darmkanker (CRC) blijft wereldwijd een aanzienlijke belasting voor de
volksgezondheid en staat op de derde plaats qua incidentie en vierde qua
sterfte door kanker. Vroege opsporing en preventie via screeningsprogramma’s
zijn bewezen effectief in het verminderen van CRC-gerelateerde morbiditeit
en mortaliteit. Het twee-staps-screeningsproces bestaat uit een niet-invasieve
ontlastingstest om de mensen met verhoogd risico op CRC of de voorloper
poliepen te selecteren, gevolgd door een darmonderzoek om deze op te sporen
en indien nodig te behandelen. Er blijven echter beperkingen bestaan in beide
stappen. De suboptimale nauwkeurigheid van de huidige ontlastingstest uit stap
1 leidt tot zowel onnodige darmonderzoeken, als het missen van kanker door een
fout-negatieve ontlastingstest, en vormt mogelijk een barriére voor de deelname
aan het bevolkingsonderzoek.

Daarnaast vormt een adequate darmvoorbereiding (de darm moet helemaal
schoon zijn van ontlasting) de basis voor een hoogwaardig darmonderzoek, maar
dit proces kent diverse moeilijkheden die leiden tot inadequate voorbereiding.
Het grootste probleem vormt de grote belasting die de darmvoorbereiding vraagt
van patiénten, omdat zij liters aan (veelal vies-smakende) laxeermiddelen moeten
drinken. Dit wordt bovendien vaak genoemd als reden om het darmonderzoek uit
te stellen of zelfs niet deel te nemen.

De doelstellingen van dit proefschrift waren het verminderen van vermijdbare
gevallen van CRC door 1) het onderzoeken van vluchtige organische stoffen
(VOC-analyse) in uitgeademde lucht door middel van een elektronische neus
(e-nose) als alternatieve niet-invasieve screeningstest, en 2) door het verbeteren
van darmvoorbereidingsstrategieén om de kwaliteit van darmonderzoeken en de
tolerantie voor patiénten te verhogen.

Deel | - Kan CRC-screening worden verbeterd met een ademtest?

Hoofdstuk 2 evalueerde VOC-analyse via e-nose technologie als niet-invasieve
screeningstest voor CRC. Een multicenter prospectieve studie met externe validatie,
waarbij 3.469 deelnemers betrokken waren, toonde een oppervilakte onder de receiver
operating characteristics curve (AUC) van 0,542 (95% betrouwbaarheidsinterval
0,495-0,589), met een sensitiviteit en specificiteit van respectievelijk 39,5% en
68,3%. Dit betekent dat de e-nose in deze studie slechts marginaal beter is dan
toeval, vergelijkbaar met de uitkomst van een willekeurige gok. Ondanks een
hoge bereidheid om de ademtest te herhalen door de deelnemers (95,3%), bleek
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de e-nose dus onvoldoende nauwkeurig voor CRC-detectie in de huidige vorm.
Belangrijke uitdagingen waren een beinvloeding door ruis, omgevingsinvlioeden
en variabiliteit tussen de gebruikte apparaten. Dit laat de huidige beperkingen
van VOC-analyse via e-nose technologie voor CRC-screening zien en benadrukt
het belang van externe validatiestudies voordat klinische toepassing mogelijk is.
Toekomstig onderzoek zou zich moeten richten op het verfijnen van de e-nose
technologie, het standaardiseren van methodologieén en het aanpakken van
variabiliteit tussen de gebruikte e-nose apparaten.

