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Preface
This thesis concludes my integrated PhD (combined master’s and PhD degree), conducted at the

Department of Clinical Epidemiology, the Department of Clinical Medicine, Aarhus University,
Denmark. It has entailed two years of combined Master’s and PhD degree work and two years of sole

PhD project work.

My PhD project investigates various aspects of the Danish colorectal cancer (CRC) screening
program. I have been involved in research related to quality assurance of the colorectal cancer
screening program since it was launched. Before working on this thesis, I contributed to three

publications on the CRC screening program:

e Thomsen, Mette K; Rasmussen, Morten; Njor, Sisse H; Mikkelsen, Ellen M. Demographic
and comorbidity predictors of adherence to diagnostic colonoscopy in the Danish Colorectal
Cancer Screening Program: a nationwide cross-sectional study. Clinical Epidemiology 2018.
Vol. 10:1733-1742.

e Mikkelsen, Ellen M; Thomsen, Mette K; Tybjerg, Julie; Friis-Hansen, Lennart et al.
Colonoscopy-related complications in a nationwide immunochemical fecal occult blood test-
based colorectal cancer screening program. Clinical epidemiology 2018. Vol. 10:1649-1655.

e Thomsen, Mette K; Njor, Sisse H; Rasmussen, Morten; Linnemann, Dorte et al. Validity of
data in the Danish Colorectal Cancer Screening Database. Clinical epidemiology 2017. Vol.
9:105-111.

Thus, this thesis builds on my earlier work with the Danish colorectal cancer screening program, and
specifically on my master’s thesis. As per the specifications for the qualifying exam (i.e. the master’s
thesis) in the Integrated PhD and the Master's Program in Public Health Studies at Health, Aarhus
University, Denmark, this thesis includes text which in earlier versions was also part of my master’s

thesis.

Correspondence

Mette Kielsholm Thomsen, mkthomsen.clin.au.dk / mette.k.thomsen@outlook.com


https://pure.au.dk/portal/en/persons/mette-kielsholm-thomsen(f33bac8a-51d2-4008-9de4-3d180327f752).html
https://pure.au.dk/portal/en/persons/mette-kielsholm-thomsen(f33bac8a-51d2-4008-9de4-3d180327f752)/publications/colonoscopyrelated-complications-in-a-nationwide-immunochemical-fecal-occult-blood-testbased-colorectal-cancer-screening-program(c87379fb-6c1f-4f16-891b-cb0e57413c8a).html
https://pure.au.dk/portal/en/persons/mette-kielsholm-thomsen(f33bac8a-51d2-4008-9de4-3d180327f752)/publications/colonoscopyrelated-complications-in-a-nationwide-immunochemical-fecal-occult-blood-testbased-colorectal-cancer-screening-program(c87379fb-6c1f-4f16-891b-cb0e57413c8a).html
https://pure.au.dk/portal/en/persons/mette-kielsholm-thomsen(f33bac8a-51d2-4008-9de4-3d180327f752).html
mailto:mette.k.thomsen@outlook.com




Acknowledgements
I started my path into research on my second year as a public health student, when I became a student

assistant in the statistics group at the Department of Clinical Epidemiology. This was in 2014, the
same year as colorectal cancer screening was initiated in Denmark. When I asked to do my BA project
at the department, the screening program was an obvious area for me to engage in as a public health
student. I owe a special thanks to Frank Mehnert, daily manager of biostatistics, for helping me in the
right direction. I am grateful for all the possibilities offered to me at the department, and for the

scientific community I have been fortunate to be a part of throughout my time here.

I was matched with Ellen M. Mikkelsen, who at the time was the epidemiologist responsible for all
the clinical quality databases on cancer screening. We have had an amicable collaboration from the
very first day, but Ellen has also challenged me in a way that has shaped my critical thinking and
ability to communicate scientifically. Thank you, Ellen, for not only supervising me, but also
mentoring me. As my bachelor’s, master’s and PhD main supervisor, you have urged me to assert
myself, taught me about the diplomacy of research institutions and supported me in every situation

throughout.

I wish to thank each of my co-supervisors for their expert advice during my PhD; specifically Rune,
for moral support, for showing me a day in the clinic and for including me in the GI-team; Lars, for
always being available for a quick discussion of methods and for saying “Jamen, det gor vi da bare”;
and Henrik, for your detailed scrutiny of manuscripts. I also wish to thank my collaborators Marie D.
Jorgensen and Sia K. Nicolaisen for being so pleasant to work with, and Timothy L. Lash for hosting
me during my research stay in Atlanta. Finally, I wish to acknowledge the department’s financial

support of the project.

I have been fortunate to work alongside a long list of brilliant colleagues. Most importantly, I have
always ended up with the best of office mates. We have shared ups and downs, tips and tricks, and
challenges in both projects and personal life — I will settle for none mentioned and none forgotten, as
we have had many different constellations in our office by the downstairs kitchen. Special thanks also

to my PhD colleagues Frederikke, Anne and Sia for helpful feedback on this thesis.

Last but not at all least, Dan. I literally could not have finished this without your support and your
determination to make all the ends meet in our family. Also, our two sons, Johan and Magnus, are the

best, and I am grateful for how patient they have been with the thesis-writing version of me.

Thank you,

Wsttr - 1 honen



Collaborators
Marie Dahl Jorgensen, MPH

Former intern and thesis student, Department of Clinical Epidemiology and Department of Public

Health, Aarhus University, Denmark
Sia Nicolaisen, MSc, PhD student

Biostatistician, Department of Clinical Epidemiology, Aarhus University and Aarhus University

Hospital, Denmark
Timothy Lee Lash, MPH, PhD

Professor and chair, Department of Epidemiology, Rollins School of Public Health, Emory
University, Georgia, USA
Professor, Department of Clinical Epidemiology, Aarhus University and Aarhus University

Hospital, Denmark

Grants

e Danish Cancer Society

e Helsefonden

e Else og Mogens Wedell-Wedellsborgs Fond
e Inge og Jorgen Larsens Mindelegat

e Kong Christian den tiendes Fond

e William Demant fonden

e (QGraduate School of Health



Thesis papers
The four studies included in this thesis are referred to as Study I-IV throughout, and the Roman
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Thesis structure
The thesis contains the following sections: a short introduction, a description of the theoretical

background of screening and colorectal cancer epidemiology, a summary of existing literature and
knowledge gaps, a presentation of aims of the four studies, an account of the materials and methods
applied, a summary of results, a discussion of methods and results, and conclusion and implications.

Lastly, the four thesis papers and other appendices are provided.



Dansk resume (Danish summary)

Screeningsprogrammer for tarmkraeft er i stigende grad blevet implementeret verden over. I marts
2014 blev et screeningsprogram for tarmkreft med testen fecal immunochemical test (FIT)
indfert i Danmark for alle i alderen 50 til 74 ar. Personer med en positiv FIT (over greensevardien for
haemoglobin 1 afferingen) bliver tilbudt en efterfolgende koloskopi (kikkertundersegelse af
tarmen). Screening indebarer undersogelse af en umiddelbart rask befolkning, og fordele og
ulemper skal overvejes omhyggeligt. Denne afhandling indeholder fire studier som har til
formal at undersoge forskellige aspekter af det danske screeningsprogram for tarmkreeft, for at

bidrage til den internationale evidens relevant for beslutningen om at screene for tarmkreft.

Det er veldokumenteret at der er social ulighed 1 deltagelse i screeningsprogrammer

for tarmkreft; men deltagelsen for personer med psykiske sygdomme er et
overset omrade. I studie I kortlagde vi derfor den tilgengelige litteratur pd omradet, og fandt at
personer med svar psykisk sygdom deltog mindre 1 screening for tarmkraeft. Resultaterne fra studier
af mere almindelige psykiske sygdomme var tvetydige.

I studie II sammenlignede vi deltagelsen i det danske screeningprogram blandt

personer med mild/moderat og svar psykisk sygdom med personer uden psykisk
sygdom. Vi fandt markant lavere deltagelse for personer med psykisk sygdom, ogsé efter at have
kontrolleret for forskelle 1 sociogkonomiske forhold.

Validiteten af FIT er fundamental for screeningsprogrammet og testen skal kunne

identificere personer med hgj risiko for tarmkreft. Bedre risikovurdering i FIT
screening er blevet efterlyst af eksperter. I studie III beregnede vi den personlige risiko for
tarmkreaeft ud fra alder, kon og h&emoglobin-verdi. Ved at bruge en grenseverdi for den beregnede
risiko fremfor FIT, ville man kunne finde en anelse flere med tarmkreeft og samtidig have faerre
unedvendige koloskopier.

FIT er en forholdsvist ny metode og direkte evidens for dens effekt er begranset.

Malevariation gor det tilfeldigt om en hemoglobinvardi tet pd grenseverdien
kommer over eller under. I studie IV fandt vi et fald i dedeligheden lige over grensevardien for

koloskopi.

Vi kan konkludere at det danske screeningsprogram for tarmkraeft har potentiale for bedre
adgang for visse befolkningsgrupper samt for bedre risikovurdering af hvem der skal tilbydes
koloskopi. Vores evaluering af dedeligheden viste en beskyttende effekt af screening, men

leengere opfelgningstid er nedvendig for mere pracise resultater.



Summary

Screening programs for colorectal cancer (CRC) have increasingly been implemented all over the
world. In March 2014, a CRC screening program using the fecal immunochemical test (FIT) was
implemented for all Danish residents aged 50 to 74 years. Individuals with a positive FIT (above a
cut-off value for fecal hemoglobin) are offered a subsequent colonoscopy. Screening is the
examination of an apparently healthy population to detect latent disease. Careful consideration
should therefore be given to benefits and harms of implementing and continuing screening
programs. This thesis includes four studies aiming to investigate three different aspects of the
Danish CRC screening program to contribute to the international body of evidence relevant for
the decision to screen for CRC.

Social inequality in CRC screening participation is well documented; however,

participation among persons with mental disorders has received less attention. In
Study I, we therefore mapped the available evidence. We found that persons with severe mental
disorders participated less in CRC screening, but results on more common mental disorders were
ambiguous.

A lack of evidence from organized screening programs using FIT identified in Study

I led us to investigate this matter in Study II. We compared participation among
persons with no, mild/moderate and severe mental disorders, and found markedly lower participation
among the two latter, also after having controlled for socioeconomic conditions.

The validity of the FIT is fundamental to the screening program, and the test should

identify persons at high risk of CRC. Calls have been made for improved risk
stratification in FIT screening. In Study III, we predicted the individual risk of CRC from age,
gender and fecal hemoglobin value. A cut-off of predicted risk instead of FIT, identified slightly more
cancers and caused fewer unnecessary colonoscopies.

The FIT is fairly novel, and direct evidence of its beneficial effect is limited. In Study

IV, we assumed that measurement variation makes it random if a specific fecal
hemoglobin value close to the cut-off falls above or below the cut-off for colonoscopy. We identified
a discontinuity (a reduction) in mortality at the cut-off as being referred to colonoscopy lowered

mortality.

In conclusion, the Danish CRC screening program holds potential for greater accessibility for persons
with mental disorders and for risk stratification to secure that persons referred to colonoscopy are
those with the highest risk of CRC. Our evaluation of mortality showed a beneficial effect of the

screening program, but a longer follow-up would provide more precise results.
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Introduction

Screening for asymptomatic disease has received considerable attention within the medical field, and
diseases are continuously proposed and discussed as candidates for screening. Intuitively, early
detection improves treatment options and thus leads to a more favorable prognosis (1). However, this
is not always the case, and as the target population for screening programs is “healthy” individuals,
careful consideration should be given to the benefits and harms of implementing and continuing
screening programs (2). A set of guiding principles for screening programs was first proposed by
Wilson and Jungner on behalf of the World Health Organization in 1968 (3). The principles overall
include knowledge about the epidemiology and natural history of the disease, suitable screening tests
and infrastructure for the screening program, strong evidence for a beneficial effect of screening and

continued quality control.

Colorectal cancer (CRC) is considered a disease well-suited for screening, due to a slow development
and because both CRC and pre-cursers can be identified (4). Screening programs for CRC have
increasingly been implemented all over the world (5, 6). In March 2014, a CRC screening program
using the fecal immunochemical test (FIT) was implemented for all Danish residents aged 50 to 74
years. For individuals with a positive FIT (fecal hemoglobin (fHb) >20 pg/g feces), a subsequent
colonoscopy is offered (7). Regardless of the type of primary screening test, the test needs to be
acceptable and accessible for the target population to be both willing and able to participate.
Socioeconomic inequality in CRC screening participation has been extensively evaluated and
detected across countries and healthcare systems (8). However, little is known about participation of

persons with mental disorders in national screening programs (9).

The validity of the screening test is fundamental to the effects of a screening program. FIT is a fairly
novel screening test, and it is therefore important to investigate various aspects of its performance.
Only 5.9% of participants with positive FITs in the Danish screening program turn out to have CRC,
and 33% are identified with medium-risk or high-risk adenomas (10). These are important findings,
however, many participants unnecessarily go through a colonoscopy procedure, which is unpleasant,
expensive and entails a risk of complications (11). Recently, several calls have been made for studies
to develop risk stratification methods to determine which FIT screening participants should undergo

colonoscopy (12—15).

