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ABSTRACT 

This thesis presents three studies aiming to improve both medical care and 

diagnostics for the inflammatory bowel diseases (IBD): Crohn’s disease (CD), 

ulcerative colitis (UC), and unspecified IBD (IBDU). Biological drugs such as 

the TNF-α antagonist infliximab (IFX) have presented a major improvement 

in medicinal care for moderate-to-severe IBD. Not all patients benefit from a 

particular biological drug, however, and many eventually lose their initial 

response. The drugs are also costly and carry risks of adverse effects. Early 

identification of non-response is paramount, as is reacting to changes in drug 

response during treatment. 

The aim of study I was to evaluate the utility of fecal calprotectin  

(F-Calpro) measurements in identifying those benefiting from IFX soon after 

introduction. Findings with fecal lactoferrin in the task suggested potential for 

F-Calpro, which is an accurate surrogate for inflammation and state of the 

intestinal mucosa. In the study, F-Calpro was measured in 36 pediatric IBD 

patients at baseline and weeks 2 and 6 from IFX introduction. Median  

F-Calpro declined from initial 1150 μg/g (range 54-6032 μg/g) to 261 μg/g  

(p < 0.001) by week 2 and normalized (< 100 μg/g) in 37% of the patients. By 

week 6, there was no additional improvement in F-Calpro (median 345 μg/g) 

which increased to pretreatment levels or above in 22% of patients. In 

conclusion, F-Calpro levels normalized rapidly during IFX induction in a third 

of the patients suggesting complete mucosal healing. 

The goal in study II was to identify patterns in serum IFX trough levels (S-

IFX), which were largely unexplored in pediatric patients at the time.  

S-IFX levels were seen related to inflammatory burden and changes in dosage 

accordingly a possible way to improve outcomes. Meanwhile, antibodies-to-

infliximab (ATI) were a suggested cause for loss of response. For the study,  

S-IFX measurements were obtained from 37 pediatric IBD patients. From the 

induction phase, 48 samples were available and 85 from maintenance. During 

induction, S-IFX related to the total dose of IFX: children with lower body 

weight presented lower levels (p < 0.001 at week 2 and p < 0.05 at week 6). 

During maintenance, dosage decisions were made dependent on clinical 

assessment. In the study, higher S-IFX levels were achieved through 

shortening infusion interval (p < 0.005) but not conclusively by dose increase 

from 5 to 10 mg/kg. ATI were determined in 93 samples (30 patients) and 

detected in 18 samples from five patients. All samples with undetectable S-IFX 

(6.8%) presented ATI. High F-Calpro (> 1000 µg/g as opposed to < 1000 µg/g) 

was associated with lower S-IFX levels (p < 0.005) during induction, but a 

similar association was not detected during maintenance. In conclusion, body 

weight and the intensity of intestinal inflammation during induction appeared 

related to S-IFX levels while infusion intervals seemed related during 
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maintenance therapy. Association with therapeutic response and ATI 

remained unclear due to study limitations. 

Current guidelines contrast the findings in study II, indicating that both 

dose increase and interval reduction are usable in reaching target levels. 

Therapeutic drug monitoring has been adopted in the guidelines. The added 

benefit of treatment optimization through monitoring S-IFX over symptoms-

based optimization remains a contentious topic, however, and so does the role 

of ATI in the scheme. 

In study III the aim was to investigate new tools for diagnostics. Cine series 

obtained in magnetic resonance enterography (MRE) allow observing bowel 

motility dynamically. Even healthy-appearing bowel areas may present with 

aberrant motility related to markers of inflammation and endoscopic findings. 

Computer vision and machine learning allow quantifying motility faster and 

more accurately than manual methods. Still, earlier quantification systems 

have required manual effort.  

The goal in study III was to devise a fully automatic system for motility 

quantification and detecting CD in cine MRE. Three datasets with CD and non-

CD cases were constructed from cine series extracted from free-breathing 

MREs conducted in two imaging centers in a seven-year period. The datasets 

were formed primarily according to repetition time (which translates to series 

length). Dataset 1 cine series were acquired with the repetition time of  

425.5 ms. The repetition times in datasets 2 and 3 were shorter at 193.1 ms and 

143.1 ms, respectively. Neural networks were taught to generate regions of 

interest (ROI) of small-bowel, all-bowel, and non-bowel regions. Full image-

ROI was also tested. The standard deviation of Jacobians over the given ROIs 

was used as a surrogate for motility and converted to numerical indices. A 

binary logistic regression classifier gave an estimated probability of CD. 

Performance was evaluated through receiver-operating characteristics 

analysis. The highest mean area-under-the-curve (AUC) score of 0.78 was 

achieved using the full image-ROI with dataset 1. The best AUC scores for the 

other two datasets were only 0.54 and 0.49. In conclusion, the system detected 

CD in MRE studies with longer cine series showing potential for primary bowel 

disorder diagnostics. Larger ROIs and utilizing all available cine series yielded 

slight performance improvements. 

In summary, this thesis presents two studies with then-preliminary results 

on optimizing IFX treatment through F-Calpro and S-IFX measurements and 

one later study into potential advancements in diagnostics through automatic 

quantification of bowel motility. Evidence on the utility of F-Calpro and S-IFX 

has mounted, though some points remain unsettled. Meanwhile, the potential 

of automatic bowel motility analysis is only starting to be discovered. 
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TIIVISTELMÄ 

Tulehdukselliset suolistosairaudet käsittävät kolme pääasiallista muotoa, 

Crohnin taudin, haavaisen paksusuolitulehduksen ja välimuotoisen koliitin. 

Ne ovat viime vuosikymmeninä yleistyneitä kroonisia tautitiloja, joihin liittyy 

huomattavaa elämänlaadun heikkenemistä, komplikaatioita ja kustannuksia. 

Ne ovat usein haastavia hoidettavia, ja joskus jo itsestäänkin ongelmallisista 

lääkehoidoista huolimatta monet potilaat päätyvät raskaisiin 

leikkaushoitoihin. 

Keskivaikeiden ja vaikeiden tulehduksellisten suolistosairauksien 

ilmenemismuotojen hoito on tämän vuosituhannen aikana jopa mullistunut 

niin sanottujen biologisten lääkkeiden myötä. Biologiset lääkkeet ovat eläinten 

tai eläinperäisten solujen avulla tuotettavia lääkemolekyylejä, jotka 

kohdistetaan johonkin elimistön tulehdusvälittäjäaineeseen. Yksi 

ensimmäisistä ja eniten tutkituista näistä lääkkeistä on tulehdusvälittäjäaine 

tuumorinekroosifaktori-α:n estäjä infliksimabi. Näihin lääkkeisiin liittyy 

kuitenkin haittoja kuten riskit infektioista tai lääkkeen annosteluun liittyvistä 

reaktioista sekä korkea hinta. Lisäksi osa potilaista ei hyödy joistain tai kenties 

yhdestäkään ryhmän lääkkeistä. Alussa saatu teho voi myös hiipua hoidon 

aikana. Oikea kohdentaminen ja hoidon yksilöiminen ovatkin tärkeitä 

tavoitteita biologisten lääkkeiden käytössä. 

Kaksi ensimmäistä väitöskirjan sisältämää osatyötä tehtiin jo noin 10 

vuotta sitten aikana, jolloin tietoa oli varsinkin lasten osalta niukalti. Liian 

matalien lääkeainepitoisuuksien ja elimistön lääkkeelle muodostamien vasta-

aineiden ajateltiin voivan selittää osalla potilaista todettavia heikkoja 

hoitotuloksia. Lisäksi oli olemassa viitteitä, että suoliston tilasta kertovia, 

ulosteesta määritettäviä tulehdusproteiineja kuten laktoferriinia ja 

kalprotektiinia voitaisiin käyttää hoitovasteen seurannassa.  

Ensimmäisen osatyön tulokset osoittivat ulosteen kalprotektiiniarvojen 

mediaanin laskevan voimakkaasti jo toiseen hoitoviikkoon mennessä, minkä 

jälkeen lisähyötyä ei enää voitu todeta. Tällä perusteella esitettiin, että 

ulosteen kalprotektiinia voisi käyttää jo varhaisessa vaiheessa 

infliksimabihoidon onnistumisen ennakoimisessa.  

Toisessa osatyössä seerumin infliksimabipitoisuuden mediaanin todettiin 

olleen odotusten mukaisesti korkeimmillaan intensiivisessä hoidon 

aloitusvaiheessa ja matalampi ylläpitovaiheessa. Toisaalta pitoisuuksien 

voitiin todeta olevan yhteydessä kehonpainon mukaiseen lääkeannosteluun: 

pienempikokoisilla potilailla pitoisuudet olivat matalampia. Lisäksi seerumin 

infliksimabitasojen nostamisessa tehokkaampi strategia näytti olevan 

annosvälin lyhentäminen annoskoon nostamisen sijaan, joskin myöhemmät 

tutkimustulokset ovat osoittaneet molemmat strategiat potentiaalisiksi 

lähestymistavoiksi. Korkeammat infliksimabitasot myös näyttivät olevan 

yhteydessä parempaan hoitotulokseen samanaikaisesti määritettyjen ulosteen 
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kalprotektiinipitoisuuksien perusteella. Osassa tapauksista määritettiin 

lisäksi samanaikaisesti seerumista potilaan kehon infliksimabille 

muodostamien vasta-aineiden pitoisuus, joka osoittautui korkeaksi joissain 

tapauksista, joissa itse lääkeaineen pitoisuus oli matala. Kyseisillä potilailla 

korkea vasta-ainepitoisuus näytti olevan yhteydessä heikkoon hoitotulokseen, 

joskin tapausten vähäisyydestä johtuen pitkälle meneviä johtopäätöksiä tästä 

ei voitu tehdä. 