Voortbouwend op deze bevindingen werd in Hoofdstuk 3 een op simulatie-data
gebaseerde studie uitgevoerd om methodologische uitdagingen in e-nose studies
te beoordelen. We gebruikten ademtestgegevens van gezonde proefpersonen
uit eerdere studies om een simulatie dataset te ontwerpen, waarmee we de
ziekteprevalentie synthetisch konden verhogen of verlagen. Daarnaast konden
we het effect beoordelen van het gebruik van meerdere e-nose apparaten bij
het trainen en valideren van een Al-model dat kanker robuust kan voorspellen.
Hieruit bleek dat een lage ziekteprevalentie en het gebruik van meerdere
apparaten de benodigd aantal deelnemers in een studie aanzienlijk verhoogden
om dezelfde resultaten te bereiken. Deze studie benadrukt daarom de noodzaak
van zorgvuldige overweging van de ziekteprevalentie en het gebruik van meerdere
e-nose apparaten in een studie bij het ontwerp van diagnostische studies die
e-nose apparaten gebruiken. Onze bevindingen ondersteunen het belang van het
verzamelen van grote, hoogwaardige datasets en het ontwikkelen van robuuste
voorspellingsmodellen om de diagnostische prestaties te verbeteren.

Deel Il - Kan darmvoorbereiding worden verbeterd door de
belasting te verlagen zonder in te leveren op effectiviteit?

In Hoofdstuk 4 presenteren we een systematische review en meta-analyse waarin
de effectiviteit van ultra-laag volume (<1L) darmvoorbereidingsoplossingen, zoals
natriumpicosulfaat/magnesiumcitraat en 1L polyethyleenglycol met ascorbaat
(vitamine C) (1L-PEG+Asc), werd beoordeeld. De gepoolde analyse toonde adequate
darmvoorbereidingspercentages van 75,2% tot 92,1%, met adenoomdetectie
percentages (ADR) variérend van 30,4% tot 40,9%. Hoewel ultra-laag volume
voorbereidingen volgens de wetenschappelijke literatuur even effectief lijken te zijn
alsandere middelen, voldeden ze in onze studie niet consequent aan de 90%-adequate
darmvoorbereiding norm die wordt aanbevolen door de huidige richtlijnen. Deze
meta-analyse suggereert dat ultra-laag volume darmvoorbereidingen een alternatief
bieden om de tolerantie van patiénten te verbeteren, maar verdere optimalisatie is
nodig om consistent aan de normen te voldoen.
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In Hoofdstuk 5 voerden we een gerandomiseerd onderzoek uit waarin 1L-PEG+Asc
darmvoorbereiding werd vergeleken met 2L-PEG+Asc darmvoorbereiding op het
gebied van effectiviteit, tolerantie en door patiénten gerapporteerde uitkomsten
over invloed op werk en kwaliteit van leven. De resultaten toonden dat 1L-PEG+Asc
net zo goed werkte als 2L-PEG+Asc (96,1% versus 96,4% adequate voorbereiding bij
patiénten zonder risico op inadequate voorbereiding). Daarnaast waren mensen uit
de 1L-PEG+Asc groep meer bereid om dit middel nogmaals te gebruiken. Tolerantie
bleek de meest invloedrijke factor te zijn voor de bereidheid om het middel
nogmaals te gebruiken (OR 0,053-0,225 bij moeilijke of matige tolerantie). Andere
bijdragende factoren waren het optreden van bijwerkingen, en tevredenheid over
de endoscopische procedure. De bevindingen van deze studie ondersteunen het
gebruik van darmvoorbereidingsmiddelen met een lager volume in de klinische
praktijk om de therapietrouw en patiéntervaring te verbeteren.

In Hoofdstuk 6 werd een apparaat geévalueerd dat de darmen tijdens het
darmonderzoek kan schoonspoelen (BCS), in een multicenter haalbaarheidsstudie
bij patiénten met een voorgeschiedenis van inadequate voorbereiding.
Het systeem verbeterde de Boston Bowel Preparation Scale-score van een
mediaan van 1-2-2 naar 3-3-3, waarbij 88,6% van de patiénten een adequate
voorbereiding bereikte. Deze benadering kan daardoor de noodzaak tot herhalen
van darmonderzoeken verminderen. Een belangrijke beperking is echter de

verminderde manoeuvreerbaarheid van de colonoscoop door de oversleeve van het
BCS, wat resulteerde in een coecum intubatiepercentage van 88,6% (dus 11,4% van
de darmonderzoeken waren niet volledig). Aangezien dit onder de kwaliteitsnorm
van 90% ligt, wordt adequate patiéntselectie en optimalisatie van het apparaat
aanbevolen om incomplete procedures te voorkomen.