The guaiac fecal occult blood test (gFOBT), a type of stool test no longer used, has been evaluated in
randomized controlled trials (RCTs) in Denmark, Sweden, the United Kingdom and the USA (16). A
meta-analysis of these four trials found that screening using gFOBT decreased CRC mortality by 18%
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(relative risk (RR)=0.82, 95% confidence interval (CI): 0.73;0.92) (16). On the other hand, FIT has
been examined in only one cluster-randomized Chinese RCT, where FIT was combined with a risk
score to select persons to undergo flexible sigmoidoscopy. This combined method showed a reduction
in CRC mortality of 12% (RR=0.88, 95% CI: 0.72-1.07) compared with no screening (16). Thus,
experimental data on the effect of FIT screening are very limited. Evidence on the benefit of FIT
screening therefore rests on the mentioned evaluations of gFOBT and studies showing that FIT has
higher sensitivity and yields higher participation than gFOBT (17—-19). When screening programs are
in place, observational studies based on contemporary data are needed to provide evidence on the

effect of FIT screening.

The four studies included in this thesis aim to evaluate the three aspects of screening introduced
above: inequality in participation according to mental disorders (Study I and II), risk stratification for
selecting whom to refer to colonoscopy (Study III) and an evaluation of the effect of FIT screening

on mortality (Study IV).



Background

This thesis concerns screening for colorectal cancer, and both screening and colorectal cancer come

with specific conditions of importance for the research questions.

Screening for cancer

Principles of screening

Screening is defined as the examination of an apparently healthy population to detect latent disease
(2). The predominant understanding of the natural history of most cancers includes a linear
development from disease onset through a pre-clinical phase until onset of symptoms. Symptoms
prompt the clinical phase where disease progresses or is successfully treated. Cancer screening aims
to detect the disease in the pre-clinical phase and is meaningfull only when early detection leads to
improved prognosis (20). However, this is not the only determinant for the appropriateness of
screening. Wilson and Jungner first proposed a set of screening principles in 1968, and these
principles have been widely applied and discussed since (1). Efforts have been made to consolidate
the different alterations and additions to the principles through a systematic review and census

process. This led to a list of principles illustrated in Figure 1.

0 31°0
OO0 Yo
O Test/ Program/

Disease

O
O O
O &0

*Known epidemiology of
colorectal cancer, which
should be established as
an important health
problem

*\Well-understood natural
history of colorectal
cancer, with a detectable
preclinical phase

e(Clearly defined,
identifiable and reachable
target population

Intervention

*FIT should have appropriate
performance, and be
acceptable, safeand
affordable

*Clearly interpretable test
resultthatcan be usedto
identify screening
participants for colonoscopy

*Colonoscopyfollowing a
positive FIT and treatment
should be available,
accesible and acceptable,
and lead to improved
outcomes.

System

sAdequate screening
program infrastructure
sIntegration with the
broader health system
Clinically, socially and
ethically acceptable
program components
*Documented overall
benefit of the screening
program outweighing
potential harms
*Economic evaluation

*Performance goals and
ongoing quality control

Figure 1 Principles of screening, freely condensed and adapted to colorectal cancer screening, from MJ Dobrow et al.,

Canadian Medical Association Journal 2018 (3)



Test validity

The set of principles for screening include the availability of a clearly interpretable test to identify
screening participants for further examinations. However, a screening test is not a diagnostic test,
and therefore it will not identify all persons with the disease; nor will it provide a negative test result
to all persons without the disease. As the FIT used in the Danish CRC screening program measures
fecal hemoglobin quantitatively, the choice of cut-off is essentially a matter of priority. It is necessary
to balance between finding as many CRCs as possible, while keeping the amount of colonoscopy
referrals at a manageable level, minimizing the number of unnecessary colonoscopies and needless
stress caused for those with a false positive test result. Thus, the choice of a FIT cut-off will place the
screening program somewhere between the extremes of referring everyone to colonoscopy and

referring no one to colonoscopy.

The validity of a screening test can be compared to a gold standard (i.e. not a perfect test, but the best
available), which can be colonoscopy in the context of FIT screening. The validity is comprised of
four separate measures: sensitivity, specificity, positive predictive value (PPV) and negative

predictive value (NPV). These calculated from the following table:

CRC + CRC -

Test + | True positive (tp) False positive (fp)

Test - | False negative (fn) True negative (tn)

Sensitivity is the test’s ability to correctly identify those who have the disease: tp/(tp+fn).
Specificity is its ability to correctly identify those who do not have the disease: tn/(tn+{p).
PPV is the probability that a positive test is correct: tp/(tp+fp); and NPV is the probability that a

negative test is correct: tn/(tn+fn) (2).

A test can have high sensitivity, i.e. identify many with the disease (true positives), yet have low PPV,
thus cause many without the disease (false positives) to be referred to colonoscopy (21). Conversely,
some false negatives will present as interval cancers due to symptoms arising before the next

screening invitation (2).
Screening-specific biases

Screening changes the clinical reality as it moves time of diagnosis and introduces a cross-sectional
examination of persons irrespective of whether they have symptoms or not. These conditions should

be taken into account in study designs as they can create lead-time bias and length-time bias.
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Lead-time bias

The aim of screening is to detect disease earlier and thereby initiate early treatment and improve
prognosis. If early treatment has no life-prolonging effect, screening and early detection will only add
length to the time lived with a CRC diagnosis. This corresponds to the lead-time, i.e. the time from
which early detection is possible until the disease would have become symptomatic. If survival after
diagnosis is compared between persons with screen-detected CRC and symptom-detected CRC, lead-

time is added to the observed survival time of persons with screen-detected CRC (22).

Figure 2 depicts three different situations; A, B and C. The to’s signifies start of follow-up, and the
t1’s signifies time of death. In situation A, the person was not screened and received surgery at the
usual time point, toa. This person died at tia, before the end of the fixed follow-up period (e.g. five
years). In situation B, the person was screened, leading to early diagnosis and therefore earlier time
of surgery, tos, than in situation A. Due to the earlier start of follow-up, i.e. tos, death at tig occurs
after end of follow-up. Noticeably, however, tia and tig are identical and death was not delayed. In

situation B, screening did not alter the time of death, only the time period lived with the diagnosis.

Surgery/Treatment
Onset of CRC Early Usual Death
toa i
A: No screening X
Follow-up
B: Screening t ¢
. . 08 18
Early diagnosis and X
treatment has no
effect Follow-up
C: Screening .
Early diagnosis and o tie
treatment has life-
prolonging effect
Follow-up Prolonged survival

Figure 2 Survival time after diagnosis with and without screening, with or without effective early surgery — Lead-time
bias. With inspiration from Fletcher, Fletcher & Fletcher 2014 (22).

In situation C, screening also led to early diagnosis and thereby early surgery. However, early surgery
was effective and prolonged life, i.e. by moving tic compared with situation A and B. Like in situation
B, death does not occur within follow-up. The challenge is that there is no way of distinguishing
between situation B or C in a direct comparison of screening status among individuals undergoing
CRC surgery. The alteration of to creates lead-time bias if persons are followed since time of diagnosis

or surgery/treatment.



The existence of lead-time explains why survival (e.g. 5-year survival) should not be used to estimate
the effect of screening, and why survival before and after the introduction of screening cannot be
directly compared. Survival is measured after a fixed interval (corresponding to the brackets in Figure

2) since time of diagnosis (to in Figure 2), which was moved by screening.
Length-time bias

Length-time bias is another screening-specific bias. Screening acts as a cross-sectional examination
of participants as it is conducted independently of the time of disease onset, symptoms, etc. Length-
time bias is depicted in Figure 3. The arrows depict persons alive and arrowheads depict the time of

death. The dashed vertical line represents the time of screening.

Follow-up
I
I
I
I
I
I
I
I
I
I
I
I

Time of screening

Figure 3 Cross-sectional screening — Length-time bias. At any time-point there will be more slow-progressing cancers
(long arrows) identified by screening than rapidly progressing aggressive cancers (short arrows). With inspiration
from Fletcher, Fletcher & Fletcher 2014 (22).

Cancers with a lengthy development (long arrows) will more likely be detected by screening as the
disease more often becomes symptomatic requiring treatment or cause death before the next screening
round. In contrast, rapid and often more aggressive cancers (short arrows) are less likely to be detected
by screening. These basic differences in duration of the preclinical phase, and thus in the likelihood
of detection by screening, justifies cautiousness with comparing screen-detected and non-screen-
detected cancers. This difference also creates length-time bias. This means that persons with slowly
developing cancers, which are likely to be detected by screening, may live longer after diagnosis than
will persons with more aggressive cancers that are unlikely to be detected by screening; irrespective

of the effect of screening and early detection.



Colorectal cancer

Colorectal cancer epidemiology

Worldwide, CRC is the third and second most common cancer in men and women, respectively. The
incidence of CRC varies internationally, and the disease predominantly affects populations in western
countries (23). Age-standardized incidence rates thus span from 44.8 for men and 32.2 for women
per 100,000 in Australia/New Zealand to 4.5 and 3.8 per 100,000 in Western Africa (24). In Denmark,
the incidence rates were 42.7 and 33.2 per 100,000 for men and women, respectively, in 2010-2014;

thus Danish incidence rates are among the highest in the world (25).

The two most frequent pathways through which colorectal cancer develops are the adenoma-
carcinoma pathway (70-90%) and the serrated neoplasia pathway (10-20%). Common for both is that
they are initiated by genetic mutations, and precursors (adenomas or serrated neoplasia) develop into
CRC. The aim of CRC screening is therefore not only to identify and treat CRC but also to identify
precursors. Depending on their type and size, adenomas and serrated neoplasia are removed or
monitored, thereby preventing CRC from occurring (4). Severe adenomas and CRC are often

combined in the terms “colorectal neoplasia” or “advanced neoplasia” (26).

The risk of CRC increases with age, male sex and some colon diseases, such as familial tendency for
polyps, Crohn’s disease, and ulcerative colitis (23). Thus in 2013, the incidence of CRC in Denmark
per 100,000 ranged from very low below age 40 to 103.6 for men and 80.9 for women at age 55-59
to 604.6 for men and 396.6 for women at age 80-84 (27). Proximal risk factors include smoking,
alcohol consumption, diet (high in red/processed meat, low in fruit, vegetables and fibers) and
physical inactivity. CRC typically develops over many years, and small amounts of blood in the stool
is an early sign of (pre)cancerous lesions (2). Symptoms are weak (e.g. change in bowel habits and
unexpected weight loss) and present at a late stage. Survival depends on stage at diagnosis (28, 29).
In Denmark, the age-standardized five-year survival has been steadily increasing from 44% for men

and 48% for women in 1992-1996 to 60% for men and 62% for women in 2007-2011 (30).

Implications for lead-time and length-time

The progression to colorectal cancer happens slowly; over an estimated period of 10 to 15 years (4).
This means that length-time bias may work counterintuitively for CRC screening. Over-diagnosis
caused by screening can be seen as an effect of length time in the extreme, i.e. the diagnosis of very
slow cancers that would never develop enough to contribute to death. Thus, mortality among

screening-detected cancers could be underestimated due to over-diagnosed cancers, which would



never have been detected in the absence of screening. The long development also means that lead-
time could cause considerable bias, as the time from which CRC can be detected by screening tests

until symptoms arise can span several years (31).

Screening tests for colorectal cancer

Overall, two screening modalities are in use for early detection of CRC: endoscopy (colonoscopy or
flexible sigmoidoscopy) and stool tests detecting signs of blood in the stool, followed by endoscopy
(5, 6). Stool sample tests include gFOBT and FIT. The gFOBT is a qualitative test that requires several
samples of stool from consecutive bowel movements. RCTs of gFOBT started in the 1970s. Since
then, organized and opportunistic CRC screening have been widely implemented; Italy, Israel and
Japan initiated screening programs in the 1980s and 1990s; and many other countries have followed,

especially in the end of the 2000s (5).

Testing techniques have since improved, and the FIT was developed in the late 1990s and early 2000s
(18, 32). The FIT can be qualitative or quantitative in the measurement of fecal hemoglobin. It only
requires a single stool sample, and therefore has higher participation and sensitivity in population-
based programs than the gFOBT. This has led many screening programs to use this test instead of the
gFOBT. CRC screening modalities under development include blood sample tests (33) and colon

capsule cameras (34).

Colonoscopy after a positive FIT

A colonoscopy is an endoscopic examination of the bowel, and requires full laxative bowel
preparation to empty the colon (35). The quality of the colonoscopies performed after screening is
important for effect achieved of the screening program. The ultimate measure of colonoscopy quality
is the rate of interval cancers, i.e. cancers missed by screening, but detected due to symptoms before
the next screening. However, process performance measures include the adenoma-detection rate of
each colonoscopist (36). Thus, the quality of a colonoscopy is both determined by the experience and

capabilities of the colonoscopist, and also of adequate bowel preparation by the patient.

The colonoscopy procedure often entails discomfort to the patient, and it has a small risk of serious
complications, such as perforation of the colon, bleeding or medical complications (11). Out of all
colonoscopies after a positive FIT in the Danish screening program in 2020, serious complications

occurred in 0.21% (95% CI: 0.15;0.28) (37).
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The colorectal cancer screening program in Denmark

The Danish population-based CRC screening program for all residents aged 50 to 74 years was
initiated in 2014 with a four-year implementation round. Subsequently, screening has been biennial;
and currently the fourth screening round is on-going (38). The CRC screening program is part of the
tax-funded Danish healthcare system, and screening is offered free of charge at the point of use (39).
The program uses FIT followed by colonoscopy referral for those screening positive. The first round
of screening is also called the prevalence round as the CRCs identified may have been developing for
several years, whereas in the subsequent screening rounds identified cancer will increasingly be

incident (2).