Diagnostiikan osalta tulehduksellisissa suolistosairauksissa kulmakivenä 

ovat tähystystutkimukset ja näiden yhteydessä otettavat koepalat, mistä 

saatua informaatiota voidaan täydentää kuvantamistutkimuksin. 

Magneettikuvauksessa on mahdollista havaita Crohnin tautiin liittyvä suolten 

liikkeiden hidastuminen. Tämä on hidasta ja epätarkkaa perinteisin käsin 

tehtävin mittauksin, mutta hiljattain erilaiset tietokonesovellukset ovat 

alkaneet mahdollistaa prosessin automatisointia. Tähänastiset menetelmät 

ovat kuitenkin vaatineet jossain määrin myös käsin tehtävää työtä. 

Kolmannessa osatyössä rakennettiin osin koneoppimiseen perustuva 

automaattinen järjestelmä, joka kykeni erottamaan melko hyvällä 

menestyksellä Crohnin tautia sairastavat joukosta muita aikuispotilaita. 

Järjestelmä pohjautui dynaamisissa cine-magneettikuvaussarjoissa 

havaittavaan suolten liikkeen muuttamiseen numeroarvoiseen 

indeksimuotoon. Näistä indeksiarvoista järjestelmä määritti 

todennäköisyyden sille, että arvioitava magneettikuvasarja edusti Crohnin 

tautia sairastavaa potilasta. Kliiniseltä potentiaaliltaan keskeisin työn tulos oli, 

että tehtävä näytti ylipäätään mahdolliselta täysin automaattisesti. Samalla 

tutkittiin erilaisia järjestelmän toteutustapoja pohjaksi jatkokehitykselle, joka 

voi johtaa kliinisen työn avuksi soveltuvaan järjestelmään. 
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1 INTRODUCTION 

Inflammatory bowel diseases (IBD), the major forms of which are Crohn's 

disease (CD), ulcerative colitis (UC), and unspecified inflammatory bowel 

disease (IBDU) are chronic relapsing disorders affecting several million people 

worldwide [Burisch et al. 2015, Ng et al. 2017]. The global incidence of these 

diseases has been rapidly increasing through the last few decades, and though 

it now seems to be plateauing in Western societies, it is still on the rise in newly 

industrialized countries [Ng et al. 2017]. They continue to present a 

burgeoning health concern both to individuals, reducing the quality of life 

[Knowles et al. 2018a, 2018b], and by eliciting a significant burden on 

economies [Burisch et al. 2013, Beard et al. 2020]. 

The TNF-α inhibitors such as infliximab (IFX) and other ‘biologicals’ have 

become a mainstay in the treatment of moderate to severe forms of IBD in both 

adults [Colombel et al. 2010] and the pediatric population [Hyams et al. 2007, 

2011]. Though IFX is often efficient in achieving and maintaining response 

and remission, not all patients respond to the drug, and even already-achieved 

therapeutic response is often lost at a later point [de Ridder et al. 2008, Hyams 

et al. 2009, 2010, de Bie et al. 2011]. As the drug is costly and carries its own 

set of safety risks [Colombel et al. 2010, Lichtenstein et al. 2015], finding 

means to identify the patients who most benefit from the treatment early on is 

a worthy goal.  

Besides, other laboratory markers, the fecal markers calprotectin  

(F-Calpro) and lactoferrin are a means for objective assessment of disease 

activity and treatment response. F-Calpro can act as a surrogate for the golden 

standard of disease activity assessment, endoscopy with histopathological 

sampling [Berni Canani et al. 2008, Sipponen et al. 2008a]. Before the original 

publication I assessing the behavior of F-Calpro levels in the early stages of 

infliximab (IFX) therapy, one preliminary paper reporting the use of 

lactoferrin in a similar setting had been published [Buderus et al. 2004].  

Another way to predict the need for treatment changes or longer-term 

outcomes is offered by monitoring the concentration of IFX and antibodies-

to-infliximab in the serum (S-IFX and ATI, respectively). More specifically, 

trough levels representing the lowest serum concentration of a drug before the 

next applied dose are a possible key to the conundrum. Before project II was 

started, some initial results demonstrated lower S-IFX and higher ATI levels 

in non-responders [Maser et al. 2006] but overall, the potential utility of these 

tools was unclear. The aim in the study was to identify the patterns of S-IFX 

and ATI levels during IFX induction therapy, again to see whether they would 

offer aid in predicting the need for dosage changes or discontinuation of IFX. 

In primary IBD diagnostics, magnetic resonance imaging (MRI) can be 

utilized in obtaining diagnostic information from areas unreachable by 

endoscopy and to assess disease extent and presence of complications. 
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Magnetic resonance enterography (MRE) is a technique where visualization of 

the small bowel is enhanced by the application of an intraintestinal contrast 

agent. In MRE, so-called cine series can be obtained, depicting motion in the 

bowel over time at different coronal locations. Cine imaging is shown to 

improve lesion detection in conventional image reading as CD lesions 

demonstrate local hypomotility [Froehlich et al. 2010], an aberration in the 

normal bowel motility patterns.  

Bowel motility comprises movement in the bowel caused by smooth muscle 

layer contractions. Besides reduced elasticity in chronically ill bowel, 

inflammatory cytokines are also connected to motility changes [Straub et al. 

1997, Al-Saffar et al. 2001, Wouters et al. 2011]. Gastrointestinal motility 

disorders are common in IBD [Bassotti 2014], even in their inactive stages 

[Annese et al. 1997]. Small bowel motility quantified through MRE cine 

techniques has been linked to IBD symptoms, pre-established laboratory 

markers of inflammation, and even appearance and histopathological findings 

in endoscopy [Bickelhaupt et al. 2013b, Menys et al. 2016, 2018, Gollifer et al. 

2018]. The endocrinological and neurological implications of inflammation 

may explain why hypomotility is detected even in seemingly healthy bowel 

segments far from inflamed segments [Bickelhaupt et al. 2013a]. 

The notion that even subclinical inflammation in CD can cause widespread 

changes in bowel motility gives hope that generally impaired bowel motility 

could be used to detect CD. Quantifying bowel motility, however, is no trivial 

task. Traditional methods have relied on manual measurements of bowel 

lumen diameter, which is impractically time-consuming, but promising 

computerized approaches have since emerged. These methods rely on the 

concept of ‘image registration’ which encompasses a host of techniques 

enabling the tracking of movement over a cine series automatically. A 

technique called ‘optical flow-based registration’ [Horn et al. 1981] is 

prominent in the literature, along with the estimation of so-called deformation 

fields and calculating the Jacobian determinant from them, allowing 

continuous tracking of bowel movements. Such techniques have been built 

into software tools offering considerable time savings in motility 

quantification by automating parts of the work. They are able to propagate 

manually chosen regions of interest (ROI) throughout one whole cine series 

[Odille et al. 2012]. They can also form estimations of small bowel motility 

demonstrating stronger correlation with symptoms and markers of 

inflammation than estimates made by radiologists [Gollifer et al. 2018, 2019]. 

Still, limitations in the existing quantification schemes for bowel motility 

have included manual ROI selection (rendering even the furthest-automated 

systems essentially semi-automatic) and the utilization of only one of the 

available cine series in the whole set of series obtained from a patient in one 

session. Additionally, most systems have relied on using series obtained in 

breath-hold which limits their length, while there is some indication that 

longer series may be beneficial in observing bowel motion [de Jonge et al. 

2018].
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2 REVIEW OF THE LITERATURE 

As the nature of this dissertation is multi-faceted, so is the structure of this 

literature review. After a brief introduction to IBD in general, the review will 

be presented in two halves. 

In the first part, pertinent to original publications I and II, presented 

literature focuses on IFX as a therapeutic option in IBD and how the treatment 

can be optimized via monitoring laboratory markers and drug and anti-drug-

antibody levels in the bloodstream.  

In the second part, to set the stage for original publication III, the focus is 

on the use of MRI in CD and how the concepts of bowel motility and artificial 

intelligence (AI) can be applied in it to obtain further diagnostic information. 