Concluderend, dit proefschrift had als doel het aantal vermijdbare CRC-gevallen
te verminderen door ademtesten te verkennen als alternatieve screeningsmethode
en door darmvoorbereidingsmethoden te verbeteren. Ademtesten met een e-nose
vereisen aanzienlijke verdere verbetering voordat klinische implementatie mogelijk
is. De verbeteringen in darmvoorbereidingsstrategieén hebben echter directe
potentie om CRC-screening darmonderzoeken te verbeteren. Dit proefschrift
benadrukt het belang van tolerantie bij darmvoorbereiding. Voor patiénten met
herhaaldelijk onvoldoende voorbereidingen lijkt het gebruik van een apparaat om
de darm tijdens het darmonderzoek schoon te spoelen haalbaar, maar dit vereist
verdere verfijning voor klinisch gebruik. De bevindingen van dit proefschrift
ondersteunen meer patiéntgerichte CRC-screening, wat mogelijk de deelname en
uitkomsten verbetert.
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The recipe is simple

Dream big

And when you think

The dream is big enough

Triple it in size

Once you've visualized

The weight of what you're capable of
Stretch it past the horizon of your mind
Until you see into the future

Sink into what's possible

Then come back and

Get to work

-Rupi Kaur
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Dankwoord

Promoveren was een avontuur dat ik niet alleen heb afgelegd. Dit proefschrift is
niet alleen mijn werk, maar ook het resultaat van alle mensen die mij gedurende dit
traject hebben gesteund en geinspireerd. Graag wil ik daarom een aantal mensen
bijzonder bedanken.

Allereerst wil ik de vele patiénten die hebben meegedaan aan de studies in dit
proefschrift bedanken. Zonder deze onbaatzuchtige deelname was mijn proefschrift
er niet geweest.

Leden van de manuscriptcommissie, bedankt voor het lezen en beoordelen van
mijn proefschrift.

Prof. Dr. Siersema, beste Peter, jouw optimisme en de vrijheid en aanmoediging
die je me hebt gegeven om stappen te zetten zonder een tot in de puntjes
uitgewerkt plan, hebben me stressbestendigheid, flexibiliteit en onafhankelijkheid
bijgebracht. Je leerde me dat soms juist het onbekende de meest waardevolle
inzichten oplevert. Ook onze samenwerking met bedrijven was een verrijkende
ervaring, die deuren hebben geopend.

Dr. Tan, beste Adriaan, vanaf het begin nam je me onder je vleugels en begeleidde
je me bij alle keuzes, groot en klein. Je mentorrol maakte mijn promotietraject niet
alleen inhoudelijk sterker, maar ook een stuk aangenamer. Je hulp bij de politieke
en organisatorische aspecten van onderzoek was onmisbaar.

Verder wil ik graag alle coauteurs bedanken voor hun bijdrage aan dit proefschrift,
maar ook alle betrokken endoscopisten, en verpleegkundigen. Zonder jullie bijdrage
hadden vele hoofdstukken uit dit proefschrift niet tot stand kunnen komen.

Dames van het stafsecretariaat, Linda, Lionne, Rachelle, ik kon altijd even
langskomen voor een kop koffie wanneer ik weer logistieke perikelen of vragen
over geldzaken had.

HerenvandeeNose Company,julliedoorzettingsvermogenisbewonderingswaardig.
Bedankt voor jullie steun en bijdrage, ook ver na het faillissement.

Aleyd en Joris van Norgine, Mark en Annie van MotusGl, dank voor het mede
mogelijk maken van hoofdstuk 5 en 6 van mijn proefschrift.
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Ook wil ik graag de studenten bedanken die me hebben geholpen bij hetincluderen
voor de e-nose en RESULT-studie: Jip, Geanne, Kim, Meike, Silke, IIse, Demi, Renée,
Femke, Sabine, en Leanne. Zonder jullie was dit nooit zo vlot gelukt.