Figure 4 shows an overview of the Danish CRC screening program with measures of participation,
positive FITs, colonoscopy adherence and identified CRC reported by the Danish CRC screening
database (10, 37).

Invitations Participation Positive FITs Colonoscopy Colorectal
avg. per year <4.5 months <2 months cancer
First half of the
third round 824,569 60.2% 4.9% 88.4% 1+ 3.4%
2020
Second found 871,464 60.4-60.7% > 5.0-5.1% » 89.7-902% v 4.2-4.3%

2018-2019

Implementation
round 521,766 60.6-63.8% —*» 6.8-7.0%
2014-2017

v

87.7-89.9% ——+» 5.8-6.2%

Figure 4 Invitations, participation, positive FITs, colonoscopy adherence and findings of CRC in the first, second and
first half of the third round of the Danish CRC screening program. Danish CRC screening database (10, 37).

Further details of the invitation procedure, screening test, etc., are described under the subheading

“Setting” in the methods section.
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Existing literature and evidence gaps

The population-based Danish CRC screening program is of comparatively recent date as has, it is an
emerging research field in Denmark. Several research groups have evaluated various aspects of the
national screening program since its initiation in 2014, and the body of evidence on the program is
steadily growing. So far, 18 papers have been published broadly related to the three aspects of CRC

screening studied in this thesis; participation, risk-stratification and effect on mortality:

- Screening participation by gender, age, socioeconomic position, marital status (and partner
concordance), immigration status, health literacy and health behavior (40—46)

- The effect of reminders on participation by gender, age, income, educational level, marital
status, and immigration status (47)

- Risk of ineligible (non-analyzable) stool samples by immigrations status (48)

- Sensitivity and specificity at different levels of FIT cut-off (49)

- Adherence to the subsequent diagnostic colonoscopy by gender, age, socioeconomic position,
marital status, immigration status and somatic morbidity (50, 51)

- Barriers towards undergoing colonoscopy after a positive FIT, examined in a qualitative
interview study (52)

- CRC and adenoma findings (53), including cancer stage distribution (54), among persons
invited vs. not-yet-invited to CRC screening

- CRC mortality after screening among persons invited vs. not-yet-invited (55) and pre- vs.
post-screening initiation (56) and within 90 days of surgery comparing screen-detected and

symptom-detected CRCs (57)

No studies have evaluated the role of mental disorders in screening participation or addressed the
potential of using risk stratification in selection for colonoscopy in the Danish CRC screening
program. Three studies have evaluated the effect of screening on mortality using three different study

designs. In the following, I present the existing evidence in relation to Study I-IV.

Participation in screening

Participating in CRC screening is not only a choice determined by preference for
screening or no screening. It is also affected by the type of healthcare system (e.g. insurance
requirements), organization of the screening program and individual resources (2). A 2016 review

including published and unpublished information from organized CRC screening programs
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worldwide consistently found that disadvantaged groups with the lowest education, lowest income or

highest deprivation score, etc., had reduced participation in CRC screening across programs (8).

However, conditions other than socioeconomic disadvantage may affect the ability to participate in
CRC screening. I hypothesized that mental disorders could also affect participation. Acutely being
affected by severe mental disorders such as psychosis or mania may can reduce the capacity for
decision making, and this could include the decision of whether to participate in screening (58).

Regardless of severity, persons with mental disorders may experience more barriers to screening (59).

I found only one existing review, by Solmi et al., on mental disorders and participation in all types of
cancer screening. Solmi et al. found no association between mental disorders and participation in their
meta-analysis of CRC screening (60). However, they used narrow inclusion criteria for their review
and included only eight studies on CRC screening. They did not go into depths with findings for
specific cancer types, and therefore we conducted a scoping review (Study I), with broader inclusion
criteria, aiming to map all types of existing literature and identify specific gaps in evidence on
participation in CRC screening among persons with mental disorders (9). In their meta-analysis,
Solmi et al. included one study from Europe, six from the USA and one from Australia with “any
mental disorder” as the exposure. They found no studies on participation among persons with
schizophrenia, and only the study from Europe and four of the studies from the USA reported
specifically on participation among persons with mood disorders. Thus, the limited evidence led us
to conduct Study II, investigating participation among persons with and without mental disorders in

the Danish CRC screening program.

Risk-stratification in screening with fecal immunochemical test

CRC screening has challenged colonoscopy capacity in many countries, including
Denmark (12, 14, 51, 61, 62). To reduce the colonoscopy burden, some studies have focused on
identifying an optimal cut-off value for fecal hemoglobin (49, 63) or explored stratified cut-offs for
men and women (64—67). A dose-response relationship exists between fecal hemoglobin and the risk
of CRC (68). Even though the FIT provides a quantitative measurement of fecal hemoglobin, a
dichotomized FIT cut-off is used that implicitly assigns the same high risk of CRC to all values above
the cut-off. Including information on the fecal hemoglobin value and other factors as predictors in a
prediction model may allow for more detailed risk stratification. A prediction model should be
evaluated according to its discrimination and calibration, preferably also in an external dataset (69).

To identify relevant existing literature, I applied the following criteria:
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e Models predicting CRC or advanced neoplasia
¢ Quantitative FIT included as a predictor

e Performance evaluation of discrimination and/or calibration

From a search string corresponding to these criteria, I identified three relevant studies; by Yen et al.,
Stegeman et al. and Cooper et al. (70—72). A search string and an overview are provided in Appendix
Table 1. Yen et al. presented three prediction models for advanced neoplasia; one with proximal risk
factors, e.g. gender, Body Mass Index (BMI) and family history of CRC; one with fecal hemoglobin
as a single predictor; and one with all predictors combined. They evaluated discrimination and
conducted external validation, and their model performed well in both. However, their study
population included persons with both positive and negative FITs, so they combined advanced
neoplasia missed by FIT screening and screen-detected advanced neoplasia into one outcome. In
addition, outcomes occurred a mean of 4.25 years after screening participation, and methods were
generally not clearly described (72). Stegeman et al. combined fecal hemoglobin with the following
risk factors; age, gender, smoking status, family history of CRC and calcium intake. They found that
their prediction model stratified better according to risk of advanced adenomas compared with using
a FIT cut-off. They evaluated both discrimination and calibration but did not externally validate their
model. However, this was the only study to directly quantify the reduction in the number of false
positives (73). Cooper et al. presented a model including age, gender, participation in past screening
and fecal hemoglobin to predict advanced neoplasia. Their model was well calibrated but had limited
discriminatory power and had not been externally validated. Sensitivity was higher for their

prediction model than with FIT cut-offs (71).

Overall, these studies suggest a potential for risk stratification using prediction models in FIT

screening; however, this has not been explored in the context of the Danish CRC screening program.

Effect of screening for colorectal cancer on mortality

No trial has compared FIT with no screening (74). A meta-analysis of four RCTs
comparing gFOBT with no screening found a null effect on all-cause mortality (RR=1 (95% CI:
0.99;1.01)) and a 13% reduced CRC mortality (RR=0.87 (95% CI: 0.82;0.92)) after 17 to 23 years of
follow-up. Since this meta-analysis was conducted, a small number of studies have evaluated the
effect of FIT screening on mortality using observational designs (55, 56, 75). In a multinational
European study, Cardoso et al. estimated changes in incidence, stage distribution and mortality of
CRC over time. The study reported CRC mortality in Denmark in 2002-2015 and found an annual
change of -2.3% (95% CI: -2.7;-1.9) for men and -2.5% (95% CI: -3.0;-2.0) for women (56).
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However, this mortality reduction cannot be attributed to screening due to the short period elapsed
since screening was initiated in early 2014. By the end of 2015, no more than half of the target
population would have been invited to participate in screening as the first screening round lasted four
years. The study observed the largest decreases in CRC mortality in countries with the earliest
implementation of screening programs (opportunistic colonoscopy screening in Austria, Germany
and the Czech Republic), less so in countries with later screening implementation (including
Denmark) and least so in countries with no CRC screening (e.g. Norway and Sweden). A major
limitation of this study is its pre-post design, which does not allow the authors to fully account for
the effect of better treatment, etc., over time. In addition, the interpretation of the study is also
hampered by pooling data on various screening modalities across countries and across periods since
screening initiation. Another ecological study compared the development in CRC mortality between
areas with early vs. late FIT screening initiation from 2002 onwards in Italy. They reported a larger
change in the trend of CRC mortality after 2002 with a rate ratio of 0.97 (95% CI: 0.95;0.98) in areas

with early vs. late initiation (75).

In a recent study from Denmark, Njor et al. compared CRC mortality among invited vs. not-yet-
invited persons (55) utilizing the random sequence of birth months for invitations in the
implementation round (2014-2017) of the screening program. The design is therefore specific to the
implementation screening round, and follow-up was limited (median 3.3. years). Njor et al. found a
RR of 0.83 (95% CI: 0.66;1.03) for CRC mortality, and did not estimate the effect on all-cause
mortality. Stratified by sex and age, the largest effect was found for 60-71-year-old men (RR=0.68
(95% CI: 0.49;0.94)). Secondary to their intention-to-treat analysis, they also compared participants
within the invited group to a group of not-yet-invited while adjusting for healthy user bias (using the
RR between non-participants and those not-yet-invited as the correcting factor). This analysis

estimated a RR of 0.71 (95% CI: 0.46;1.08).

Other observational studies, including a study of the effect on mortality of the Danish CRC screening
program, failed to grasp the influence of screening-specific biases (57, 76—80). All of these studies
estimated the effect of screen-detected CRC versus symptom-detected CRC on mortality in patients
who underwent CRC surgery. As mentioned, a comparison of participants with non-participants is
affected by both lead-time bias and length-time bias, and therefore likely overestimates the effect of
screening. The limitations of ecological studies, the non-applicability of approaches comparing
invited and not-yet-invited participants after the implementation screening round, and not least the
bias in comparisons of participants and non-participants warrant new study designs to duly evaluate
the effect of CRC screening on mortality.
16



Study aims

The overall aim of this PhD project is to address issues regarding aspects of participation, risk-
stratification and effect of screening in the Danish colorectal cancer screening program, and thereby
contribute to the international body of evidence relevant for the decision to screen for colorectal

cancer.
The thesis includes four studies, with the following specific aims:
Study I

Aim: to summarize the literature on CRC screening participation among persons with mental

disorders and identify knowledge gaps.
Study II

Aim: to evaluate the association between mental disorders and participation in colorectal cancer

screening, as well as describe trajectories in the screening program after a positive FIT.

Hypothesis: persons with severe and mild/moderate mental disorders participate less in CRC

screening, and the inequality will persist after adjustment for socioeconomic conditions.
Study IIT

Aim: to develop and validate a prediction model incorporating age, gender and fecal hemoglobin to

predict individual risk of CRC in screening participants with a positive test.

Hypothesis: the prediction model will identify more cancers and adenomas and reduce the number of

unnecessary colonoscopies compared with FIT alone.
Study IV

Aim: to evaluate the effect of a positive FIT on all-cause mortality and CRC mortality using the quasi-

experimental regression discontinuity design.

Hypothesis: testing just above the FIT cut-off, and therefore being referred to colonoscopy, will lower

CRC mortality and all-cause mortality compared with those testing just below the cut-off.
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Materials and methods

In Table 1, I provide an overview of the applied study designs, data sources and analysis (excluding

Study I due to its review design). Further details on variable definitions, secondary analysis, etc., are

supplied in Paper II, III and IV.

Table 1 Overview of materials and methods for Study II-1V.

Aim

Study population

Study design

Data sources

Exposures/predictors

Outcomes

Statistical analysis

To evaluate the
association between
mental disorders and
participation in colorectal
cancer screening.

Persons invited from
March 2014 to September
2018.

n=2,036,352

Cohort study

CRC screening database,
Danish National Patient
Register, Prescriptions
Registry, Health Service
Contacts Registry, Danish
Civil Register, Education
Register

Mental disorders

Participation

Trajectories: opting out,
FIT results, colonoscopy
adherence, completeness
Generalized linear models
using pseudo values to
estimate risk differences
and RRs at a fixed time
point.

To develop a prediction
model for risk-based
selection of participants
to undergo diagnostic
colonoscopy.

Persons invited in 2014-
2015 (development) and
2016 (validation) who
had a positive FIT and
colonoscopy. n=56,459
Cross-sectional
prediction study

CRC screening
database,

Danish colorectal cancer
group database

Fecal hemoglobin value,
gender, age

Colorectal cancer,
medium/high-risk
adenomas, low-risk
adenomas

Risk prediction:
Logistic regression
Performance: AUC and
calibration slope.
Validation: Temporal,
persons invited in 2016.

To evaluate the effect of
a positive FIT on all-
cause and CRC
mortality using the
regression discontinuity
design.