 

2.1 PROLOGUE: A BRIEF ON INFLAMMATORY BOWEL 
DISEASES 

IBDs consist of two principal intestinal disorders, CD and UC, and their 

subtypes with the unspecified form IBDU now being recognized as the third 

form [Danese et al. 2011, Baumgart et al. 2012, Levine et al. 2014]. While CD 

can incur lesions in the whole digestive tract from start to end, UC is primarily 

a disease of the colon. The Montreal and Paris classifications define subclasses 

for CD and UC according to age at onset and disease extent, behavior, and 

severity with modifications and growth assessment in CD in the Paris 

classification for pediatric patients [Levine et al. 2011]. Both are chronic 

remitting-relapsing conditions that damage the intestinal mucosa, while CD 

affects the submucosal layers as well. Mucosal and submucosal damage can 

lead to malnutrition and occult blood loss or frank hematochezia. In the young, 

growth and developmental issues commonly develop in consequence. IBD 

patients also carry a significantly elevated lifetime risk for gastrointestinal 

cancer and often also suffer from extraintestinal manifestations of the 

condition such as biliary diseases, uveitis, lung disorders, or arthropathies.  

The pathogenesis of IBD is a complex issue that remains incompletely 

understood to this day. The consensus, however, is that it involves genetic 

susceptibility underlying an inflammatory response by the immune system in 

the intestine to its microbiome [Abraham et al. 2009, Chang 2020]. Microbial 

imbalance in the intestine may, in turn, be imparted by the urban 

environment.  

A diagnosis of IBD is reached through a synthesis of information gathered 

from patient history and physical examination, blood and fecal samples, 

imaging studies, and endoscopy with biopsy [Danese et al. 2011, Baumgart et 

al. 2012]. Blood assays for hemoglobin and inflammatory markers such as 
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erythrocyte sedimentation rate or (ESR) C-reactive protein (CRP) are 
commonly obtained as part of primary investigations and follow-up, among 
many other blood studies. Bloodborne biomarkers are, however, less sensitive 
and specific than F-Calpro in the case of IBD [Berni Canani et al. 2008, 
Langhorst et al. 2008, Quail et al. 2009]. Fecal cultures for microbes are also 
carried out to exclude intestinal infection. Endoscopy with biopsies is the gold 
standard diagnostic method. Traditional ileocolonoscopy and 
esophagogastroscopy can be augmented with capsule endoscopy, where a 
swallowed device photographs the intestine, reaching parts of the small bowel 
that cannot be viewed with conventional means. Imaging studies used for IBD 
assessments include cross-sectional imaging with computed tomography and 
MRI and, rarely, ultrasound (US). Computed tomography and MRI techniques 
for bowel analyses include intraintestinal contrast used in enterography and 
enteroclysis (hence, CTE and MRE). They allow identifying inflammation, 
complications, and extraintestinal manifestations undetectable at endoscopy.
No study alone should be used to exclude inflammatory bowel disease. Figure
1 below summarizes the key concepts of IBD diagnostics. Laboratory studies 
and imaging will be discussed further in the relevant subchapters.

Figure 1 Staple instruments in IBD diagnostics. Endoscopy with biopsies is the gold 
standard. 

Treatment of IBD aims at sustained remission, the disappearance or 
significant reduction of the signs of disease and is generally tiered according 
to disease type and severity. For example, 5-aminosalicylic acid (5-ASA) 
derivatives may suffice for less aggressive phenotypes of UC in maintenance 
therapy, but a more severe form of IBD could require the use of 
immunomodulatory thiopurines. Glucocorticoids also remain an essential tool 
in the treatment of all forms of IBD but incur difficult side-effects long-term. 
Some patients even become glucocorticoid-dependent. Finding the best 
possible therapy for a patient can be a long, difficult process, delaying quality-
of-life improvement and incurring significant costs. Unfortunately, sometimes 
all medical options prove ineffectual, and surgery is mandated. In recent years, 
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the target of therapy has shifted to early attainment of mucosal healing, i.e., 

the resolution of signs of damage in the intestinal mucosa, which has been 

linked to more positive long-term patient outcomes than the traditional target 

of clinical remission [Neurath et al. 2012]. This necessitates more aggressive 

treatment enabled by disease-modifying medication such as monoclonal 

antibodies which will be discussed further in the following section. 

Specific to pediatric IBD, evidence-based guidelines on diagnostics and 

treatment have been published by the European Crohn’s and Colitis 

Organisation (ECCO) and the Pediatrics IBD Porto group of the European 

Society of Paediatric Gastroenterology, Hepatology And Nutrition 

(ESPGHAN). 

The ECCO-ESPGHAN-recommended diagnostic process could be 

summarized as follows [Levine et al. 2014]. After exclusion of IBD-mimicking 

enteric infections, allergic colitis, and primary immunodeficiencies initial 

blood tests and F-Calpro are obtained followed by endoscopy with biopsies. At 

endoscopic and histological studies, diagnosis is set as UC, CD, or IBDU 

according to features representative of each respective IBD form. If typical UC 

is detected at endoscopy, imaging can be forgone, otherwise, MRE and/or 

wireless capsule endoscopy is mandated in all cases. IBDU is used tentatively 

if no specific diagnosis can be ascertained after endoscopy but, in this case, 

imaging will be tried to assess for missed CD. IBDU will only be set as the final 

diagnosis if diagnosis remains unspecified after this as well. 

The guidelines on therapy for pediatric CD [van Rheenen et al. 2020] 

delineate that attempts at inducing remission with exclusive enteral nutrition 

or glucocorticoids are recommended  in new cases of CD with a low risk of poor 

outcome and no severe growth delay. Methotrexate, thiopurines, and 

maintenance enteral nutrition should then be considered for maintaining 

remission. If remission is not achieved at induction, anti-TNF therapy should 

be started. The same course of action is recommended if achieved remission 

cannot be maintained after two attempts. First-line anti-TNF initiation should 

be considered if a higher risk of poor outcome, growth impairment, or 

fistulizing disease is detected initially. In fistulizing disease, antibiotic therapy 

or surgical intervention may also be required.  

In pediatric UC, the ECCO-ESPGHAN guidelines instruct the following 

[Turner et al. 2018a, 2018b] while therapy for IBDU generally follows the same 

principles. Mesalamine (5-ASA) compounds are recommended as first-line 

induction and maintenance therapy for mild and moderate UC but should be 

discontinued in acute flare-up. Glucocorticoids should generally be considered 

second-line for mild and moderate UC, but first-line with intravenous 

administration for acute and severe UC. Thiopurines are recommended for 

maintaining remission in corticosteroid-dependent children and those with 

inadequate response to 5-ASA. IFX should be considered for both induction 

and maintenance of remission where 5-ASA and thiopurines have failed and 

in acute UC unmanageable by intravenous corticosteroids. Tacrolimus and 

cyclosporine can be considered as an alternative.  
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The guidelines for both CD and UC state of IFX therapy that proactive 

therapeutic drug monitoring followed by dose optimization is recommended 

over empirically escalating the dose or switching therapies. If sufficient 

response is not reached despite dose optimization and immunomodulator use, 

a switch to another biological should be considered. Combining IFX with an 

immunomodulator is recommended in the guidelines.  

 

 

2.2 PART ONE: OPTIMIZING INFLIXIMAB TREATMENT 

In the following subchapters, the theoretical and clinical background of IFX is 

first reviewed, then disease activity metrics available in IBD followed by  

F-Calpro, and lastly existing literature on the utility of measuring the serum 

concentrations of IFX and ATI. Because several years have passed since the 

onset of the studies I and II in 2008, the subjects of F-Calpro and S-IFX 

measurements will be discussed in two parts each, first presenting the state of 

the literature at the start of the studies and then the discoveries made 

afterward.  

2.2.1 TUMOR-NECROSIS FACTOR ALPHA AND INFLIXIMAB 
 

Although the exact pathogenesis of IBD is not altogether understood, a family 

of signal proteins called the Tumor-Necrosis Factors (TNF) has been 

recognized as an integral part of the involved cytokine-regulated inflammatory 

process [Aggarwal et al. 2012, Vanamee et al. 2018], TNF-α being one of the 

more researched amongst the family regarding inflammatory bowel diseases. 

Understanding of TNF-α matured in the late 1980s and 1990s in studies 

into rheumatoid arthritis when elevated concentrations of TNF-α were 

discovered at sites of inflammation and reducing its force of action was noted 

to ameliorate inflammation [Tracey et al. 2008]. These initial discoveries were 

followed by a pilot experiment with a chimeric, monoclonal anti-TNF antibody 

produced in and extracted from mice, the cA2, which came to be called 

infliximab, and later by a large multicenter study by the same group [Elliott et 

al. 1993, 1994]. 

Since then, other TNF-α antagonists have emerged as well and are 

collectively referred to as 'biological' therapies for their production methods, 

one such alternative to IFX being adalimumab (ADA). Additionally, biologicals 

targeting other parts of the inflammatory cytokine cascades have since become 

available including the anti-integrin drug vedolizumab and interleukin IL-12 

and IL-23 blocking ustekinumab. Biosimilars of the original trademarked drug 

molecules have also entered the market recently. 
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Biological therapies have enabled safer and more effective treatment in 

particular for many patients who may have required problematic long-term 

glucocorticoid therapies or surgeries or showed poor response even to these 

approaches [Manz et al. 2012, Jeong et al. 2019]. IFX has shown its potency in 

treating moderate to severe forms of IBD in both adult [Hanauer et al. 2002, 

Rutgeerts et al. 2006, Colombel et al. 2010] and pediatric patients [Hyams et 

al. 2007, McGinnis et al. 2008, Jongsma et al. 2020a]. In pediatrics, IFX has 

been approved in the care of children above 6-years of age suffering from 

moderate or severe IBD. The standard treatment scheme for IBD includes 

drug introduction in induction therapy with infusions at 0, 2, and 6 weeks 

followed by lower-intensity maintenance therapy administered every 8 weeks 

with a dose of 5 mg/kg. This is presented graphically in Figure 2 below. 