Daarnaast kunnen mijn PhD Council-collega’s niet ontbreken: Yannick, Lara, Toine,
Isa, Kim Phi, Lara, Lex, Lisanne, Merel, Milou van den Bemd, Miriam, Daan, prof.
Judith Prins en dr. Marieke de Visser. Het was erg fijn en inspirerend om met jullie
samen te werken, en om een inkijkje te krijgen in de organisatie van de Graduate
school. Het heeft mijn horizon verbreed voorbij de medische promotietrajecten, en
we hebben een aantal fantastische events neergezet!

Arts-onderzoekers MDL: Ayla, Britt, Daan, Dorien, Edo, Elsa, Fenna Beeren, Fenna
Jansen, Gijs, Jasmijn, Julia, Kelly, Lia, Lieke, Lotte, Lucas, Maarten, Marleen, Melissa,
Michiel, Mike, Monica, Naomi, Pepijn, Renée, Romée, Sabien, Veerle, Yonne; dit
promotietraject was niet zo leuk geweest zonder jullie. Ik denk met genot terug
aan onze lunches en soms second lunches en koffiepauzes bij de befaamde
rode bankjes, of de discussies in de even beroemde Mark Rutte kamer. Ook de al
dan niet digitale vrijmibo’s had ik niet willen missen, om niet te spreken over de
legendarische onderzoekers nacht! De congressen in Veldhoven, Kopenhagen,
Praag, en San Diego behoorden tot de hoogtepuntjes van mijn PhD.

Ayla, Kelly, Yonne, Lieke, Lotte, Gijs, Michiel, Jasmijn, Mike, Fenna, collega’s van team
Siers, jullie maakten de afgelopen jaren niet alleen leerzaam, maar ook plezierig.
Bedankt dat jullie er voor me zijn, en me helpen herinneren wat het verschil tussen
ITT en PP is @. Kelly, bedankt dat je met jouw proefschrift de fundering voor mijn
onderzoek hebt gelegd. Michiel, door onze samenwerking kon onze Discovery Il
studie niet soepeler verlopen, voor altijd voorstander van gezamenlijke projecten!