Persons invited in 2014-
2019 with an analyzable
FIT 14—<26 ng fHb/g
feces at their first
screening. n=35,353
Cohort study
Regression
discontinuity design
CRC screening
database,

Danish National Patient
Register, Health Service
Contacts Registry,
Danish Civil Register,
Cause of Death
Register, Education
Register, Labour
Classification Module
Fecal hemoglobin value

Mortality, CRC
mortality

Cox regression
estimating hazard
functions on each side
of the cut-off and the
ratio between them.

Abbreviations: AUC=area under the curve, CRC=colorectal cancer, fHb=fecal hemoglobin, FIT=fecal immunochemical

test, RR=relative risk.
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Setting

The Danish CRC screening program was initiated in 2014 and is '
offered biennially to all residents aged 50-74 years. The
implementation round lasted four years until the end of 2017 and |
involved inviting the target population in a randomized order of ¥ 4
birth months, except for individuals entering and leaving the age * 4

range for CRC screening; they had to be invited one month before

their 50™ or 75" birthday at the latest.

Figure 5 Sample tube for the fecal
immunochemical test

Test-kits for home-sampling and an invitation letter are mailed directly to those who are invited to

screening. The administration of the screening program, including invitations, shipment of sample
kits, return of screening results, and booking of colonoscopy, is automated and handled by a central

system owned by the five Danish Regions.

The program uses a FIT of the brand OC sensor from Eiken, Japan, with a 20 pg fHb/g feces cut-off
for a positive screening test. Persons screening positive are referred to colonoscopy within 14 days
according to a national cancer treatment guarantee. Participants with a negative FIT, 1.e. <20 ng fHb/g
feces, are reinvited in the next screening round two years later (38). Persons with a positive FIT, but
a colonoscopy with no findings (called clean colon) will have their next invitation postponed by eight
years (81). This is because a clean colon colonoscopy has been associated with lower odds of CRC

up to ten years after the colonoscopy (odds ratio (OR)=0.23 (95% CI: 0.19;0.27)) (82).

Data sources

Study II, III and IV were register based, utilizing data from existing administrative registries and
clinical quality databases, linked by the central personal registration (CPR) number. Data sources
included the Danish CRC screening database, the Colorectal Cancer Group Database (DCCG), the
Cause of Death Registry, the Danish National Patient Registry (DNPR), the Prescriptions Registry,
the Health Service Contacts Registry, and demographic and socioeconomic data tables from Statistics
Denmark. An overview of the data sources is shown in Figure 6, along with the description of data

retrieved from each source.
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CRC diagnosis

Death, migration, education level, Somatic morbidity,
cohabitation, immigration status mental disorders
Age, gender,
invitation, FIT
result,
colonoscopy,
findings, CRC
diagnosis
CRC as cause Medicine to treat
of death mental disorders

Number of health service
contacts, therapy by
psychologists or psychiatrists

Figure 6 Included data sources and the types of information retrieved.
Abbreviations: CRC=colorectal cancer, DCCG=Danish Colorectal Cancer Group database, DNPR=Danish National
Patient Registry, FIT=fecal hemoglobin test.

Information on all steps of the screening program, i.e. invitation date, FIT
results and colonoscopy findings, is gathered in the Danish CRC Screening
Database from existing registries: the regions’ invitation and administration
module, the DNPR and the Pathology Registry. This clinical quality database is
updated daily from the Civil Registry, and therefore the population included is complete. Together
with colleagues, I validated a sample of the first DNPR data in the CRC screening database, as some
novel procedure codes were implemented with the screening program. We found high validity of the
existing variables, whereas some of the newly implemented screening-specific procedure codes (not
used in this thesis) had lower validity (38). Study populations for Study II-IV were identified in the

CRC screening database.

The DCCQG is a clinical database. It includes all persons with CRC treated at
surgical departments in Denmark. The database has high completeness for
information on patients and cancer diagnosis and treatment at the time of

diagnosis (83). Few diagnoses of CRC may be missing in the DCCG, but these
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diagnoses may be registered in the DNPR and vice versa; thus, I used both to identify CRC cases in

Study III.

The DNPR contains dates, diagnoses and procedures for hospital contacts since
1977 (84). The somatic and psychiatric health systems are reported similarly,
but in separate data sources for research. I used the psychiatric DNPR to
identify persons with a diagnosis of mental disorders, registered at both in-patient and out-patient
contacts. In addition, I used the DNPR to define somatic comorbidity from diagnosis codes registered

at in-patient and out-patient contacts in the somatic health system.

The prescriptions registry contains all prescriptions redeemed at Danish

pharmacies with the Anatomical Therapeutic Chemical (ATC) code for each

medication (85). The Health Service Contacts Registry contains all

contacts paid or subsidized by the state health insurance scheme (39).

Both these registries were used to identify persons in treatment for mental

disorders in Study II, and the overall number of contacts to health practitioners was calculated from

the Health Service Contacts Registry to describe the study population in Study IV.

The Cause of Death Registry includes up to four conditions contributing to
cause of death and up to eight conditions existing at the time of death, as
registered by a physician on the death certificate. Until 2002, causes of death
were coded from death certificates by specialist, trained coders under the
National Board of Health. However, this practice was abandoned to reduce the time lag of data
availability. Now, no central validation is performed as conditions are classified according to the
International Classification of Diseases, 10" edition (ICD-10) codes and submitted digitally by the
individual medical doctor issuing the death certificate (86). Cause-of-death data are considered of
suboptimal quality due to uncertainties in determining a main underlying cause of death (86). To
reduce this problem, I included all levels of codes in the Cause of Death Registry for the definition

of CRC death in Study IV.

Potential confounders in Study II and population characteristics in Study IV
were retrieved from socioeconomic registries maintained by Statistics
Denmark. Data tables included: Demography, Vital status and migration,
Education, and the Labour Classification Module. These registries are all
highly complete national administrative registries (39). However, the datasets are created for persons

alive and residing in Denmark at a specific date, e.g. 31% of December for the Education register.
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Therefore, persons who died during a specific year will not be in that year’s dataset, and I therefore

used data from the previous year.
Study designs

Study II-IV concern different stages and study populations in the screening program, as outlined in
Figure 7. This shows how the target population is invited, and it shows various trajectories through
the screening program. Participation can lead to a positive (>20 pg fHb/g feces), negative or
inconclusive FIT result. In case of a positive FIT result, the participant is referred to colonoscopy,
where the colon is examined for abnormalities. If the FIT is negative, the participant will be re-invited

in the next screening round.

STUDY Il STUDY 1

-
----------------------------------------------------------------- » B
STUDY IV -

Figure 7 Study designs related to the flow of the screening program

Study II concerns participation among all persons invited to screening, Study III concerns findings
among persons undergoing colonoscopy, and Study IV follows participants to estimate mortality. We
updated the dataset during the project period, and therefore the study cohorts are included from
different time periods. Descriptions of each study design follow below, including the methods used

to conduct the review of existing literature in Study .
Scoping review

Study [ was conducted as a scoping review, which is a relatively new type of review
that until recently had no universal definition or methodology (87). In 2015, Peters et al. published a
guide to conduct scoping reviews, which are especially useful when a topic has not previously been
subject to a comprehensive review and if the body of literature is heterogeneous and therefore not
suited for systematic review (87). We aimed to map all types of available evidence and identify gaps
in the existing literature. In 2018, Tricco et al. published an extension to the systematic review

guidelines, developed by international experts: the Reporting Items for Systematic Reviews and
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Meta-analyses: extension for scoping reviews (PRISMA ScR) (88). We adhered to these guidelines
in the reporting of Study I (9).

Broad searches in different databases were conducted by one author to identify papers for review, see
details in Paper I. Studies on participation in CRC screening among persons with mental disorders
were included for review, and we excluded studies on persons with intellectual and developmental

disabilities and dementia.

Scoping reviews often include all studies on a subject, irrespective of their quality, and therefore
quality assessment is not a requirement in a scoping review (87). However, we assessed the quality
of the included studies using the Joanna Briggs Institute’s (JBI) critical appraisal tool (89). The tool
consists of questions related to, e.g., recruitment and sampling, exposure and outcome definitions,
confounding and statistical methods. The quality assessment was independently performed by two

authors and any discrepancies were resolved among us.

Cohort study on mental disorders and participation

Study II is a cohort study including all residents invited to the Danish CRC
screening program from March 2014 to September 2018. Some studies on CRC screening
participation have not accounted for censoring or competing risk throughout follow-up (45, 90, 91).
However, as it is well-documented that persons with mental disorders have a high excess mortality
(92, 93), we therefore included all invited persons and used a regression model taking censoring from

emigration and competing risk from death into account.
Mental disorders

We defined severe mental disorders as any hospital discharge diagnosis of schizophrenic disorders,
psychosis, mania and bipolar disorders, depression, anxiety, obsessive compulsive disorder, stress-
related disorders, somatoform disorders, eating disorders, and attention-deficit disorders or >2
prescriptions for antipsychotic medications according to codes specified in supplementary Table 1
for the paper. Mild/moderate mental disorders were identified by >2 psychologist/psychiatrist therapy
contacts or >2 prescriptions of antidepressive or anxiolytic medications. Each person’s main exposure
was categorized according to the most severe disorder assessed in the five years preceding screening

invitation.
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Outcomes

Participation in CRC screening was defined as having a date for a registered FIT result in the
screening database. To study trajectories after participation, we included the following outcomes:
degree of opting out (permanently or temporarily), FIT results, non-analyzable tests (if there was no

subsequent positive/negative FIT test), colonoscopy adherence, and completeness of colonoscopy.

Confounders

To determine which confounders to adjust for, I mapped the relation between mental disorders and

screening participation in a directed acyclic graph (DAG), see Figure 8.
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Living alone

Figure 8 Directed acyclic graph of the relation between mental disorders and participation in screening.
Made using daggity.net.

I considered demographic and socioeconomic conditions in addition to somatic comorbidity as
potential confounders. Following Bambra’s 2011 paper on social inequalities, I focused on absolute
disadvantage (e.g. low income, and none or low education) instead of gradients of inequality (e.g.,
years of education) for socioeconomic conditions (94). Assuming that age, being an immigrant and
low education level affect both the risk of mental disorders and screening participation, while
unemployment, low income and living alone were descendants of low education and mental disorders,
I specified an adjustment set consisting of: age, education level, immigration status and somatic

comorbidity.

A prediction model for risk stratified screening

Study III included those who had a positive FIT (>20 pg fHb/g feces) and

underwent colonoscopy thereafter among all persons invited to screening in March 2014 to December
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2016. We developed a model predicting the findings of CRC and adenomas to risk stratify the

selection to colonoscopy.

As predictors, we included age, gender and fecal hemoglobin value; information that is all currently

available in the screening program, so no further data collection was needed for the prediction model.

Conducting prediction studies is a sub-discipline within clinical epidemiology, with its own
terminology and quality guidelines. The methods applied relied on the 2009 series of articles on
“Prognosis and Prognostic research™ in the British Medical Journal (95-97), the 2015 TRIPOD
statement (“Transparent reporting of a multivariable prediction model for individual prognosis or
diagnosis®) (69), and papers by Steyerberg & Vergouwe (98) and Steyerberg et al. (99). These
methodological papers stress the need to evaluate the performance of a prediction model by both
discrimination and calibration, which is conducted through comparisons of the predicted vs. the true

outcomes.

The regression discontinuity design to estimate mortality after screening

Study IV included those among persons invited to screening in March 2014 to
December 2019 who participated with an analysable FIT. We restricted the main analysis to persons
who had a FIT result in a narrow range around the cut-off (17—<23 ng fHb/g feces). In addition, we
explored using a wider fecal hemoglobin range (14—<28 pg fHb/g feces). The end of follow-up was
2020 for all-cause mortality and 2019 for CRC mortality due to limited data availability. Accordingly,

we had four study populations; one in each range for both all-cause mortality and CRC mortality.

We used the regression discontinuity design (RDD) to evaluate the effect on mortality of having a
positive FIT and being referred to colonoscopy. The RDD has been widely used in economic research;
but while the design is underutilized in epidemiology, it holds great potential for causal estimation
(100). The RDD is a quasi-experimental design, i.e. a method that makes use of a mechanism resulting
in randomized assignment of an exposure or intervention. With the RDD, the intervention is not
randomly assigned by the investigators like in a RCT but by measurement variation around the cut-
off of a continuous variable. Thus, the RDD can be used when a cut-off is applied to a continuous
measure (here fecal hemoglobin) to determine whether to offer an intervention (here colonoscopy) or

not.

Statistical analyses

A summary of the statistical analyses in each study is provided below, and further details are included

in Paper II, III and IV.
26



The pseudo observations method for longitudinal data

I estimated absolute differences and ratios for participation (yes=1, no=0) using the
pseudo observations method to handle competing risk from death (101). I first computed pseudo
values for the cumulative incidence function with competing risk and then included the pseudo values

as outcomes in generalized linear equations to estimate absolute differences and ratios of participation

(101).

In all analyses, I compared outcomes in persons with and without mental disorders with “no mental
disorders” as the reference. The cumulative incidence was adjusted for age, education level,
immigration status and somatic comorbidity. All analyses were stratified by gender. To describe
differences in trajectories after participation, I calculated proportions of participants with 1) positive,
negative or non-analyzable FITs, 2) persons with positive FITs who underwent colonoscopy within

60 days and 3) colonoscopies that were incomplete.