 

 

Figure 2 Standard IFX treatment regimen in IBD. Original publication I was focused on 
induction therapy, while publication II entailed both phases of treatment. 

 

The ACCENT I trial published in 2002 was a randomized placebo-controlled 

trial, which explored the use of maintenance IFX therapy in 335 initial 

responders in CD and which found IFX to be efficient at maintaining remission 

[Hanauer et al. 2002]. An endoscopic substudy with the same patient base 

found higher rates of mucosal healing in regular maintenance therapy than 

when IFX was administered as-needed [Rutgeerts et al. 2006]. 

In the pivotal SONIC (Study of Biologic and Immunomodulator Naive 

Patients in Crohn's Disease) study on adults with moderate-to-severe CD 

introduced to IFX or azathioprine alone or in combination, IFX use alone 

resulted in steroid-free clinical remission in 44.4% of patients and mucosal 

healing in 30.1% of patients while the respective figures were 56.8% and 43.9% 

when combined with azathioprine [Colombel et al. 2010]. In the pediatric IBD 

patient setting, the effectiveness of IFX in treating children and adolescents 

with moderate-to-severe CD in inducing and maintaining remission [Hyams 

et al. 2007, 2011] and in severe pediatric UC is also demonstrated [Eidelwein 

et al. 2005, McGinnis et al. 2008, Hyams et al. 2010, Turner et al. 2010]. These 

older results have been verified in recent reviews on biological therapies 

[Corica et al. 2017]. Also in pediatric-onset CD, the conventional guideline of 

starting treatment with exclusive enteral nutrition, corticosteroids, and 
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immunomodulators has recently been challenged by the finding that first-line 

IFX leads to significantly higher proportions of achieved clinical and 

endoscopic remission [Jongsma et al. 2020a]. 

There is high variance in drug concentration in the serum over time in 

individuals and between individuals. The rate of drug clearance is associated 

with anti-drug antibodies, use of concomitant immunomodulators, degree of 

systemic inflammation, serum albumin concentration, body weight, and 

maturation of body composition and metabolism [Hemperly et al. 2018, 

Winter et al. 2020]. High inflammatory burden in the body causes increased 

drug clearance and low serum albumin is also indicative of protein (and hence 

IFX) loss in the intestine, both of which occur in more severe disease. 

Anti-TNF-α agents are associated with a heightened risk of opportunistic 

infections and malignancies. The risk ratio of infection by mycobacteria, fungi, 

or viruses doubles during therapy [Ford et al. 2013], and the risk of some 

extra-intestinal malignancies grows as well, though the evidence is sparse 

apart from melanoma [Magro et al. 2014]. In the SONIC study, serious 

infections developed in ca. 4–5% of patients receiving IFX [Colombel et al. 

2010]. Infusion reactions are also a recognized hazard, immediate reactions 

occurring in 5–23% and late reactions in 1–3% of patients according to a 

review from 2015 [Lichtenstein et al. 2015]. 

2.2.2 MEASURING DISEASE SEVERITY AND DEFINING REMISSION 
 

There are a host of different scoring systems, questionnaires, and laboratory 

markers for monitoring disease activity in IBD. Presented here are only those 

which have been prominently utilized in the literature on F-Calpro and S-IFX 

concentrations. Notable examples are summarized in Table 1 following the 

section text. Radiographic evaluation is also discussed later in section 2.3.1.  

Physician’s global assessment (PGA) is a means of demonstrating changes 

in disease state during a study according to parameters set in the given study. 

It is not a standardized metric suited to comparisons between studies. PGA is 

presented as a numerical value on a varying scale with higher scores indicating 

higher severity. PGA is not validated in terms of treatment targets and is not 

shown to predict mucosal state at endoscopy at least in UC [D’Haens et al. 

2007, Brahmania et al. 2014].   

The CD activity index, CDAI, includes questions and clinical findings of 

general well-being, abdominal pain, number of soft/liquid stools and use of 

anti-diarrhea drugs, abdominal mass, and complications such as joint pain or 

inflammation, uveitis or iritis, skin issues, fever and fissures, fistulae, or 

abscesses. Hematocrit and body weight are recorded as well. The answers and 

findings are assigned weighted scores. A total score of <150 represents clinical 

remission whereas disease state is classified as severe with scores over >450 

[Best et al. 1976]. The Harvey-Bradshaw Index, HBI, was developed as a 

simpler alternative to CDAI for adult IBD clinics [Harvey et al. 1980]. For HBI, 
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the patient is only interviewed for general well-being, abdominal pain, number 

of soft/liquid stools per day, abdominal mass, and complications (as listed 

above). 

The endoscopic indices of severity for CD and UC, CDEIS and UCEIS [Mary 

et al. 1989, Travis et al. 2012], and Simple Endoscopic Score for CD (SES-CD) 

[Daperno et al. 2004] are common ways for scoring findings at endoscopy. In 

addition to evaluation based on appearance alone, histologic activity indices 

have been suggested as well, but the field is even less settled [Mojtahed et al. 

2014]. 

Versions of CDAI have been developed for pediatrics such as the PCDAI 

and wPCDAI. No significant improvement in performance has been noted with 

wPCDAI compared to PCDAI despite it being a data-driven reweighted version 

of the original and neither provide accurate relation to endoscopic findings 

[Turner et al. 2017] as is generally the case with clinical indices. 

In turn, for activity monitoring in UC, one of the more widely used systems 

are the Mayo [Schroeder et al. 1987] and the partial Mayo score, incorporating 

only the non-invasive components. Here, the patient answers questions only 

on stool frequency and rectal bleeding combined with PGA and mucosal 

appearance at endoscopy on a scale of normal-to-severe. The scale is 0–12 

points with higher scores representing higher disease activity. In children with 

UC, one prominent option is the pediatric ulcerative colitis activity index 

PUCAI [Turner et al. 2007] where pain, rectal bleeding, stool consistency and 

number per day and night,  and restriction of daily activities is assessed. 

An index of note in the region of the author of this thesis is the partial IBD 

symptom index (pIBD-SI) and its combination with rapid F-Calpro testing 

(pIBD-SI-C). They were validated for clinical practice in Finland in 2017 in the 

care of adult and pediatric patients with colonic IBD [Puolanne et al. 2017]. 

The rapid F-Calpro test used is PreventID® CalDetect® (Preventis, 

Immunodiagnostics AG, Bensheim). Alone, pIBD-SI was noted to discern 

active disease and remission as reliably as the rapid F-Calpro test method. 

Combining the two into pIBD-SI-C allows this patient group to monitor their 

well-being from home and to contact healthcare authorities if indicated by the 

scores. 

Common laboratory tests used in IBD include bloodborne markers familiar 

from many other fields along with fecal tests. Blood sampling for, e.g., 

leukocyte levels, C—reactive protein CRP, and erythrocyte-sedimentation rate 

ESR is commonplace, as is assay of hematocrit and hemoglobin to evaluate 

blood loss into stools, while liver function tests and serum albumin are used to 

monitor nutritional state. In addition to blood samples, tests for F-Calpro and 

fecal lactoferrin (primarily F-Calpro) have become a mainstay in both the 

primary diagnostic stage and follow-up of IBD patients. F-Calpro will be 

discussed in more detail in the following section 2.2.3. but it will be stated here 

that blood and fecal markers bear a stronger correlation with endoscopic and 

histologic findings than clinical indices [Sipponen et al. 2008c]. 
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Remission is a core therapeutic goal in current strategies in IBD. Broadly 

defined, remission is the significant reduction or frank disappearance of the 

signs and/or symptoms of disease. In clinical practice, however, the definition 

of remission varies by the metrics used and might include some combination 

of clinical indices or patient interview along with laboratory and endoscopic 

assessments. In scientific endeavors, the chosen target outcome also varies 

greatly, but oft-seen endpoints include remission as defined by CDAI score 

<150 or an endoscopic scoring system, normal inflammatory markers, being 

free of glucocorticoid therapy, or some combination of the above. In pediatric 

IBD, however, low CRP and ESR are poor indicators of remission as they are 

seldom clearly elevated even in active phases of disease [Sidoroff 2010]. Some 

other, specific clinical features may also be chosen such as the presence or 

healing of fistulae or abscesses. One such feature of great interest is the state 

of the intestinal mucosa in endoscopy and histological studies leading to the 

concept of mucosal healing. 