Britt, zo knap hoe je staande houdt tussen Nijmegen en Maastricht, en ondertussen
ook nog vele kilometers maakt om te trainen. Jaloers op jouw marathontijd hoor!
Daan, heerlijk hoe jij onder alles toch relaxed blijft, en je ervoor zorgt dat elk
feestje blijft doorgaan. Ik krijg ook zin om met een camper door Europa te gaan!
Dorien, Do! Bedankt voor jouw fijne optimisme en vrolijkheid, jouw aanwezigheid
zorgt altijd voor een verbetering van de sfeer. Ook bedankt voor het gedeelde
enthousiasme over Computeren de podcast. Edo, als jij er bent is het altijd gezellig.
Ook bedankt dat je ondanks je rugpijn jezelf opofferde om in de woonkamer van
onze AirBnB in San Diego te gaan slapen zodat de dames in de slaapkamer konden.
Fenna Beeren, love de koffietjes en lunches in Arnhem, zo fijn om in het Rijnstate
ook iemand te hebben om lekker te kletsen over promotie perikelen (en shoppen).
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Fenna Jansen, wat hebben we mooie momenten meegemaakt in California. 1k
kijk altijd met bewondering naar zowel jouw creativiteit om problemen aan te
pakken, maar ook je ongelooflijke sportiviteit (waarmee je met een belachelijk
lage hartrate onze monsterhike in Yosemite aflegde). Beach, fietsen, hardlopen,
en ook nog moeder zijn, werken, en je PhD afmaken, chapeau! Gijs, jouw skills
om iemands beweegredenen en gedachten laagje voor laagje af te pellen zijn
legendarisch, maar ook je kookkunsten om een perfecte culinaire caprese salade
tijdens ons afscheidsetentje te maken zijn ongeévenaard. Jasmijn, schrijfdag-
hardloop-birthday buddy, ik bewonder jouw ijzeren discipline die je zonder enige
schijnbare afleiding recht op je doel beweegt. Het is inspirerend hoe je durft af te
wijken van de standaard routes, maar wel overwogen je eigen weg volgt. Julia, jij
weet niet alleen van doorpakken, maar je hebt ook altijd oog voor je mede collega
als het even minder gaat. Ook bedankt dat je me hebt geinspireerd om te gaan
mealpreppen, volgens mij kent inmiddels iedereen mijn overnight oats. Lia, mijn
perceptie van competitief spelen veranderde toen ik met jou Undercover speelde,
meedogenloos, haha! Lieke, het begon als mede-Tukker, maar al vanaf onze eerste
werkdag wist ik dat ik lief en leed met jou kon delen. Daarnaast was je zorgzame
kant duidelijk zichtbaar toen je het me gunde dronken te worden in Praag, met
nadien nog spierpijn van het dansen de hele nacht. Dank dat jij samen met Yonne
mijn paranimf wil zijn! Lotte, jouw doorzettingsvermogen en kracht om je werk
zo nauwkeurig mogelijk uit te voeren is prijzenswaardig. Maarten, na eerst 3 jaar
samen te werken als PhD collega’s, was ik erg blij om jouw woordgrappen weer te
mogen ontvangen bij de interne. Jammer dat je nu alweer naar de MDL terug bent!
Marleen, AJAX! Jouw nuchterheid is heerlijk verfrissend. Melissa, echt mooi hoe
onze plantjes altijd in leven blijven tijdens onze vakanties en dat je presentaties
foto’s van glitter levercysten bevatten. Michiel, professor Maas voor intimi, met
jou is een congres, en vooral het feest bij het congres altijd gemaakt. Verder dank
voor je vergevingsgezindheid toen Lieke en ik toch nog precies te laat bij je praatje
kwamen door de brakheid. Mike, jij weet een netwerk samen te brengen en mensen
te bewegen als geen ander. Monica, jij weet altijd precies het goede te zeggen om
mensen op hun gemak te laten voelen. Ook bedankt dat ik door jou de klassieker
Kei blij op de kinderboerderij heb ontdekt. Naomi, ook als niemand meewerkt, krijg
jij nog bijzonder grote projecten gedaan, heel knap. Pepijn, jij bent de onbetwiste
syntax koning, nog maanden nadat jij alweer klaar was kon ik gebruik maken
van jouw ppts. Renée, ik bewonder jouw vermogen om niet alleen alles altijd
glashelder door te hebben, maar ook je lef om hiernaar te handelen. Ik kijk altijd
weer uit naar onze koffie/lunch/ontbijt/diner afspraakjes! Romée, powervrouw, jij
bent altijd de sprankeling op elke bijeenkomst. Ik heb bewondering voor hoe jij zo
veel ballen in de lucht kan houden, en dit ook nog super succesvol doet. Sabien, jij
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hebt altijd zulke verfrissende inzichten! Veerle, zo fijn dat jij iedereen kon voorzien
van stekjes, maar ook tijdens covid ervoor waakte dat alle plantjes wel genoeg
water kregen. Yonne, met jou kan je niet alleen lief en leed delen, maar ook heel
veel plezier maken en daarbij compleet de tijd vergeten. Dit resulteerde dan ook
in de oprichting van de hej t al heurt groepsapp samen met Lieke. Dank dat jij mijn
paranimf wilt zijn!

MDL Rijnstate, bedankt voor de begeleiding. Door jullie heb ik kunnen groeien als
beginnend arts-assistent.

Interne geneeskunde Rijnstate, enorm bedankt voor het warme welkom, het is
alsof ik thuiskom.

Mam, Pap, jullie onvoorwaardelijke steun en vertrouwen waren de basis waarop
ik dit onderzoek kon bouwen. Jullie zorgden voor een stabiele achtergrond en
een luisterend oor op de juiste momenten. Anny, jij laat iedereen altijd op zijn
gemak voelen. Je bent een rots in de branding. Daniel, wat goed dat je je niet
door tegenslagen uit het veld laat slaan maar blijft opbouwen en groeien. Quinte
(meow), lief zusje, jij weet altijd gelijk hoe ik denk. Ik ben trots op de tweede
dokter in het gezin. Stiekem is diergeneeskunde misschien nog wel leuker dan
humane geneeskunde.