Logistic regression to develop a prediction model

I included age, gender and fecal hemoglobin level in logistic regression models to
estimate ORs of CRC and advanced neoplasia. I evaluated the linear fit of the continuous variables
(age and fecal hemoglobin values) with restricted cubic splines. Fecal hemoglobin values were
truncated above 200 pg fHb/g feces which is the maximum measured FIT value. Therefore, the fecal

hemoglobin value did not have a linear fit, and I included fecal hemoglobin as a categorical variable.

I also evaluated interactions among the three variables by including an interaction term in the
regression analysis. Spline and interaction terms were evaluated using a Wald test of the null

hypothesis for each expansion (with a limit of 5% type 1 error).
Prediction model quality and performance

Prediction model performance was evaluated by discrimination and calibration. Discrimination
describes the ability of a model to assign a higher risk to persons with disease than to disease-free
persons. Model calibration assesses the accuracy of predicted probabilities compared with observed
outcomes, such as whether 10% of those with 10% predicted risk had the outcome (96).
Discrimination and calibration can be assessed in the original dataset for development purposes;
however, the performance of prediction models should also be validated externally. This can, e.g., be
done in a study cohort from another country or from a separate medical center. Such a data resource
was not available for Study III, but I conducted a temporal validation, which is considered an

intermediate between an internal and an external validation (97, 102). Thus, I divided data into two

27



datasets of participants invited in 2014-2015 (development dataset) and 2016 (temporal validation
dataset).

To compare the ability of the prediction model to risk stratify participants, I calculated the predicted
risk of CRC and advanced neoplasia for each person. As the study population included only those
who had a positive FIT, we compared the two risk cut-offs with a FIT cut-off using a hypothetical
scenario in which the number of colonoscopies was reduced corresponding to the colonoscopies
initially anticipated based on 5.2% positive FITs (103). Findings of no abnormalities, low-risk
adenomas, medium/high-risk adenomas and CRCs were compared between the risk cut-offs and FIT

cut-off.

Cox regression with a discontinuity

The RDD rests on the assumption that individuals with values immediately below
or above the cut-off are randomly distributed to either side because of random variability in the FIT
measurement  (104). Both observed and
unobserved variables (confounders) should also
be randomly distributed and the groups should /} R

thus be exchangeable. To test this assumption for

observed variables, I calculated proportions of

age, gender, employment, education and health

service contacts among persons with FIT results

on each side of the cut-off in the two ranges. Figure 9 Discontinuity in mortality rate caused by the cut-off of
a continuous variable (fHb) prompting intervention

If being referred to colonoscopy has an effect, a discontinuity in mortality will appear at the 20 pg
fHb/g feces cut-off as those with values immediately above the cut-off have been referred to
colonoscopy and those with values immediately below have not. The effect estimated is a local effect

of the 20 pg fHb/g feces cut-off, i.e. of screening just above vs. below the cut-off.

I calculated survival time for each participant from the date of the FIT result to the date of death,
censoring by emigration or end of follow-up (31 December 2019 for CRC mortality and 31 December
2020 for all-cause mortality). Using Cox regression, we estimated a hazard ratio (HR) at the 20 ug
fHb/g feces cut-off. We calculated the effect using the following parameterization of the hazard

function h:

log(R(Y12)) = Bo + B1(Z — ) + Balzse) + Ba(Z — ) 1zse
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where Z denotes the fecal hemoglobin values, Y is the outcome, ¢ is the cut-off (20 pug fHb/g feces),
B1 is the slope of the line below the cut-off, B1 + B3 is the slope of the line above the threshold and
B2 estimates the effect of the screening, as it is the difference of the intercepts of the two slopes and
thus the discontinuity (HR) due to being referred to colonoscopy vs. not being referred to

colonoscopy.

As an approximation of the absolute effect, I multiplied the observed rates of all-cause and CRC
mortality just below the FIT cut-off per 1,000 person years by the estimated HRs. This provided an
estimate of the rate of deaths avoided for those screening positive instead of negative. The 1,000
person years were divided by this rate to report the number of persons screening positive per year for

each death avoided.

In a sensitivity analysis, I conducted a negative control exposure analysis (105) in which the RDD
analysis was repeated for cut-offs expected to produce null results. I applied 15 and 25 pg fHb/g feces
cut-offs within a narrow range (12—<18 and 22—<28, respectively). A discontinuity should not be seen

at these cut-off values as they do not determine colonoscopy referral.
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Results

Results from the four studies are summarized below, and full versions of the results can be found in

Paper I-1V.

Review on mental disorders and participation

We included 17 studies in our scoping review of the literature on mental disorders
and participation in CRC screening (Table 2). Of the included studies, 12 were from North America
(USA and Canada), four were from Asia (South Korea, China, Japan), one was from Australia and
two were from Europe (England and multinational). We found a lack of large studies offering precise
estimates. Many of the existing studies were small and/or had a risk of bias from self-reported
information on mental disorders and/or screening participation. The majority of the studies were from
opportunistic screening programs or programs using the gFOBT stool test. Evidence from organized

screening programs and/or universal health systems was scarce (9).
The study is published in Paper I, and we concluded:

“This scoping review indicates that persons with severe mental illness participate less
in CRC screening compared to the background population. For common mental illness, the pattern
of participation is less clear and there were few robust studies. The included studies pointed both
towards lower and higher participation among persons with depression or depressive symptoms, and

the results for persons with anxiety were imprecise.”

MD Jorgensen, EM Mikkelsen, R Evichsen, MK Thomsen: Mental illness and
participation in colorectal cancer screening: a scoping review, p. 7. Scandinavian

Journal of Gastroenterology 2022 (9).

Table 2 Study characteristics and results of papers in scoping review. Condensed and adapted from Paper I (9).

Descriptive cross-sectional studies

Friedman et al. 2004, USA Self-reported: major depression, Participated: 35%
bipolar disorder, anxiety,
schizophrenic disorder

Low-income female
psychiatric patients >50

years (N=77) Self-reported: stool test

Inagaki et al. 2018, Japan Register diagnosis: schizophrenia  Participated: 13.4% (6.6%;20.2%)
Patients at a psychiatric diagnosed by current primary

medical center (N=97) psychiatrist
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Xiong et al. 2008, USA

Patients at health clinics
(N=68)

Register data: FIT
Register diagnosis: unspecified

Self-reported: stool test, FS or
colonoscopy

Analytic cross-sectional studies

Browne et al. 2019, USA
Veterans (N=4,461,247)

Fujiwara et al. 2017, Japan
Patients at a psychiatric
medical center (N=224)

Hategekimana et al. 2016,
Canada
(N=11,386)

Kearns et al. 2018, England
Yorkshire Health Study
(YHS, N=7,330)

English Longitudinal Study
of Ageing (ELSA, N=6,105)

Kodl et al. 2010, USA

Veterans 50 to 75 years old
(N=855)
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Register diagnosis: depression,
post-traumatic stress disorder
(PTSD), anxiety, serious mental
disorders (bipolar or
schizophrenia), substance abuse

Register data: stool test, flexible
sigmoidoscopy (FS) or
colonoscopy

Register diagnosis: schizophrenia
Self-reported: FIT
Adjusted for age

Self-reported: self-perceived
mental health status at baseline

Self-reported: gFOBT or FIT
depending on state of residency

Adjusted for age, gender, race,
immigration status and education

Self-reported: depression and
anxiety

Self-reported: gFOBT

Adjusted for age, gender, ethnicity
and other chronic conditions

Register diagnosis: unipolar or
bipolar depression, PTSD,
psychosis, anxiety and substance
abuse

Self-reported and register data:
stool test, FS, double-contrast
barium enema or colonoscopy

Never participated: 56%

No mental disorders: 82.2%
Depression: 83.0%

PTSD: 85.1%

Anxiety: 81.5%

Serious mental disorders: 76.0%

Substance abuse: 77.0%

General population: 40.7%
Schizophrenia: 25.1%

Poor mental health: 30.5%

ORs for participation, vs. poor
mental health:

Fair: 1.61 (0.81;3.19)
Good: 1.30 (0.72;2.31)
Very good: 1.53 (0.86;2.72)
Excellent: 1.53 (0.86;2.71)

ORs for non-participation vs.
persons with no long-term condition
(including somatic):

Anxiety: YHS 1.13 (0.90;1.42),
ELSA 0.95 (0.65;1.40)

Depression: YHS 1.40 (1.11;1.76),
ELSA 0.98 (0.69;1.41)

No mental disorders: 46.9%

ORs for participation vs. no mental
disorders':

Any mental disorders: 0.97
PTSD: 0.69

Depression: 0.43
Psychotic disorder: 0.41



Mo et al. 2014, China, Hong
Kong

Patients at community
mental health services
(N=236)

Peytremann-Bridevaux et
al. 2008, Europe (Austria,
Denmark, France,
Germany, Greece, Italy, the
Netherlands, Spain,
Sweden, and Switzerland,
N=18,560)

Shin et al. 2020, South
Korea

Persons >50 years (2006:
N=5,170,132, 2015:
N=13,202,307)

Siantz et al. 2016, USA

Survey respondents >50
years with a screening
recommendation from their
doctor (N=15,355)

Yee et al. 2011, USA

Female veterans aged 50-65
years (N=606)

Adjusted for demographic factors
and out-patient visits

Self-reported: schizophrenia,
depression and bipolar disorder

Self-reported: stool test, FS,
colonoscopy, double contrast
barium enema or CT
colonography

Self-reported: depressive
symptoms

Self-reported: FS or colonoscopy

Adjusted for sociodemographics,
smoking, alcohol, chronic
diseases, function level and
country

Register diagnosis: disability due
to mental disorders

Register data: stool test

Self-reported: Mental disorders in
the past 12 months

Self-reported: stool test, FS or
colonoscopy

'Adjusted for sex, age and
race/ethnicity

The above, health literacy,
access, and self-rated health

Register diagnosis: anxiety,
depression, dissociative
symptoms, eating disorders,
impulse control disorders, manic
symptoms, personality disorders,
psychosis, substance abuse,
somatoform disorders

Register data: stool test, FS or
colonoscopy

Adjusted for age, service
connection, insurance, visits to
primary care/health clinics

Anxiety: 0.54
Substance use: 0.54
Mental disorders: 21.6%

ORs for participation vs. persons
with schizophrenia:

Depression: 3.42 (1.52;7.70)
Bipolar disorder: 3.71 (1.01; 17.07)

No depressive symptoms: 16.8%

OR for participation for persons
with depressive symptoms vs.
without: 1.3 (1.1;1.6)

No disabilities: 2006: 16.5%, 2015:
33.8%

OR for participation among persons
with mental disorders vs. no
disabilities: 0.78 (0.77;0,79).

No mental disorders: 21.7%

OR for participation among person
with mental disorders vs. without:

0.97 (0.70;1.37)!
0.89 (0.63;1.25)?

No mental disorders: 70%

OR for participation among persons
with mental disorders vs. without:

0.85 (0.56;1.28)
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Cohort studies

Aggarwal et al. 2008, USA
(N=79,991)

Bhatia et al. 2021, Canada
(N=4,782,718)

Tuesly et al. 2019, Australia
(N=760,058)

Yarborough et al. 2017,
USA
(N=92,445)
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Self-reported: depressive
symptoms

Self-reported: stool test, lower
endoscopy or double-contrast
barium enema

Adjusted for sociodemographics,
CRC family history, alcohol,
comorbidities and having a
primary care provider

Register diagnosis: major mood
disorders or psychotic disorders

Register data: gFOBT, FS or
colonoscopy

Adjusted for sex, migration status,
income, rural residence, primary
care model, care visits, and time
of screening launch

Prescription registry:
schizophrenia or bipolar disorders

Register data: stool test

Adjusted for age, gender, state
and general practitioner visits

Register diagnosis: psychotic
disorder or non-psychotic unipolar
depression

Register data: gFOBT, FIT,
colonoscopy, dual contrast barium
enema, or FS

Overall participation: 53%

Risk difference in participation
among persons with depressive
symptoms vs. without: 0.2%-points
(-0.07;1.1)

HR for participation among persons
with mental disorders vs. no chronic
conditions:

0.88 (0.87;0.88)

IRR for participation among persons
with mental disorders vs. without:
0.90 (0.86;0.94)

HRs for participation among
persons with mental disorders vs.
without:

Psychotic disorder: 1.05 (0.88;1.25)
Depression: 1.18 (1.09;1.28)



Mental disorders and colorectal cancer screening participation

Overall, 54.6% of men and 63.3% of women participated in CRC screening within
90 days of invitation. We estimated participation differences (PDs) and participation ratios (PRs).
Men with mild/moderate mental disorders had 4.4 percentage points (95% CI: 4.1;4.7) and men with
severe mental disorders had 13.8 percentage points (95% CI: 13.3;14.3) lower participation than men
without mental disorders when adjusted for age, comorbidity, education level and immigration status
(PDs, Table 3). On a relative scale, this corresponded to 8% lower and 27% lower participation than
men without mental disorders (PRs 0.92 (95% CI: 0.91;0.92) and 0.73 (95% CI. 0.72;0.73),
respectively). Even though women had higher overall participation than men, the differences in
participation according to mental disorders exposure were similar. Thus, women with mild/moderate
mental disorders had 3.8 percentage points (95% CI: 3.6;4.1) and women with severe mental disorders
had 15.4 percentage points (95% CI: 14.9;15.8) lower participation than women with no mental

disorders.