Despite being an old concept, the definition of mucosal healing is unsettled 

but entails the resolution of ulcerations or erosions in the intestinal mucosa 

translating to improved scores at endoscopy. It has been shown to predict 

favorable long-term outcomes more strongly than most other metrics and is 

now a key therapeutic endpoint in clinical trials [Schnitzler et al. 2009, 

Neurath et al. 2012, Neurath 2014]. Repeated endoscopies, however, are 

unpleasant and even risky for patients, and especially problematic in 

pediatrics where sedation and intubation are also necessary. The ileum may 

also not be reachable in all cases due to elevated risk of perforation, poorly 

evacuated bowel or stenosis, for example [de Bie et al. 2012]. Therefore, 

emphasis has been placed on validating surrogate markers for mucosal 

healing.  
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Table 1. Summary of notable conventional IBD activity metrics. Gross evaluation of 
reliability in suggesting clinical remission and mucosal healing is indicated. Abbreviations of 
the indices are explained in the preceding text and the section Abbreviations. CD = Crohn’s 
disease, UC = ulcerative colitis. 

 

Metric Patient group 

Suggest  

clinical remission 

Suggest 

mucosal healing 

Clinical indices    

PGA Any   
CDAI CD, adults   
HBAI CD, adults   
PCDAI, wPCDAI CD, pediatric   
Mayo, partial Mayo UC, adults   
PUCAI UC, pediatric   

Endoscopic 

indices 

   

CDEIS and SES-CD CD   
UCEIS UC   

Laboratory 

markers 

   

ESR, CRP Adults   
 Pediatric   
F-Calpro Any   

 

2.2.3 FECAL CALPROTECTIN 

2.2.3.1 Background for original publication I 
 

Elevated fecal levels of calprotectin (F-Calpro), an antimicrobial cytoplasmic 

agent are released by neutrophilic leukocytes upon cell death or apoptosis as 

they build up in the inflamed intestine [Pathirana et al. 2018] for which it is a 

sensitive but unspecific marker [Bunn et al. 2001b]. It is generally quantitated 

using enzyme-linked immunosorbent assay (ELISA), though so-called rapid 

point-of-care tests have also been developed [Lobatón et al. 2013a, 2013b, 

Inoue et al. 2014]. Different ELISA kits exist, and though there is variation 

between them in specificity and absolute values, they have been judged a 

highly sensitive and reliable method [Prell et al. 2014].  

The level of F-Calpro considered normal is usually set at <100 µg/g 

(calprotectin/feces) from 1 year of age onwards, a value with a 95% negative 
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predictive value for IBD [Kolho et al. 2006, Berni Canani et al. 2008]. With 

such a high negative predictive value, the test is useful for tentatively ruling 

out inflammatory bowel disease in bowel-related symptoms, bearing in mind 

that some localized forms of CD may present with F-Calpro as low as <50 µg/g. 

On the other hand, up to two thirds of children with IBD with no reported 

symptoms may show F-Calpro levels higher than the 100 µg/g threshold 

[Sipponen et al. 2010]. It is also crucial to note that F-Calpro levels rise also in 

intestinal bacterial infections and neoplasms. 

When compared to clinical scores and serum inflammatory markers,  

F-Calpro is the most accurate tool in detecting the presence of active mucosal 

inflammation in the colon [Berni Canani et al. 2008, Langhorst et al. 2008, 

Quail et al. 2009]. In IBD, F-Calpro levels relate to clinical activity index scores 

[Costa et al. 2003], endoscopic impression, and the grade of mucosal damage, 

as has been demonstrated in numerous studies [Bunn et al. 2001b, Røseth et 

al. 2004, Fagerberg et al. 2007, Berni Canani et al. 2008, Sipponen et al. 

2008a, 2008c, 2010]. In children, the level of F-Calpro may guide the need for 

endoscopy [Bunn et al. 2001b, 2001a, Fagerberg et al. 2007]. As stated in the 

previous section 2.2.2, the state of the intestinal mucosa appears strongly 

associated with long-term outcomes. F-Calpro may potentially, therefore, be 

used in predicting outcomes as well and be a great help in guiding IFX therapy.  

At the onset of study I in 2008, F-Calpro was still a fairly novel surrogate 

marker for intestinal inflammation in IBD. It was deemed especially beneficial 

in the pediatric setting where the golden standard of intestinal assessment, 

endoscopy with biopsies, was particularly problematic. By that time, a pilot 

study [Buderus et al. 2004] in five children introduced to IFX had reported a 

fall in fecal lactoferrin, another glycoprotein with similar clinical utility [Kane 

et al. 2003], but the patterns of F-Calpro changes during IFX therapy were not 

satisfactorily investigated.  

2.2.3.2 More recent discoveries 
 

The study completed by March 2011 and published as original publication I in 

December 2011 focused on the behavior of F-Calpro levels during induction 

IFX treatment at baseline and at weeks 2 and 6 in a pediatric setting. The 

findings will be discussed in more detail in section 5 in this thesis, but 

summarizing, it was discovered that the median F-Calpro level declined 

sharply by week 2 and even normalized in 37% of patients. Further, no 

additional improvement was detectable at week 6, and instead, loss of 

response was suspected in some patients already. The findings reflected those 

in adults in similar settings and suggested that F-Calpro could be used to 

detect patients likely to benefit from the drug early in the treatment regime, 

but further research was warranted. 

More evidence along the same lines was published in the same time period 

in the Helsinki area [Molander et al. 2012] stating that in induction therapy 
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with TNF-α inhibitors in 60 IBD adult and adolescent patients, normal  

<100 µg/g F-Calpro after induction was predictive of sustained remission as 

compared to abnormal values at the same timepoint. Meanwhile, in another 

study, a cut-off value of <82 µg/g at week 14 seemed to predict attaining 

clinical remission within 1 year of therapy with high accuracy [Boschetti et al. 

2015]. Comparing pre- and post-induction F-Calpro values has been suggested 

to be an even more accurate metric: a post-induction drop from initial F-

Calpro of less than 70% indicated treatment failure with a 90% probability 

[Pavlidis et al. 2016].  

Some controversy has emerged regarding the link of F-Calpro to mucosal 

healing in pediatric IBD. The F-Calpro cut-off value of <100 µg/g has been 

suggested to indicate deep mucosal healing at endoscopy in pediatric CD with 

high specificity, but sensitivity in this patient group may be lacking [D’Haens 

et al. 2012, Weinstein-Nakar et al. 2018]. Current guidelines on endoscopy in 

pediatric IBD state that F-Calpro suffices to indicate mucosal healing in UC 

but, indeed in CD, endoscopy may still often be required [Oliva et al. 2018].  

In 2014 another paper from the Helsinki area was published on using  

F-Calpro to predict short-term relapse after stopping TNF-α therapy in 49 IBD 

patients in deep remission [Molander et al. 2015]. In this study, patients going 

into relapse showed elevated F-Calpro levels for 13–317 days prior to the 

relapse while constantly normal values were predictive of sustained remission. 

The finding suggested that monitoring F-Calpro could have utility in 

predicting relapse, though sampling might have to be conducted relatively 

frequently for this purpose. 

Knowing when to eventually stop anti-TNF-α therapy is also a veritable 

clinical challenge. As the drugs are expensive and may incur significant side-

effects, it is an important consideration, but the majority of patients relapse 

after termination of therapy, and discontinuation also risks losing efficacy on 

restart [Steenholdt et al. 2012, Gisbert et al. 2015]. Many demographical and 

disease history factors, such as younger age, smoking, longer disease duration, 

and fistulizing perianal CD along with laboratory findings of low hemoglobin 

or high CRP or F-Calpro are associated with an increased risk of relapse after 

stopping therapy. Meanwhile, low serum anti-drug-antibody levels may be a 

protective factor [Gisbert et al. 2015]. 

The field of calprotectin as a tool in IBD therapeutics is still evolving. Serum 

and plasma calprotectin may be emerging as more easily applicable clinical 

biomarkers, though more research into the subject is needed [Boschetti et al. 

2015, Malham et al. 2019]. 
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2.2.4 SERUM MEASUREMENTS OF INFLIXIMAB AND ANTIBODIES-
TO-INFLIXIMAB 

2.2.4.1 Background for original publication II 
 

As has been noted before, TNF-α inhibitors often either lose their initial 

therapeutic effect entirely or require dose-escalation in initial respondents  

[de Ridder et al. 2008, Hyams et al. 2009, de Bie et al. 2011, Yanai et al. 2011]. 

The reason for the loss of efficacy was poorly understood before the 

publication of study II. Individual differences in pharmacokinetics were not 

believed to be a significant issue [Klotz et al. 2007, Ternant et al. 2008, 

Fasanmade et al. 2011]. One suspected mechanism was the formation of 

antibodies to the medicinal molecules in the body of the recipient [Chaparro 

et al. 2012, Colombel et al. 2012]. Again, with the high cost and associated risks 

of TNF-α inhibitors, being able to predict and adjust the course of IFX therapy 

was and is, therefore, of great interest.  

A potential key to better IFX therapy was thought to lie in monitoring 

serum IFX (S-IFX) concentration during treatment, trough levels specifically. 