En dan Dion - jouw geduld, liefde en steun zijn van onschatbare waarde geweest.
Jij was er altijd, in de pieken en dalen. Zonder jou was dit traject niet alleen een
stuk zwaarder geweest, maar ook veel langer. Dank je wel voor alles lieverd.
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Research data management

All studies in this thesis were conducted in accordance with the Declaration of
Helsinki. Each study received approval before starting from the Medical Ethics
Committee (METC Oost-Nederland; file numbers: 2021-13200 (chapter 5), 2018-
4543 (chapter 6)) or a waiver of ethical approval from the institutional review board
(CMO Radboudumc; file numbers: 2020-6184 (chapter 2-3)), depending on the
study’s nature. All participants provided written informed consent before any study
procedures. Consent was also obtained for reuse of the (pseudonymized) data for
future research.

For studies involving human subjects (Chapters 2, 5, and 6), participant privacy
was safeguarded through pseudonymization. Data handling complied with the
European General Data Protection Regulation (GDPR). The pseudonymization key
was stored separately from the study data and was accessible only to the principal
investigator and select research team members whose roles required access.

Data for Chapters 2, 5, and 6 were collected via electronic health record searches,
clinical experiments, and secure online questionnaires using CastorEDC.
Standardized electronic Case Report Forms were utilized for data collection and
exported to SPSS or R Studio for statistical analysis. Crude breath samples were
processed by the eNose Company (Zutphen, the Netherlands). Data for Chapter 3
were generated from prior studies using the Aeonose device and compared with
results from Chapter 2. Chapter 4 data were sourced from published literature.

Data management followed the FAIR principles (Findability, Accessibility,
Interoperability, and Reusability). All studies were registered in appropriate
trial registries: clinicaltrials.gov (NCT03346005, NCT04357158 for Chapters 2
and 3; NCT05242562 for Chapter 5; NCT04700410 for Chapter 6) and PROSPERO
(CRD42020181630 for Chapter 4). To ensure data transparency and reproducibility,
filenames, raw and processed data, metadata, descriptive files, and analysis scripts
were thoroughly documented and stored together in standardized formats.
Data cleaning and analysis were performed in SPSS and R Studio, with syntaxes
maintained to facilitate reproducibility. Datasets and analyses are not publicly
available for reuse because permission for data sharing was not obtained, but
archived for 15 years in a closed-access Data Acquisition Collection (DAC) of the
Radboud data repository. The corresponding metadata are publicly accessible via
DOI: 10.34973/s30f-xm61 (chapter 2); 10.34973/vc4p-e493 (chapter 4); 10.34973/
bwe5-yk64 (chapter 5); 10.34973/s4a8-0m39 (chapter 6).
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PhD portfolio
Training activities Hours
Courses
— Basic life support (2020) 4.00
— RIHS - Introduction course for PhD candidates (2020) 15.00
- Radboudumc - Introduction day (2020) 6.00
— Stanford Medical statistics MOOC (2020), Stanford university 60.00
— Online intensive writing week (2020), Radboud in'to languages 60.00
- Feedback training (2020) 8.00
— RU - Project management for PhD candidates (2020) 56.00
— Radboudumc - eBROK course (for Radboudumc 26.00

researchers working with human subjects) (2020)