Table 3 Participation proportions, risk differences and relative risks after 90 days, by mental disorder category

PD (95% CI) PR (95% CI)
Crude Adjusted Crude Adjusted
Participation
Mental disorders (95% CI) (95% CI) (95% CI) (95% CI)
Men
No o
(reference) 26.0% 0 0 ! !
Mild 50.6% -5.4% -4.4% 0.91 0.92
/moderate e (-5.7;-5.0) (-4.7;-4.1) (0.90; 0.91) (0.91; 0.92)
-18.1% -13.8% 0.68 0.73
0
Severe 37.9% (-18.6:-17.7)  (-143;-133) | (0.67;0.69)  (0.72;0.73)
Women
No
65.1% 0 0 1 1
(reference)
Mild 60.5% -4.7% -3.8% 0.93 0.94
/moderate 70 (-4.9;-4.4) (-4.1;-3.6) (0.93:0.93)  (0.94; 0.94)
-18.2% -15.4% 0.72 0.75
S 46.99
evere o (-18.6:-17.8)  (-15.8;-14.9) | (0.72;0.73)  (0.75;0.76)

Adjusted for: Age group, comorbidity, education, being an immigrant
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When looking at subtypes of severe mental illness, the lowest participation proportions were observed
among persons with schizophrenic and psychotic disorders among both men and women. For men,
participation was 17.6 to 19.5 percentage points lower among persons with schizophrenic disorders
or depression and 10.1 to 12.3 percentage points lower among persons with other severe mental
disorders than among men with no mental disorders. For women, the estimates ranged from PD=-
19.2% (95% CI: -19.9;-18.6) for persons with schizophrenic disorders to PD=-5.8% (95% CI: -

11.9;0.3) for anxiety and 1< other severe mental disorder (see further details in Paper II).

Trajectories through the screening program were also affected by mental disorders (Figure 10).
Among persons who participated within 90 days, the proportion of positive FITs was 6.6% among
persons with no mental disorders, 7.7% among persons with mild/moderate mental disorders and
8.9% among persons with severe mental disorders. Likewise, more tests were non-analyzable among
persons with mental disorders (0.14% and for mild/moderate and 0.24% for severe) than among

persons with no mental disorders (0.08%).

Exposure Participation FIT result Colonoscopy
within 90 days within 60 days
Negative:
93.3%
No mental 93.1%
disorders 60.4% Positive: 6.6%
n=1,694,951 Incomplete:
. h 70 Not analyzable: 6.8%
Opted out: 2.7% 0.08%
Negative:
A 922%
Mild/moderate 90.2%
mental disorders > 57.6% ~——» Positive: 7.7%
n=244,530 N l Incomplete:
Opted out- 3.5% “4 Not analyzable: 10.3%
pted out: 3.5% 0.14%
Negative:
90.9%
Severe ¥ 87.80/0
mental disorders > 42.9% » Positive:8.9%
n=96,871 Incomplete:
) N Not analyzable: 14.9%
Opted out: 3.8 % 0.24%

Figure 10 Trajectories throughout the screening process for persons with versus without mental disorders
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Persons with mild/moderate and severe mental disorders had lower adherence to colonoscopy (90.2%
and 87.8%, respectively, vs. 93.1%), and their colonoscopies were more often incomplete (10.3% and
14.9%, respectively, vs. 6.8%) due to either poor bowel emptying before the procedure or pain,
unpassable turns, etc., than among with persons with no mental disorders. The degree of colonoscopy
completeness was also less often registered for persons with mental disorders (7.7% and 8.3%,

respectively) than for persons with no mental disorders (6.6%).

Predicting colorectal cancer for risk-stratified screening

In Study III, I developed prediction models for CRC and advanced neoplasia
including age, gender and fecal hemoglobin (106). Women had lower odds of colorectal cancer than
men in the crude analysis, but not in the full model which included all three variables (Table 4). When
combining medium-risk and high-risk adenomas with CRC in the outcome advanced neoplasia,
women had considerably lower odds than men (full model OR=0.64 (0.61;0.67)). Age had a linear
relationship with CRC and advanced neoplasia. Fecal hemoglobin strongly predicted both CRC and

advanced neoplasia (106).

Table 4 Logistic regression models predicting colorectal cancer or advanced neoplasia (106).

Crude Full model Crude Full model
Gender
Men (ref.) 1 1 1 1
Women 0.83 (0.76;0.91) 0.96 (0.87;1.06) 0.60 (0.58;0.63) 0.64 (0.61;0.67)

Age (continuous) 1.05 (1.05;1.06) 1.05 (1.05;1.06) 1.03 (1.03;1.04) 1.03 (1.03;1.03)
Fecal hemoglobin, ng fHb/g feces

20-29 (ref)) 1 1 1 1
30-44 1.37 (1.09;1.73) 1.36 (1.08;1.72)  1.35(1.25;1.46)  1.34(1.24;1.45)
45-79 1.86 (1.49;2.31) 1.83 (1.43;2.28)  1.65(1.53;1.78)  1.64 (1.52;1.77)
80-199 3.26 (2.66;4.00) 3.23(2.62;398) 233 (2.16;2.51)  2.32(2.15:2.51)
200- 9.17 (7.61;11.06)  9.08 (7.51;11.00)  4.32 (4.01;4.64)  4.25(3.95:4.58)
Constant® - 0.01 (0.01;0.01) - 0.22 (0.20;0.24)

*Age centered at 50 years. Abbreviations: fHb= fecal hemoglobin, OR=0dds ratio, ref=reference.

The model predicting CRC had discriminatory performance with an AUC=75% (95% CI:74;76), and
the model predicting advanced neoplasia had an AUC=67% (95% CI:66;68), Figure 11. The models

had similar AUCs in temporal validation and were well calibrated (106).

37



Model predicting Colorectal Cancer Model predicting Advanced Neoplasia
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AUC=74.96 (95% CI:73.90;76.03) AUC=67.07 (95% CI:66.48;67.66)

Figure 11 Receiver-operator-characteristic (ROC) curves for models predicting colorectal cancer and
advanced neoplasia (development dataset) (106).

I conducted the comparison using a risk cut-off to select participants to undergo colonoscopy using
FIT alone. The proportion of positive FITs expected by health authorities at initiation of the screening
program (5.2% (103)) corresponded to an approximate 24% reduction in the number of

colonoscopies, equal to a FIT cut-off at 33.4 ug fHb/g feces. This was used as the reference.

Table 5 Comparison of colonoscopy findings using FIT cut-offs vs risk cut-offs per 10,000 individuals with a FIT >20
ug Hb/g feces and colonoscopy (100).

Medium/high-risk

Colonoscopies CRC Low-risk adenomas
adenomas
Increase, n Increase, n Increase, n
n n n n

Ratio (95% CI) Ratio (95% CI) Ratio (95% CI)
FIT cut-off, 7,555 | 548 ref. 2,429 ref. 908 ref.
33.4 pg Hb/g 1
Risk cut-off, 7,554 | 566 118 2,453 124 929 121
CRC? 1.03 (1.02;1.05) 1.01 (1.01;1.01) 1.02 (1.01;1.03)
Risk-cut-off, 7,577 | 558 110 2,508 179 955 147
AN? 1.02 (1.01;1.03) 1.03 (1.03;1.04) 1.05 (1.04;1.07)

*Medium-risk and high-risk adenomas. "Logistic regression models predicting risk of CRC or AN from age, gender and
fecal hemoglobin. Cut-off CRC risk 2.13475%, and AN risk 24.12302%.
Abbreviations: AN=advanced neoplasia (medium/high-risk adenomas combined with CRC), CRC= colorectal cancer.

Compared with the 33.4 ug fHb/g feces FIT cut-off, the CRC risk cut-off identified 18 more CRCs

and 24 more medium/high-risk adenomas (Table 5). This is a relative increase of 1.03 (95% CI:
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1.02;1.05) more CRCs and 1.01 (95% CI: 1.01;1.01) more advanced neoplasia for a similar number
of colonoscopies. An additional 21 low-risk adenomas would be identified; a relative increase of 1.02
(1.01;1.03). The model predicting advanced neoplasia identified 10 more CRCs, 79 more
medium/high-risk adenomas and 47 more low-risk adenomas than the FIT cut-off (106).

Effect of FIT screening on mortality

In Study IV, we used the RDD to estimate the effect of FIT screening on mortality.
The study included 16,428 persons to estimate all-cause mortality in the narrow fecal hemoglobin
range. Median observed person time was 4.4 years, with maximum 6.8 years. During follow-up, 1,140
deaths occurred. The distribution of study population characteristics was similar across the 20 pg

fHb/g feces cut-off in both ranges, as is depicted in Figure 12.

The HR comparing all-cause mortality immediately above with all-cause mortality immediately
below the cut-off was 0.87 (95% CI: 0.69;1.10); estimated from the narrow fecal hemoglobin range.
The effect on all-cause mortality was similar in the wide range, but with a slightly more precise CI

(HR=0.88 (95% CI: 0.75;1.07)) due to more than double the number of deaths (n=2,363).

m 17-<20pg fHb/g feces 20—<23 pg fHb/g feces

Women

<55 years

55-59 years
60-64 years
6569 years
70-75 years

Tertiary education
Secondary education
Primary education

Missing or unkown education

Self-employed

Employee

Unemployed

Pension, disability pension

"Other" employment status
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Figure 12 Proportions (%) of study population characteristics below versus above the 20 ug fHb/g feces
cut-off, narrow range all-cause mortality study population.

For CRC mortality, too few deaths occurred in the narrow range, but the HR was 0.49 (95% CI:

0.17;1.41) in the wide range. Figure 13 and Figure 14 show these regression functions graphically
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with 95% Cls (dotted lines). The bold dashed line shows the >20 ng/g feces cut-off, and the light

dashed lines show data ranges to fit the model.
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Figure 13 Regression discontinuity plot of all-cause mortality by fecal hemoglobin value, narrow range.
The discontinuity in the hazard functions appears at the 20 pg fHb/g feces cut-off. The functions were
fitted to all fecal hemoglobin data points within each range; however, the filled circles depict
mortality rates per 1,000 person years calculated for each fecal hemoglobin value rounded down to

nearest integer and are included for comparison.
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Figure 14 Regression discontinuity plot of CRC mortality by fecal hemoglobin value.
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At 19 pg fHb/g feces (rounded), just below the cut-off, observed rates of death were 17.3 per 1,000
person years for all-cause mortality and 0.52 per 1,000 person years for CRC mortality. As an
approximation of the absolute effect, I estimated that one death of all causes per 444 persons per year
and one CRC death per 4,000 persons per year were avoided for those referred to colonoscopy as they

screened positive instead of negative.

In sensitivity analysis, analytically changing the cut-off to 15 and 25 pg fHb/g feces led to less well
balanced study population characteristics across the cut-off. Persons above the cut-offs were slightly
more often men, in the oldest age groups, had a tertiary education and lower health service utilization
than those below the cut-off. The HRs for all-cause mortality were 0.96 (95% CI: 0.79;1.17) for the
15 cut-off and 1.13 (95% CI: 0.86;1.50) for the 25 cut-off . The analysis for CRC mortality included
60 and 15 deaths for the 15 and 25 cut-offs, respectively, with HRs of 1.51 (95% CI: 0.52;4.38) and
0.56 (95% CI: 0.06;4.84), respectively.
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Discussion
Main findings

In Study I, we reviewed the existing literature on the participation of persons with mental disorders
in CRC screening. The identified studies were predominantly from opportunistic screening programs
in the USA and Asian countries. All included studies found lower participation among persons with
severe mental disorders; however, the pattern was less clear for persons with mild/moderate mental
disorders. Gaps in current evidence include lack of large e.g. register-based and/or population-based
studies, not sufficiently precise results, and few studies have been conducted on FIT-based screening

programs and organized as opposed to opportunistic screening programs (9).

In Study II, we compared the participation of persons with and without mental disorders in the Danish
CRC screening program. Overall, participation was 54.6% among men and 63.3% among women.
Men and women with mild/moderate mental disorders and severe mental disorders had lower
participation than men and women without mental disorders. Persons with schizophrenic disorders
had the lowest participation in CRC screening, but participation was lower for all categories of mental
disorders than for persons with no mental disorders. Trajectories throughout the screening program
were also affected; compared with persons with no mental disorders, persons with mental disorders
had a higher proportion of both positive and non-analyzable FITs as well as a lower adherence to

colonoscopy, and their colonoscopies were more often incomplete.

In Study III, we developed models predicting the risk of CRC or advanced neoplasia from data on
age, gender and fecal hemoglobin values. The CRC model identified more CRCs than the advanced
neoplasia model, and the advanced neoplasia model identified more adenomas than the CRC model.
With existing data, risk-stratified FIT screening using a risk cut-off instead of a FIT cut-off may

slightly improve selection to colonoscopy of those at highest risk of cancer and adenoma (106).