Trough level is the lowest the concentration of a medical agent falls in the 

blood before the administration of the next dose. Several publications had 

demonstrated counter-correlation between S-IFX levels and disease activity in 

adult IBD patients in terms of maintaining remission, CRP and endoscopic 

improvement, while non-responding patients presented with lower values of 

S-IFX and higher levels of ATI than responders [Maser et al. 2006, Steenholdt 

et al. 2011]. 

Concerning ATI, in one systematic review it was concluded that at that 

time, there was no clear evidence to support ATI having an impact on clinical 

decision making [Cassinotti et al. 2009]. The significance of ATI was further 

muddled at that time by the technical shortcomings of the original ELISA 

assay used in their detection: with this technique, ATI could only be detected 

reliably when simultaneous S-IFX concentration was low. Regardless, the 

presence of ATI was reported to be associated with a threefold increase in 

clearance of IFX [Ternant et al. 2008] which did indicate that ATI could 

decrease the pharmacodynamic effects of IFX.  Ways to combat ATI were also 

sparsely investigated. In one study, concomitant immunosuppression led to a 

lower frequency of detected ATI in on-demand IFX therapy [Vermeire et al. 

2007], but the effect seemed debatable in scheduled therapy [Maser et al. 

2006]. 

In summary, at the start of project II, it was uncertain whether to seek 

higher S-IFX levels by increasing IFX dose or by shortening the interval 

between infusions while the role that ATI should have in clinical decision 

making was completely unclear. There was limited information on the S-IFX 

and ATI levels overall during IFX treatment in all demographics but especially 

in pediatric patients. 
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2.2.4.2 More recent discoveries on serum infliximab levels 
 

The work completed September 2012 and published as original publication II 

in 2013 was a preliminary study exploring how S-IFX levels behave during 

treatment in pediatric patients. To that end, the S-IFX trough levels of 37 IBD 

patients in a total of 133 samples were measured during induction and 

maintenance therapy and antibodies to IFX in 93 of the samples were 

simultaneously determined. Inflammatory markers and clinical assessments 

were also obtained concurrently with most of the samples. The findings will be 

discussed in detail in section 5, but three of the most important findings were 

as follows. Firstly, S-IFX concentration median levels were higher during 

induction than in maintenance but reflected total drug dose and body weight. 

Secondly, shortening dose intervals in maintenance resulted in a clearer rise 

in concentration than increasing drug dosage. Thirdly, where F-Calpro was 

available, higher S-IFX levels were associated with significantly lower  

F-Calpro during induction, though such an effect was not visible later during 

treatment. The results paralleled those in adults. All in all, the report was 

among the first in the field concerning pediatric patients. The therapeutic 

relevance, however, was left unresolved. 

Further research into the clinical relevance of S-IFX has shown an 

association between anti-TNF-drug serum levels and important clinical goals 

of treatment. A link to endoscopically verified mucosal healing was reported 

in a prospective multicenter study conducted in Spain [Chaparro et al. 2019], 

an association suggested and supported by earlier smaller studies [Adedokun 

et al. 2014, Zittan et al. 2016]. Frank replacement of endoscopy with laboratory 

monitoring is not considered feasible, though, as predicting mucosal healing 

from serum samples is still considered unreliable. In one study it was reported 

that in 21 of their 42 patients who had lost response to IFX treatment, response 

was regained with intensified treatment resulting in increased S-IFX 

[Steenholdt et al. 2015]. Results along the same lines were published following 

a prospective national project in the UK, where 955 patients treated with IFX 

or its biosimilar and 655 patients treated with adalimumab were studied:  

Non-response occurred in 24% and 63% of patients and was associated with 

low serum drug concentrations [Kennedy et al. 2019]. Additionally, it is 

indicated that titrating drug concentration proactively to target level during 

remission yields better long-term outcomes overall compared to dose 

escalation after loss of response [Papamichael et al. 2017].  

On the other hand, questionnaire results between patients with high and 

low serum drug levels in a small set of IBD patients in clinical remission 

indicated that higher S-IFX and S-ADA levels were related to a lower disease-

specific quality-of-life [Brandse et al. 2015]. Although this questionnaire study 

appears to represent the only example of this finding, it could suggest that 
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higher-than-necessary drug dosage may be unadvisable, possibly due to side-

effects from blocking TNF-α signaling pathways not related to disease control. 

Fortunately, it seems that high S-IFX does not necessarily translate directly to 

a higher risk of serious infections [Greener et al. 2018], but regardless, the 

likely connection of side effects to increasing drug levels further supports the 

idea that monitoring and adjusting serum concentration as needed is a worthy 

goal. The central issue remaining to be resolved, then, has been the S-IFX 

trough level that would be optimal for therapeutic response. 

A cut-off level of >1.58 µg/ml was suggested based on ESR during induction 

and maintenance therapy [Choi et al. 2019]. Earlier, a study of 327 CD patients 

in maintenance IFX therapy supported S-IFX ≥3 μg/ml as the target cut-off 

point based on trough S-IFX <2.8–4.6 μg/ml predicting an >70-point rise in 

CDAI and S-IFX <2.7 μg/ml predicting CRP levels rising above normal  

[Levesque et al. 2014].  

In the TAILORIX study in 2018, dose intensification based on S-IFX 

measurements did not seem to improve the rate of achieving corticosteroid-

free clinical remission in comparison to intensification based only on 

symptoms in patients with active CD newly introduced to IFX [D’Haens et al. 

2018]. However, the target trough S-IFX was 3 µg/ml which, though indeed 

suggested in some earlier studies, has later been thought to possibly be too low 

to achieve mucosal healing. In a post hoc reanalysis of the TAILORIX data, it 

was discovered that high early S-IFX concentrations of 23.1 µg/ml at week 2 

and 10.0 µg/ml at week 6 resulted in higher rates of endoscopic response 

[Dreesen et al. 2020]. In the same study, a trough level of 10.6 µg/ml achieved 

through dose escalation during maintenance resulted in improved appearance 

at endoscopy at week 54 but only in patients whose  

F-Calpro normalized. The findings indicated that while higher S-IFX trough 

levels may bear association to better outcomes, it is only through mucosal 

healing (reflected by F-Calpro normalization) that the outcomes are achieved. 

In recent retrospective multicenter studies, the relationship between 

higher trough S-IFX and endoscopic and histopathological results has seemed 

strong. In UC, trough levels of ≥7.5 µg/ml and ≥10.5 µg/ml have shown a link 

to endoscopic and histologic healing, respectively [Papamichael et al. 2018b]. 

Meanwhile, in CD, S-IFX thresholds of 2.2, 9.7, and 9.8 μg/ml were found to 

be related to higher rates of remission in terms of CRP, endoscopic findings, 

and histopathological findings, respectively [Papamichael et al. 2018a]. In 

fistulizing CD as well, a difficult form of CD with poor prognosis, high early  

S-IFX levels are generally associated with more favorable outcomes 

[Santacana et al. 2020] and IFX levels of ≥5 μg/ml and ADA levels of  

≥5.9 μg/ml with perianal fistula closure [Strik et al. 2019]. 

Further information on the use of individualized dosing was provided by 

the first prospective work in the field, the TAXIT study which was a 1-year 

randomized controlled trial [Vande Casteele et al. 2015]. In this work, dose 

optimization was carried out in patients with trough <3 μg/ml or >7 μg/ml  

S-IFX. Where S-IFX was judged too low, dose interval was first reduced by  
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2 weeks per step to a minimum of 4 and then, if still necessary, dosage was 

increased to 10 mg/kg from 5 mg/kg until S-IFX reached the target. The same 

steps were taken in reverse in those presenting with higher S-IFX than desired. 

The scheme was reported to have resulted in over 90% of the patients 

achieving S-IFX 3–7 μg/ml, further leading to somewhat higher rates of 

remission in the dose-intensification group (88% vs 65%) and a cost reduction 

in the dose-reduction group. Here, continued serum monitoring was not 

clearly superior to dosing based on symptoms and CRP after one year of 

therapy. 

In a recent systematic review of 32 studies concerning the 

pharmacokinetic, pharmacodynamic, and immunogenic properties of IFX, it 

was stated that there is insufficient data to support extrapolating IFX dosage 

from adults [Winter et al. 2020]. Younger children with lower body weight, 

with particular emphasis on those <10 years of age, do seem to present with 

lower S-IFX trough levels during induction therapy, but the phenomenon may 

also be affected by body maturation and typically more severe disease in the 

young. A retrospective comparison of children under and over age 10 

demonstrated the same finding at the start of maintenance therapy [Jongsma 

et al. 2020b]. In the same comparison, younger patients also required higher 

dosage in maintenance treatment after one year and were more prone to 

develop ATI. Interestingly, in the proportion of patients in whom IFX failed in 

induction, reasons cited included pharmacokinetics and immunogenicity in 

the younger patients but not in the older patients.  

The systematic review by Winter and their group [Winter et al. 2020] could 

not present a universally accepted target trough S-IFX level for the pediatric 

patient group but cited the ECCO-ESPGHAN guidelines and the Personalized 

Anti-TNF Therapy in CD Study [Turner et al. 2018a, 2018b, Kennedy et al. 