— UEG course functional dyspepsia (2020) 2.00
— How to sell your science (2020) RIHS 4.00
- How to make a poster presentation (2021) RIMLS 8.00
- Fundamentals of Machine Learning for Healthcare (2021) Stanford university 36.00
— DRE Hands-on course (2021) 2.00
— How to write a rebuttal (2021) Radboud in'to languages 2.00
- Stem en presentatie training (2021) Twentify 8.00
— Workshop: Work is fun, isn't it? (2021) RIHS 2.00
— Radboudumc - Scientific integrity (2021) 20.00
— Cursus perfectionisme (2022) 15.00
— Workshop: Negotiation skills (2022) RIHS 2.00
— Managing your internship (2022) RIMLS 2.00
- RU - Analytic Storytelling (2022) 20.00
— Meet the expert: Visualization in R:from basic to advanced (2022) RIMLS 2.00
— Workshop: prepare your defence, answering questions (2022) RIHS 2.00
— Meet the expert: Adobe illustrator for beginners (2023) RIMLS 2.00
— RU -The Art of Finishing Up (2023) 10.00
— Radboudumc - Re-registration BROK (2023) 5.00
Seminars
— Meet the expert: LinkedIn (2020) 2.00
— Social media for scientists (2020) 1.00
— Online Recruitment of Study Participants (2020) 2.00
— Workshop van Aula naar Binnenhof (2021) KNAW 3.00
— Mental Health: Breaking the taboo (2021) 1.00
— NVGE PhD Summer school (2022) 6.00
— Workshop how to chair a session (2022) 2.00
— De wetenschap over het bevolkingsonderzoek darmkanker (2022) 6.00
— RIHS PhD retreat 2022 (2022) 12.00
— T-Pensant MDL Oost Nederland (presentation) (2023) 6.00
— GI-HEP meetings with international experts (2023) 10.00
— Research integrity rounds - Patents (2023) 2.00

— Soeterbeeck Gl lectures (2024) 20.00
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Training activities Hours
Conferences
— Online CaRe symposium (2020) 2.00
— Amsterdam Virtual Live Endoscopy (2020) 8.00
— Digital Dutch Digestive Disease days (moderated poster presentation) (2021) 20.00
— United European Gastroenterology week

(moderated poster presentation) (2021) 30.00
— RIHS PhD retreat 2021 (2022) 20.00
— ESGE days (Champions’Den) (2022) 30.00
— Digestive Disease Week San Diego (poster presentation) (2022) 40.00
— Dutch Digestive Disease Days 2023 (2x oral presentation (2023) 40.00
— United European Gastroenterology week (poster presentation) (2023) 50.00
Other
— Grant writing (STIMAG) (2021) 30.00
— Review scientific publication UEG (2021) 2.00
— Grant writing (TURBO) (2021) 20.00
— Organization RIHS PhD retreat 2021 (2021) 40.00
— Grant writing (Norgine) (2021) 20.00
— RIHS PhD council secretary (2021) 120.00
— Organization RIHS PhD retreat 2022 (2022) 40.00
— RIHS PhD Council chair (2022) 120.00
- Journal Club Gastroenterology & Hepatology (weekly) (2023) 252.00
— Intervision sessions PhD students (3x yearly (2023) 22.00
— Coordination Gl-Hep lectures with international experts (2023) 50.00
— Coordination Soeterbeeck Gl lectures (2023) 40.00
Teaching activities
Supervision of internships / other
— Student coaching (Geanne) (2020) 10.00
— Student internship coaching (Demi) (2021) 30.00
— Student coaching (Kim) (2021) 10.00
— Student internship coaching (Renée) (2021) 30.00
— Student coaching (Meike) (2022) 10.00
— Student coaching (Jip) (2022) 10.00
— Student internship coaching (Femke) (2022) 30.00
— Student internship coaching (Sabine) (2022) 30.00
— ROC course for nursing students (2022) 2.00
— Student coaching (Silke) (2022) 15.00
— Gastroenterology nursing teaching course on icterus (2023) 4.00
— Student Coaching (llse) (2023) 30.00
— Student internship teaching (Leanne) (2023) 30.00
Total 1689.00




240 | Appendix

Over de auteur

Milou Lisa Marit van Riswijk werd geboren op 15
februari 1994 te Denekamp. Van jongs af aan was
zij nieuwsgierig en gefascineerd door de werking
van de wereld om haar heen. Al vanaf haar
profielwerkstuk op de middelbare school wist zij
dat ze een wetenschappelijke carriere ambieerde.