In Study 1V, we estimated the local effect of being referred to colonoscopy for persons with fecal
hemoglobin values around the cut-off for colonoscopy. The estimated effect was a HR=0.87 (95%
CI: 0.69;1.10) for all-cause mortality and a HR=0.49 (95% CI: 0.17;1.41) for CRC mortality. Both
estimates have broad Cls; and especially for CRC mortality, the number of outcomes for persons in
the relevant fecal hemoglobin ranges was limited. Precision may increase with longer follow-up time

and more screening rounds.
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Results in the context of other studies

Mental disorders and participation in colorectal cancer screening

Compared with the results summarized in Study I and the results in the review by
Solmi et al. (60), we were able to provide more precise estimates in Study II due to a large sample
size. Like the studies included in Study I, we also found lower participation in CRC screening among
persons with severe mental disorders; however, various effect measures were used, and we therefore
cannot perform a direct comparison of estimates. We found lower participation for all subtypes of
hospital-diagnosed mental disorders and for disorders such as depression and anxiety which had
ambiguous results in some other studies (9). For persons with common mental disorders, our scoping
review reported ambiguous results; the review by Solmi et al. reported no association (9, 60). In Study
II, however, we found lower participation among persons with mild/moderate mental disorders than
among persons with no mental disorders. Our definition of mild/moderate mental disorders relied on

treatment, whereas other studies used register-based diagnoses or self-reported information (9).

Risk-stratification in fecal immunochemical test screening

Shortly after the publication of Study III, a scoping review of risk-stratified CRC
screening was published by Cairns et al. (107). This review found 13 studies examining the diagnostic
findings using a risk-stratified method compared with FIT alone. They found overall that “Risk
models do appear to show promise in refining existing risk stratification guidelines but most were not
externally validated and less than half achieved good discriminatory power” (107, p. 1). Less than
40% of the included studies reported discrimination for their prediction model. Measures of
discrimination and calibration are needed to assess the validity of a prediction model and to enable

comparisons between models (69).

I found only one study, by Cooper et al., directly comparable to Study III. Like our study, they derived
a prediction model from information available in the screening program using data from persons with
a positive FIT, and they evaluated performance according to both discrimination and calibration (71).
Like our study, they concluded that risk-stratified screening was superior to the FIT cut-off in
selecting persons for colonoscopy. However, they predicted the risk of advanced neoplasia and
included former screening participation as a fourth variable in their prediction model. Their model

had an AUC of 66%; similar to our model in predicting advanced adenomas (67%).

A study from the Netherlands was not directly comparable to ours as all persons underwent

colonoscopy irrespective of their FIT result. The study included 1,011 persons, and the derived model
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predicting advanced neoplasia was not superior to FIT alone as AUCs were 0.71 (95% CI: 0.65;0.78)
for the risk model vs 0.69 (95% CI: 0.63;0.75) for FIT alone (108).

The predictive performance of the models may be improved through inclusion of additional
predictors. However, others found that neither self-reported data on family history of CRC (109) nor
lifestyle factors (73) improved the AUCs of their prediction models. On the other hand, models
including clinical data from health care records reported a high AUC of 86% (110), and a model
including fecal microRNA had an AUC of 90% (111).

The effect of fecal immunochemical test screening on mortality

The RDD was applied by Kadiyala & Strumpf to estimate screening coverage and
CRC detection at the threshold starting age for screening programs in the USA and Canada (112,
113), but no other study has estimated the effect of FIT screening on mortality using the RDD. As the
effect estimated using this design is local, i.e. it falls around the cut-off for colonoscopy referral, only
results from studies using the same design could be interpreted in a similar way. In addition, previous
observational studies using other designs reported RRs, whereas we estimated a HR. The two effect
measures do not have the same interpretation, and they are not comparable in magnitude. If the RR
is the reduction in the cumulated risk of death after follow-up until time t, the HR is the reduction in

the instantaneous risk of death at time ¢, given that the person survived until time 7 (114).

Thus, the existing literature offers no estimates directly comparable to ours for all-cause mortality
(HR=0.87 (95% CI: 0.69;1.10)). Most closely related to my study is Njor et al.’s comparison of
persons invited vs. not-yet-invited in the beginning of the Danish screening program. This study
reported a protective effect of screening on CRC mortality (RR=0.83 (95% CI: 0.66;1.03)). However,
this study design has a major limitation. Unlike the RDD, it cannot be reapplied later in the screening
program as the random sequence of invitation according to birth months occurred only in the first
screening round in 2014-2017. The design is therefore specific to the implementation screening
round, and follow-up was stopped at the time of invitation for the control group. This limited follow-
up to less than four years (median 3.3 years) limits the design to evaluation of the prevalence round

(i.e. a population with predominantly prevalent cancers).

The four RCTs on gFOBT had an effect (RR=0.87 (95% CI: 0.82;0.92)) on CRC mortality similar to
that reported in Njor et al.; however, in contrast to Study IV, they found no effect on all-cause

mortality.
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In general, it is a challenge for observational studies on screening to identify suitable comparison
groups, except in the beginning of a screening program when random invitation sequences or
staggered geographical implementation can be studied. Therefore, the application of the RDD to
evaluate the effect of FIT-based screening on mortality is valuable and novel. It allows for causal
interpretation due to its quasi-experimental design, and it can be repeated at various time points after

program implementation.

The RDD makes the contrast between the ‘intervention group’ and the ‘control group’ clearer than
would be possible in RCTs or comparisons of invited vs. not-yet-invited participants as our study
included only participants. When comparing invited with not-invited (or not-yet-invited) participants,
a rather small proportion of the study population has the possibility of experiencing an effect of
screening. Thus, the intervention group is diluted with non-participants and persons with negative
FITs, and neither are referred to colonoscopy. In our study, 90% of those with a positive FIT
underwent colonoscopy within a few months (81). This may partly explain why we were able to

estimate a local effect of FIT screening on not only CRC mortality but also all-cause mortality.

Methodological considerations

While the goal of epidemiologic studies is a precise and valid estimation of effects, no study can be
perfect, and estimates come with some degree of error. This error can be divided into random error
(precision) and systematic error (validity). Systematic error, or bias, can arise from selection,
information or confounding issues (115), in addition to screening-specific biases (22). Study I was a
scoping review, and Study III was a prediction study, which did not seek to estimate causal effects.
The quality of the scoping review and the validity of the prediction study are therefore discussed

separately.

Random error

To some degree, studying nationwide screening programs comes with the gift of precision as random
error generally decreases with increasing sample size. This is especially evident in Study II on
participation, where the study population was more than two million persons invited to screening in
2014-2018, and the CIs were narrow. Study III also has a reasonable sample size as far as the number
of variables included in the prediction model is concerned, whereas interpretation of the results from
Study IV is challenged by moderate to low precision. Despite all the virtues of the RDD applied in
Study IV, the sample size is restricted because we analyzed hemoglobin values close to the cut-off.

Combined with the marginally sufficient follow-up time available to us (median 4.4. years), estimates
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of especially CRC mortality were imprecise with Cls ranging from a highly protective effect (95%
CI lower bound=0.17) to a harmful effect (95% CI upper bound=1.41). Our estimate of HR=0.49 is,
however, our best suggestion, but this needs to be re-estimated in the Danish program using longer

follow-up time and to be investigated with the same design in other FIT programs.

Quality of the scoping review

Despite broad literature searches in several databases, we can have missed papers
relevant to the review question in Study I. We identified more papers than the review by Solmi et al.;
however, they included six studies that we did not (60). The six papers were all from the USA and
concerned the quality of primary care provided to persons with mental disorders (116—121). Thus,
none of the papers had the word “screening” in their titles. However, these studies provided little new
information on participation in CRC screening for persons with mental disorders.
In the USA, regular health checks and screening for several cancers and other conditions are handled
by primary care practices and not national screening programs (117). This system may entail different
mechanisms of screening participation than those seen in the Danish screening program in Study II,
and studies may not be comparable across systems. The various designs of CRC screening programs
across countries makes interpretation of the meta-analysis by Solmi et al. difficult to interpret, which

underlines the usefulness of the scoping review design to map existing evidence.

Selection

The selection of persons into a study and factors affecting participation (including continued
participation) in a study can cause bias. Bias may arise in situations where selection leads to different
associations between exposure and disease among persons in the study than among persons eligible
for the study (122), i.e. if both the studied exposure and outcome affect inclusion or participation
(123). Because we used high quality national registry data with linkage between data sources in Study
II-1V, all eligible persons were included and accounted for. Thus, we consider the overall the risk of

selection bias to be small (124).

Informative censoring

In Study IT on mental disorders and screening participation, we designed the study
to avoid selection bias due to informative censoring (125). Some studies on participation in screening
excluded persons who died in the follow-up period (45, 90, 91). However, as it is well documented
that persons with mental disorders have high excess mortality (92, 93), we designed the study as a

cohort study and used a regression model while taking censoring from emigration and competing risk
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from death into account. If (lack of) participation up until a person’s death (or emigration) is ignored,
this could distort the results, either towards or away from the null, depending on their likelihood of

participation relative to persons included in the study.

Information

Problems with the data collected in a study can lead to information bias, often called misclassification
of categorical variables (122). Information bias can arise in two distinct ways (126). The first is
through information not correctly recorded; errors could, e.g., be measurement error or they could be
due to respondent recall error, misreporting and wrongful coding in databases. The second way
misclassification can arise is by defining a study variable in a way that is different from the “true”

definition (126).

Study II-IV were conducted using data from existing databases and registers. Thus, there is no risk
of error due to respondent recall error. However, the data used were not recorded primarily for
research purposes. The screening database and the colorectal cancer database are maintained for
quality monitoring, whereas all the other data sources are administrative registries used for
reimbursement, public planning, etc. This may affect how some diagnosis and procedure codes are
reported, e.g. in situations where several different codes could be relevant, a reimbursement incentive
may favor one over the other (39). However, the Danish national registers are generally of high
validity (39). Residents are prospectively registered at almost all points of contact with the healthcare
and public systems with a high degree of completeness (39). Yet, some information problems may

exist with the variables used in Study II-IV.
Definition of mental disorders

In Study II, our definition of mental disorders distinguished between severe mental
disorders and mild/moderate mental disorders according to our findings in Study I. In Denmark,
severe mental disorders are treated at hospitals, while mild and moderate mental disorders are
generally treated by general practitioners, practicing psychiatrists and psychologists (127). First, we
hypothesized that mild/moderate mental disorders would also be treated at out-patient hospital visits.
Therefore, we expected that a group of patients would have a diagnosis of mild depression, anxiety
or similar disorders recorded at out-patient visits with no in-hospital stays. However, data revealed
that this was not the case as only a few hundred persons were in this category. It appeared that out-
patient visits for the included diagnoses most often took place after or in connection with

hospitalization, therefore constituting severe mental disorders in our definition.
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Some misclassification between mild/moderate and severe mental disorders may remain, but its
degree and direction depend on what can be considered the true definition of severity. Any
misclassification of the mental disorder variable could not have been affected by the outcome,
screening participation. Therefore any misclassification would not be differential, i.e. it would be
independent of the wvalue of the outcome. For a dichotomous variable, non-differential
misclassification of the exposure on average causes bias toward the null (126). Our mental disorders
variable was not dichotomous, however; and therefore the middle category of mild/moderate mental
disorders could be biased away from the null, if it had been mixed with persons who should be in the

severe category (126).

We used a look-back period of five years, which is to some degree an arbitrary duration. This time
period was chosen to identify pertinent mental disorders able to affect screening participation at the
time of invitation. However, treatment of mental disorders takes time, and the influence of the
disorders on daily life is likely to carry on for some time after the last health care record; we therefore
did not use a shorter look-back period. We used register data and thus avoided bias due to self-report
and errors of information recall, but some other studies measured self-reported mental health or used

clinical interview tools (9).

Fecal hemoglobin

The fecal hemoglobin value was used as a predictor in Study III and to model the
effect of colonoscopy referral on mortality in Study IV. The quantitative measurement of fecal
hemoglobin may be encumbered with some measurement error; however, this is most likely a source
of “noise” or a random error and not an instance of misclassification. A specific apparatus could
hypothetically be miss-calibrated, leading to a systematic measurement error; however, this would be
non-differential, i.e. the same for all analysis results from that apparatus and independent of the
outcome. Another issue related to FIT measurements of fecal hemoglobin, is that values above 200
ug/g feces are truncated in the Danish CRC screening database and recorded as the value 200 (106).
Therefore, I had to categorize the fecal hemoglobin value in Study III instead of using it continuously

as is otherwise advised to optimize prediction (69).
Colorectal cancer mortality

Cause-of-death data are considered of suboptimal quality due to uncertainties in
determining the underlying cause of death (86). We sought to address this in Study IV, by including
all levels of codes in the cause of death registry for the definition of CRC death. Including all levels
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of codes will increase the ability of the cause of death registry to identify death from CRC. However,
it may also increase the number of false positives, i.e. cases where CRC, although present, in fact did
not contribute to death. This would, in turn, decrease specificity as specificity is the number of true
negatives divided by the sum of true negatives and false positives. In addition, if there is
misclassification of CRC death, it is most likely differential as it may to some degree depend on the
exposure (fecal hemoglobin). Persons with a positive FIT are more likely to have a prevalent CRC
detected due to colonoscopy referral. A person with a negative FIT could have an (undiagnosed) CRC
that contributed to death, and this persons would less likely be registered as dying from CRC than if
they had received colonoscopy. This misclassification would underestimate CRC mortality below the

cut-off and therefore bias the estimates towards the null.