2019, van Rheenen et al. 2020]. The ECCO-ESPGHAN guidelines support 

therapeutic drug monitoring and suggest target S-IFX trough levels to achieve 

mucosal healing. The suggested target for induction therapy in CD is  

≥25 µg/ml at week 2, ≥15 µg/ml at week 6, and ≥5 µg/ml at week 14 and, for 

maintenance, ≥7.5 µg/ml. For UC the guidelines include maintenance therapy 

with the target set at ≥4–5 µg/ml. The latter study hinted at even higher targets 

for both adults and children at particular points in induction and 

maintenance: ≥30–35 µg/ml and ≥7 µg/ml, respectively [Kennedy et al. 2019]. 

Results that seem to challenge the importance of S-IFX measurements 

have been published as well, at least concerning induction therapy. In a recent 

study of 150 adult CD patients from Spain undergoing IFX or ADA induction, 

73% of patients were in clinical remission at week 14 from drug introduction. 

S-IFX levels were measured at baseline and 4, 8, and 14 weeks from the start. 

Here, S-IFX levels were similar among responders and non-responders as 

judged by CDAI scores [Chaparro et al. 2020].  The initial results of the 

TAILORIX study presented above remain as well, disputed as they are by the 

choice of cut-off S-IFX level. 
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Overall, therapeutic drug monitoring has become key in optimizing IFX 

treatment, but the debate about target trough levels and the importance of 

their monitoring during treatment has not settled. It now seems that S-IFX 

levels below 3 μg/ml are too low to attain meaningful therapeutic effects while 

values above 10 μg/ml may be needed to achieve mucosal healing in continued 

therapy. Even higher concentrations may be desirable during induction for 

early endoscopic improvement and fistulizing forms of CD. Meanwhile, high 

concentrations may carry an elevated risk of side effects, though few studies 

on the issue have been conducted. The question of whether dose optimization 

according to concentration measurements is superior to optimization 

according to disease activity remains a point of contention. More clarity on the 

issue may be provided by an ongoing two-part randomized, controlled, multi-

center trial in Norway which aims to further investigate therapeutic drug 

monitoring versus standard clinical treatment with IFX including both 

induction and maintenance treatment [Syversen et al. 2020]. 

 

2.2.4.3 More recent discoveries on anti-infliximab antibodies 
 

Concerning ATI and what actions to take when they form, some indication has 

been offered by a few studies. ATI formation happens in 20–25% of patients 

treated with IFX according to data drawn from a database of 63,176 patients 

and 103,431 samples [Battat et al. 2021]. In this study, ATI were detectable 

across all S-IFX concentrations, and where ATI were detected, IFX 

concentrations were lower. In the same study, dose-escalation from median 

drug dose of 0.62 mg/kg/week to 1.67 mg/kg/week led to a significant increase 

in serum drug concentrations and a decrease in serum ATI concentration. A 

median increase of 5.9 µg/ml in S-IFX concentration corresponded with a 

median decrease in ATI of 4.3 U/ml. The mechanism behind this counter-

correlation is unclear. It is speculated that a high S-IFX may overwhelm drug-

antibody binding capacity leading to slower drug clearance. In a post hoc 

analysis of part of the aforementioned TAXIT study data with partially drug-

tolerant ATI assays along with a drug-sensitive method, it was discovered that 

high concentrations of ATI necessitated aggressive dose-intensification 

regimes while low concentrations disappeared over time [Van Stappen et al. 

2018]. Adding concomitant thiopurine or methotrexate for 

immunomodulation to reduce the formation of ATI has also been attempted 

with the promising result of 77% of patients regaining lost response to anti-

TNF treatment [Strik et al. 2017]. However, the reports by Winter and 

Jongsma and their groups presented conflicting findings concerning pediatric 

patients: Though in the review it was concluded that concomitant 

immunomodulation seemed to alleviate the problem of ATI overall, some 

included studies had disputed this and so did the work by Jongsma and their 

group [Jongsma et al. 2020b, Winter et al. 2020]. Additionally, a heightened 
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risk of adverse effects to IFX therapy has been reported when combined with 

immunomodulators [Kirchgesner et al. 2018]. 

Research into ATI and antibodies-to-adalimumab was facilitated by the 

development of techniques that allow their detection even when the 

simultaneous drug concentration is high. Such techniques include 

homogeneous mobility shift assays (HMSA) [Wang et al. 2012] and drug-

resistant ELISA methods [Van Stappen et al. 2018]. However, the practical 

relevance of these methods is disputed by a sidenote of the post hoc TAXIT 

data analysis described in the previous paragraph. In that study the clinically 

relevant high concentrations of ATI that did not disappear spontaneously were 

detectable with the older drug-sensitive ELISA method, suggesting that the 

method may be sufficient for clinical practice. 
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2.3 PART TWO: QUANTIFYING BOWEL MOTILITY IN 
MAGNETIC RESONANCE IMAGING OF CROHN’S 
DISEASE  

The following subchapters establish the premise of the original publication III. 

The topics of discussion are the role that imaging and magnetic resonance-

based techniques have in CD diagnostics, the concepts of bowel motility, and 

that of artificial intelligence in image analytics. Lastly previously published 

systems for quantifying bowel motility are summarized.  

2.3.1 THE ROLE OF IMAGING IN IBD DIAGNOSTICS 
 

As was stated in section 2.1 Prologue, the cornerstone of primary diagnostics 

in IBD is endoscopy and histopathological sampling while laboratory studies, 

patient history, and physical examination, and imaging mostly offer 

supportive information during the early stages [Danese et al. 2011, Baumgart 

et al. 2012].  

US imaging is generally perceived to be of limited utility in bowel disorders 

by the wide clinical audience. It does offer a widely available and low-cost 

method for ruling out other conditions during primary investigations even 

without any bowel-targeted techniques. However, experiences from parts of 

Europe are increasingly beginning to indicate that gastrointestinal US may 

have far wider practical value in IBD. It has been suggested as a reliable and 

reproducible bedside method for early detection of IBD and for assessing 

disease activity, extent, and even complications in both adult and pediatric 

patients [Bryant et al. 2018, Elliott et al. 2018]. In children, US imaging has 

the additional advantage of avoiding the radiation hazard of CTE and the need 

for sedation for successful MRE. 

Cross-sectional imaging studies are helpful in ruling out other disease 

entities and, mostly in CD, assessing for disease extent, severity, and 

complications. Imaging can also offer supporting information in case of 

ambiguity as standard ileocolonoscopy and esophagogastroscopy can access 

only limited portions of the whole digestive tract. CTE has been shown to 

successfully indicate active CD in up to 50% of cases where a false-negative 

result has been obtained in ileocolonoscopy [Samuel et al. 2012]. MRI also 

possesses high accuracy in detecting disease activity and even mucosal 

healing, a task for which the magnetic resonance index of activity (MaRIA) has 

been validated [Rimola et al. 2009, Buisson et al. 2017]. As result, cross-

sectional imaging has been recommended to be performed as part of the 

primary investigations [Bruining et al. 2018]. 

A large prospective study, the ImageKids, comprised of children with CD 

who underwent ileocolonoscopy and MRE has provided data on the validity of 

extrapolating mucosal healing from MRE findings. In one of its ancillary 

studies, moderate covariance between SES-CD and ileal MaRIA scores was 
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observed [Weiss et al. 2019], mirroring an earlier finding in a study with 24 

children where global MaRIA scores were calculated [Pomerri et al. 2017]. An 

index called the Mucosal Inflammation Noninvasive Index (MINI) was also 

developed using data derived from ImageKids [Cozijnsen et al. 2020]. The 

index is based on the stool components from wPCDAI, F-Calpro, ESR, and 

CRP and, validated on three additional cohorts of patients in the study. It was 

found to predict mucosal healing with 84% sensitivity and 87% specificity with 

the cut-off set at MINI score of 8. The index appears to offer small gains over 

utilizing F-Calpro only as a surrogate for endoscopy in children with CD, 

though repeated MRE has its downsides in young children. 

In CD, computed tomography and MRI have similar sensitivity and 

specificity in the assessment of disease extension and severity, according to a 

review done in 2011 [Panés et al. 2011]. Besides the advantage of not involving 

harmful radiation, MRI carries the benefit of allowing the practical acquisition 

of dynamic images. In this technique, also called ‘cine’ for cinematic, repeated 

images of the same imaging plane and location are acquired to form an image 

series depicting changes over time in the area. Successful acquisition of cine 

images, however, requires specific technical consideration. 

 

2.3.2 MAGNETIC RESONANCE IMAGING TECHNIQUES FOR CROHN’S 
DISEASE 

 

There are two techniques for MRI optimized for small bowel investigations: In 

enteroclysis, a nasojejunal catheter is used for the application of an enteric 

contrast agent whereas in enterography the agent is ingested orally by the 

patient. Though both could be referred to by the acronym MRE, in this thesis 

the abbreviation refers to enterography as it has become the dominant 

technique as it is easier and safer for the patient. Enteroclysis generally leads 

to better bowel distension, but  comparable accuracy in lesion detection is 

achieved by enterography in terms of clinical significance [Schreyer et al. 