Na haar gymnasiumopleiding aan het Twents
Carmel College in Oldenzaal startte zij haar studie
Geneeskunde aan de Universiteit van Amsterdam.
Tijdens haar studie was zij actief binnen IFMSA-
UvA, waar zij cursussen, keuzevakken, en
educatieve bijeenkomsten organiseerde.

In 2020 startte Milou haar promotieonderzoek aan de afdeling Maag-, Darm- en
Leverziekten van het Radboudumc in Nijmegen, onder begeleiding van prof. dr. P.D.
Siersema en dr. A.C.L.T.L. Tan. In 2022 won zij de ESGE Champions’ Den Research
Grant, waarbij zij haar onderzoeksvoorstel succesvol verdedigde voor een kritische
jury. Naast haar onderzoek was zij onder andere voorzitter van de PhD Council van
het Radboud Institute for Health Sciences, waar zij promovendi vertegenwoordigde
en bijdroeg aan de fusie van twee graduate schools.

Haar ambitie is om arts en onderzoeker te blijven en wetenschap te combineren
met patiéntenzorg. Daarnaast vindt zij het belangrijk om oog te hebben voor de
persoon achter de patiént. Door verder te kijken dan de diagnose en te begrijpen
wat ziekte betekent in iemands dagelijks leven, wil zij bijdragen aan zorg die
niet alleen effectief, maar ook mensgericht is. In haar vrije tijd geniet Milou van
hardlopen, reizen en lezen. Zij woont in Arnhem samen met haar partner Dion.



Over de auteur | 241

About the author

Milou Lisa Marit van Riswijk was born on February 15, 1994, in Denekamp. From
an early age, she was curious and fascinated by how the world around her worked.
During her high school research project, she already knew that she aspired to a
scientific career.

After completing her pre-university education (gymnasium) at Twents Carmel
College in Oldenzaal, she began her medical studies at the University of Amsterdam.
During her studies, she was actively involved in IFMSA-UvA, where she organized
courses, electives, and educational events.

In 2020, Milou started her PhD research at the Department of Gastroenterology
and Hepatology at Radboudumc in Nijmegen, under the supervision of Prof. Dr.
P.D. Siersema and Dr. A.C.L.T.L. Tan. In 2022, she won the ESGE Champions’ Den
Research Grant, successfully defending her research proposal before a critical jury..
In addition to her research, she served as chair of the PhD Council of the Radboud
Institute for Health Sciences, representing PhD candidates and contributing to the
merger of two graduate schools.

Her ambition is to continue working as both a physician and researcher, combining

science with patient care. Beyond medical excellence, she values seeing the person
behind the patient. By looking beyond the diagnosis and understanding what
illness means in someone’s daily life, she aims to contribute to care that is not only
effective but also patient-centered. In her free time, Milou enjoys running, traveling,
and reading. She lives in Arnhem with her partner, Dion.



| get so lost
In where i want to go
| forget that the place i'min
Is already quite magical

-Rupi Kaur (home body)



7894657150901

Radboudumc Radboud University




	Chapter 1
	General introduction and thesis outline
	Part I: VOC analysis for CRC screening
	Chapter 2
	Breath testing for colorectal cancer detection in patients with a positive fecal immunochemical test – a multicenter prospective cross-sectional study with external validation 
	Chapter 3
	Overcoming methodological barriers in electronic nose clinical studies, a simulation data-based approach 
	Part II: Improvement of bowelpreparation for colonoscopy
	Chapter 4
	Efficacy of ultra-low volume (≤1L) bowel preparation fluids - systematic review and meta-analysis
	Chapter 5
	Comparing low-volume vs. intermediate volume bowel preparation and its impact on work and tolerability: An open-label, non-inferiority, randomized controlled trial 
	Chapter 6
	An intraprocedural bowel cleansing system for difficult-to-prepare patients – a multicenter prospective feasibility study
	Chapter 7
	General Discussion
	Summary
	Nederlandse samenvatting (ook voor niet-ingewijden)
	Appendix
	Dankwoord
	Research data management
	List of publications
	PhD portfolio
	Over de auteur
	About the author