Confounding

Confounding is the confusion of effects. In observational studies (and experimental studies where
randomization did not succeed), confounding can occur because the exposed group differs from the
unexposed group on other conditions than the exposure itself affecting the risk of the outcome (122).
A confounder is thus a condition, which co-occurs with or causes the exposure studied, and also
affects the risk of the outcome. Confounders can be adjusted for either in the analysis or the study
design, to prevent them from confounding the estimates (128). I adjusted for confounding in Study

II, and avoided confounding by design in Study IV.

Mental disorders and socioeconomic position

When estimating the association between mental disorders and participation in
CRC screening, I based the variable set used for confounder adjustment on a DAG of assumptions.
This could leave residual confounding of the estimates from unknown and unmeasured confounders.
Results attenuated slightly after adjustment for age, education level and comorbidity score in the main
analysis. However, it is also important not to overadjust estimates, e.g. by adjusting for mediators and
thus close paths through which mental disorders affect participation. Results attenuated further after
adjustment for living alone instead of comorbidity score; however, it may be more likely that mental
disorders lead to living alone (especially for severe mental disorders) than the other way around, and

thus adjusting for living alone removes the effect of mental disorders that goes through living alone.

Randomization and healthy screenee bias

The quasi-experimental design of Study IV should ensure absence of confounding.

The balanced distribution of covariates observed strengthens the assumption that measurement
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variation acted as randomization in this case. However, this also entails assuming a balanced

distribution of any unobserved confounders, something that naturally cannot be confirmed.

Healthy screenee bias arises because persons with generally healthy behavior are more likely to take
up preventive services such as screening. This was demonstrated in Study II where both persons with
mental and somatic morbidity participated less in screening than did persons without such morbidity.
Self-selection into a study has traditionally been considered a selection bias; however, it is more
accurately a type of confounding (122). If the degree of healthiness or preferences for healthy
behavior could be compared between participants and non-participants, this effect could be adjusted
for in the analysis. Several correction factors for healthy screenee bias have been proposed (129) and,
e.g., Njor et al. applied a correction (the ratio between non-participants and the not-yet invited
persons) when comparing participants and non-participants among the invited in a secondary analysis

(55).

Healthy screenee bias is avoided in intention-to-treat comparisons of invited vs. not-invited to FIT,
e.g., in a randomized trial. The RDD in Study IV also prevented this bias as all persons in the analysis

were participants who all self-selected into the screening program.

Screening specific biases

As described in the background section, lead-time and length-time bias can occur in studies involving
screening when persons with screen-detected CRC are compared with persons with CRC detected
due to symptoms. No such comparisons were made in the studies of this thesis, and lead-time and

length-time bias were therefore avoided.

Validity in prediction studies

The goal of a prediction study is to provide a valid model for prediction. Therefore,
it is important to have a well-specified model to be able to evaluate its performance and to validate
the model in an external population if it is intended for general use (69, 98). Thus, I described the
distribution of age, gender and fecal hemoglobin values, addressed their linear fit, evaluated the
performance of the models in terms of discrimination, calibration and findings compared with a FIT
cut-off, and validated the model temporally(106). Calibration showed that the model did not

systematically overestimate or underestimate risk, and discrimination was moderate.

Applying another statistical model or including more or potentially stronger predictors may increase
the ability of the model to discriminate between those with and without CRC or advanced adenomas.

External validation could also be advisable to increase the quality of the prediction study. However,

51



due to the population, design and prioritization differences between screening programs, it may not
be beneficial to seek to establish one universal model of risk stratification for FIT screening programs

(106).
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Main conclusions

This thesis contributed to the international body of evidence relevant for the decision to screen for
colorectal cancer. We found no evidence to weaken the resolve to screen for colorectal cancer using
FIT. While Study I, IT and III pointed to potentials for optimization, Study IV found a beneficial effect

of the screening program.
Study I

The existing literature on CRC screening among persons with mental disorders uniformly showed
that persons with severe mental disorders such as schizophrenia or major depression participated less
in CRC screening. However, the results from studies of more common mental disorders were
ambiguous, and few studies addressed this issue in population-based or FIT-based screening

programs (9).
Study II

Persons with severe but also persons with mild/moderate mental disorders participated less in the
Danish CRC screening than did persons without mental disorders. This difference persisted after
adjustment for socioeconomic conditions; thus, mental disorders constitute a separate barrier towards

CRC screening participation.
Study I1T

The models predicting CRC or advanced adenomas from age, gender and fecal hemoglobin values
were superior to FIT alone in identifying cancers and adenomas, and their use reduced the number of

unnecessary colonoscopies (106).
Study IV

Persons who had a fecal hemoglobin value just above the FIT cut-off, and who were therefore referred
to colonoscopy, had lower all-cause mortality than those whose values were just below the cut-off.
The analysis of CRC mortality also showed a reduced mortality due to colonoscopy referral; however,

the results were encumbered with considerable imprecision.
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Perspectives and implications

The Danish CRC screening program is now fully implemented; yet, only 721 out of 2,655 incident
cases of CRC in 2020 were detected through screening (37, 130). More than 800,000 persons were
invited that year, and 21,500 colonoscopies were conducted within the screening program (37).
Screening of an average risk population involves a considerable number of persons and resources,
both in the target population and the healthcare system. This underlines the need for continuous
evaluation of the implemented screening program to monitor the appropriateness of continuing
screening. Below, I provide some perspectives and possible implications regarding each of the aspects

studied.

Equal access to screening participation

Denmark has a social-democratic welfare state characterized by universal and
relatively generous state provision of health care (94). It has been a puzzle within social epidemiology
why the Scandinavian social democratic countries do not have the lowest levels of health inequality.
However, Bambra points to several possible explanations for this, including how primarily the middle
classes take up universal health messages and health-promoting interventions. Thus, while universal
health interventions improve the health of the population on average, it may improve health status
more for those already healthiest, creating intervention-generated health inequalities (94). Population
cancer screening programs could be examples of such inequality-generating interventions. The entire
population within the age range is invited to screening; however, as shown in Study II, participation
is higher among women, persons who are educated, have sufficient economic resources, live with

others, and do not suffer from somatic diseases or mental disorders.

The principles of screening include that the screening test itself should be acceptable to the target
population, that all screening program components should be socially acceptable to screening
participants and that the screening program should be integrated within the broader healthcare system
(3). Screening programs can be adjusted to fit not only the well-off but also groups with low
participation today. The literature review in Study I found studies reporting a higher increase in
participation among persons with mental disorders than among persons without such disorders after
the transition from gFOBT to FIT (a more acceptable test), and several studies reported higher
participation among persons with mental disorders if they were registered with a GP or if their GP

recommended screening (related to integration with the broader healthcare system) (9).
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We demonstrated the inequality in participation between persons with and without mental disorders
in Study II. A recent study from Japan, evaluating the feasibility of a case management approach to
support participation in CRC screening among persons with schizophrenia, reported that the majority
of participants found such an approach acceptable. The intervention component most often reported
as helpful was in-person counselling on the screening process conducted by a psychiatric care
provider (131). Future research could explore offering increased support for screening decisions
targeting persons with mental disorders, e.g. within psychiatric health care and by general

practitioners.

Risk-stratified screening to prioritize colonoscopy

Risk stratification can improve the performance of a screening test and the overall
benefit of CRC screening programs by identifying more persons with relevant findings (CRC and
adenomas) and testing fewer false positive. Several studies have sought to develop risk stratification
models, including Study III of this thesis. However, Cairns et al. found a huge gap between theoretical
models and the practical implementation of risk stratification in CRC screening programs. Few pilot
studies of implementation of risk stratification in screening programs exist (107). Due to possible
implementation challenges, it may be advisable to only include few and readily available types of
information in the stratification method, like age, gender and fecal hemoglobin values included in our

prediction model.

Currently, most CRC screening programs only stratify by age by offering screening to a specific age
group. Men have a higher background risk of CRC but also a higher tendency for blood in the stool
than do women. Clark et al. pointed out that the lower proportion of positive tests for women in
programs with a uniform FIT cut-off leads to poorer outcomes for women, including a higher rate of
interval cancers, i.e. cancers missed by FIT and detected due to symptoms arising before the next
screening, and a lower reduction in CRC mortality due to screening. The FIT cut-offs were stratified
by gender in the Swedish and Finnish screening programs with higher cut-offs for men and lower
ones for women (132). However, when stratifying FIT cut-offs for men and women, a decision has
to be made as to which kind of equality is sought. Should, e.g., the proportion of positives, rates of
interval cancers, sensitivities or specificities be equal for men and women? Further development of
risk prediction models may prove useful as they allow for more detailed modelling of risk from

several parameters (133).
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Continued evaluation and monitoring of the effect of screening

The ultimate goal of screening is a lower overall mortality, i.e. prolonged duration
of life. Related to the principles of screening, the benefit of screening should be documented before
program implementation. However, evidence for the benefit of FIT screening is limited and to some
degree circumstantial as it rests on gFOBT RCTs from the eighties and nineties. Novel observational

study designs are needed to fill this gap and provide direct evidence for the effect of FIT screening.

A recent study proposed that the benefit of breast cancer screening is diminishing as developments
in treatment have improved survival in all cancer stages, making early detection by screening less
crucial (134). Thus, continued evaluation and monitoring of screening benefits is needed to ascertain

the remained relevance of CRC screening in the future.

The RDD method enabled estimation of a causal effect of screening, something that is seldom
possible in observational data. We encourage repeating the study later in the Danish CRC screening
program, and using the RDD to evaluate other CRC screening programs, especially those with longer

follow-up and/or even larger target populations than the ones available to us.
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Appendix Table 1. Study characteristics and results of studies identified in
literature search for Study |

Adapted from master’s thesis.

Search string: Pubmed (February 27, 2020): "colorectal neoplasms"[MeSH] AND

screening| Title/Abstract] AND (“hemoglobin[Title/Abstract] OR "haemoglobin"[tiab] OR
"FIT"[tiab] OR “fecal immunochemial test”[tiab] or ) AND (predict*[Title/Abstract]) AND
("humans"[MeSH] AND English[lang])

Author, title. Year | Design and setting, | Results Limitations/comments
[ref] country. FIT | predictors

brand.

Stegeman et al., Study population: Calibration slope was 1 | Prediction model was not

Combining risk
factors with faecal
immunochemical

1,112 participants in
colonoscopy-based
screening whom also

and AUC for
discrimination was
76%. They did a Net

validated in separate data.
Small sample size.

test outcome for delivered a sample Reclassification
selecting CRC for FIT analyses. Improvement (NRI)
screenees for Risk factor analysis, which sums
colonoscopy. 2013 | information by self- | reclassifications in the
(70) The reported right direction by two
Netherlands. questionnaire. methods. Compared to
FIT: OC-sensor Predictors: Total a FIT cut-off at 10 ug
(Eiken). calcium intake, Hb/g feces the NRI was

family history of 0.054 m favor of the

CRC, age and fHb. prediction model.

Outcome: AN.
Yen et al., 4 new | Study population: AUC of the models Description of methods
insight into fecal | 54,921 participants | with FIT only was unclear (e.g. follow-up
hemoglobin in a program 83.0% (95% CI: 81.5; | start and end, definition of
concentration- offerin'g annual FIT 84.4) for AN and predigtors and variable
dependent screening to >40 84.3% (95% CI: selection).
predictor for years (cut-off 20 ug | ¢4 9.86 7y for CRC. | Outcome was AN both
colorectal Hb/g feces, but all The model predictin after a negative or positive

. . p g g p

neoplasia. 2014 were included in CRC had lower AUC in | FIT, which occurred after

(72)
Taiwan.

FIT: OC-sensor
(Eiken).

study). Time to
event analysis.
External validation
using data from two

external validation
(AUC=78.7% (95%
CI:77.0;80.4)), whereas
the model predicting

a mean of 4.25 years, thus
a mix of disease detected
at baseline screening, at
subsequent screening
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other community
programs.

Model 1: risk factors
(Gender, Family
history of CRC,
diabetes, hyper-
tension, alcohol,
smoking, BMI, TG,
TC)

Model 2: fHb.
Model 3: model 1+2.
Outcome: AN.

AN performed
similarly in the
validation dataset.
AUC increased only
slightly when including
the conventional risk
factors.

rounds, interval cancers or
clinically detected
possibly years after last
screening — risk of
differential
misclassification. Do not
evaluate calibration.

Cooper et al.,
Risk-adjusted
colorectal cancer
screening using
the FIT and
routine screening
data:

development of a
risk prediction
model.

2018 (71)
United Kingdom.

FIT: OC-sensor
(Eiken).

Study population:
1,810 individuals
59-74 years with a
positive FIT (>20 ug
Hb/g feces) who
underwent
colonoscopy. Cross-
validation for
internal validity.
Predictors: Age,
gender, participation
in last screening
round and fHb.
Outcome: AN.

Their models had
AUCs 0f 0.63 (95% CI:
0.60-0.66) for FIT only
and 0.66 (95% CI:
0.63-0.69) for the risk-
adjusted model.
Calibration was good
for both models. At all
corresponding FIT- and
risk cut-offs, sensitivity
was higher for the risk
method.

They calculate sensitivity,
even though they only
have data on those with a
FIT >20 pg Hb/g feces; in
this case the number of
false negatives in
individuals with fHb
below 20 pg Hb/g feces is
not known.

No external validation.

Abbreviations: fHb=fecal hemoglobin, AN=advanced neoplasia, AA=advanced adenoma, OR=0dds ratio,

CRC=colorectal cancer, AUC=area under the curve.
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