2004, Negaard et al. 2007]. Forgoing the use of a nasojejunal catheter also 

circumvents the radiation hazard associated with its application under X-ray 

fluorography. 

The technical execution of MRE varies between clinics, but the general 

principles are as follows. The oral contrast agent is applied gradually at the 

imaging center before scanning after a fasting period of circa eight hours. 

Typically used contrast agents include non-absorbable mannitol and sorbitol 

in iso-osmolar water solutions. They lengthen both the T1 and T2 relaxation 

times, appearing hypointense in T1-weighted and hyperintense in  

T2-weighted images. An assortment of axial and coronal T1- and T2-weighted 

sequences are obtained including pre- and post-gadolinium-injection fat-

suppressed T1-weighted sequences, and diffusion-weighted images. An 

antimuscarinic drug, such as scopolamine, is also injected intravenously 
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before intravenous contrast imaging to mitigate motion artifacts caused by 

bowel movement. When implemented, cine series are acquired before the 

application of the antimuscarinic drug. 

The parameters for cine sequences in MRE are presented thoroughly in a 

publication by Wnorowski and their group [Wnorowski et al. 2015]. In 

summary, cine sequences are often based on balanced steady-state free 

precession (bSSFP) or a similar technique, which produces images with 

moderate T1- and T2-weighted signal intensity where bright-appearing enteric 

contrast and chemical-shift artifacts delineate the bowel walls. These 

sequences are relatively resistant to motion and flow artifacts, a quality 

essential for dynamic bowel imaging. They also allow low repetition times 

resulting in high temporal resolution if so desired. Scanners of either field 

strength in clinical use, 1.5T or 3T, can be used, but 3T is more prone to 

artifacts. Cine images are usually obtained from several different coronal 

planes imaged sequentially over the acquisition time to cover the entire bowel. 

Typically, an intersectional gap is unavoidable, though recently gapless 3D 

techniques have emerged as well. Little evidence exists to suggest the optimal 

parameters for field strength and repetition times though there is some 

indication that longer sequences with lower temporal resolution may improve 

motility assessment [de Jonge et al. 2018]. 

Cine sequences have been shown to improve lesion detection accuracy as 

bowel movement becomes locally impaired in disease-affected segments 

[Froehlich et al. 2010, Guglielmo et al. 2015, Lambrou et al. 2019]. One 

advantage is the ability to differentiate true stenosis from a bowel segment 

merely appearing stenotic due to a peristaltic contraction. Guglielmo and their 

team reported diagnostic sensitivity of 70–100% and specificity of 87–100% 

using cine sequences to manually assess for CD [Guglielmo et al. 2015]. The 

concept of bowel motility, however, offers another avenue for improved 

imaging for CD besides detection of local lesions and forms the theoretical 

backbone for the presented work on CD detection (original publication III). 

2.3.3 GASTROINTESTINAL AND SMALL BOWEL MOTILITY 
 

Gastrointestinal motility as a concept entails the autonomous patterns of 

contraction waves by the intestinal transverse and longitudinal smooth muscle 

fibers, with the dual purpose of enhancing the break-up and absorption of the 

components of food and propelling it along the digestive tract. Propulsion is 

also thought to protect the intestine against harmful substances by limiting 

their time of contact with the bowel walls. There is great intra- and 

interindividual variation in gastrointestinal motility in healthy subjects, the 

intraindividual variation being related to diurnal and digestive cycles [Kellow 

et al. 1986]. The effect of a meal on healthy-bowel motility has also been 

demonstrated in MRE where it has also been noted that oral preparation with 

mannitol produces similar effects [de Jonge et al. 2019]. The normal patterns 
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of variation are disturbed in bowel disorders where post-prandial propulsion 

of food residue may be counterproductively slow or urgent bowel movements 

may emerge during inopportune times.  

The traditional method for measuring motility is either stationary or 

ambulatory manometry by catheters inserted in the gastrointestinal tract 

while transit time can be measured using ingested radio-opaque markers in 

conjunction with radiographic studies. Manometry, however, only detects 

pressure waves resulting from phasic contractions of the circular muscle layer 

controlled by the enteric neuromuscular system and then only those which 

either occlude the bowel lumen completely or not at all, leaving out data from 

the longitudinal muscle layer, the passive mechanical properties of the bowel 

wall, and semi-occlusive contractions. As demonstrated in an expansive 

review, the patterns of small bowel motility detected by manometry have been 

explored extensively [Husebye 1999], but with the conclusion that the disease 

underlying the detected neuromuscular dysfunction could not be specified 

with this method.  

The relationship between gastrointestinal motility and inflammatory bowel 

disease is a complex and incompletely understood matter involving interplay 

between genetic, immunological, neurological, and microbial factors. 

Regardless, animal and in vitro studies have shown that inflammation, even 

of subclinical low grade, induces a neuroimmune response in the bowel 

responsible for abnormal motor activity [Straub et al. 1997, Al-Saffar et al. 

2001, Wouters et al. 2011]. These changes may persist even in quiescent stages 

of disease, such as in CD judged inactive by CDAI score [Annese et al. 1997]. 

Indeed, gastrointestinal motility disorders are common in IBD [Bassotti 2014] 

and could explain the prevalence of irritable bowel syndrome (IBS) -like 

symptoms in IBD patients [Berrill et al. 2013]. Small bowel hypomotility 

detected in MRI is one suggested cause for both fasting and fed-state 

symptoms in CD [Khalaf et al. 2020]. 

Attesting to the clinical significance of quantified small bowel motility, a 

link to motility scores and markers of inflammation has been demonstrated. 

For example, small bowel motility has been shown to correlate with  patient 

symptoms measured by HBI and the laboratory markers CRP and F-Calpro 

[Bickelhaupt et al. 2013b, Menys et al. 2016, Gollifer et al. 2018] and it also 

appears linked to terminal ileal endoscopic appearance and histopathological 

findings [Cullmann et al. 2013, Menys et al. 2018]. An MRI-based CD activity 

index, in which disease activity is scored according to signs of mural thickening 

and enhancement and mural and perimural T2 hyperintensity, also appears 

correlated [Hahnemann et al. 2015b]. 

Concerning CD, the small bowel is the object of greatest interest as it is 

generally the site of the greatest inflammatory burden in this condition. 

Unsurprisingly, colonic motility in CD has not been specifically studied. 

Similarly in UC, small bowel motility prior to proctocolectomy has only been 

explored in a few older studies but does seem to involve lower propulsive 

activity and intraluminal pressure [Manousos et al. 1965, Ritchie et al. 1965] 
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leading to increased small intestinal transit time as verified more recently by 

capsule endoscopy [Haase et al. 2016]. In one study comparing small intestinal 

transit times in CD, UC, and non-IBD patients also using capsule endoscopy, 

active CD and UC both showed increased transit times compared to the non-

IBD group and the median transit times were similar between active CD and 

UC [Fischer et al. 2017]. Indeed, a link mediated by neuroimmune factors 

between different parts of the gastrointestinal tract has been suggested 

[Mourad et al. 2016]. Consequently, differentiating between CD and UC may 

be as difficult in motility-based diagnostics as it can be by other means. 

As another important differential diagnostic consideration, 

gastrointestinal motility disorders are encountered in myriad other conditions 

besides IBD, both directly involving the intestines and seemingly unrelated.  

A host of primary enteric neuropathies exists [de Giorgio et al. 2000] and 

frank neurologic diseases may have implications as well [Camilleri 1990]. The 

same can be said for cancer, where the disease itself may cause motility issues 

but so can cancer treatment or pain medication [Shafi 2019]. Systemic 

endocrine dysfunction may also cause aberrations in motility [Ciobanu et al. 

2011], a prominent example being diabetic gastroparesis.  

Despite the vastness of the differential, the hope remains that changes in 

the different components of motility are distinct enough that discerning 

underlying diseases is possible. The overall complexity of the issue, however, 

may necessitate help from machine learning and neural networks, or broadly 

from the field of artificial intelligence, to reach useful diagnostic accuracy. 

2.3.4 PRINCIPLES OF ARTIFICIAL INTELLIGENCE IN MEDICAL 
IMAGING 

 

The field of artificial intelligence has permeated many fields of science in 

recent years. This includes medical imaging where it is already starting to offer 

tools capable of assisting in select workflows and may eventually be able to 

take over some tasks completely. The fine points of AI technology are beyond 

the scope of this literary work, but to ensure readability for a medically 

inclined audience moving onwards, it is necessary to introduce some relevant 

terminology. The current section is based on the book Artificial Intelligence in 

Medical Imaging: Opportunities, Applications and Risks [Ranschaert et al. 

2019]. 

Artificial intelligence (AI) is both a blanket term for methods of mimicking 

or exceeding human intelligence and oft-used shorthand for any computer 

program or autonomous machine whose actions appear intelligent in a 

human-like manner. It is also an umbrella term for a collection of technologies 

and techniques used in the creation of systems capable of appearing 

intelligent. A select few of these include algorithms, parameters, labels and 

segmentation, test, training, and validation data, overfitting, different types of 
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machine learning, neural networks, models, and computer vision – all key 

points in AI-based imaging research and applications. 

An algorithm is a set of instructions given to the computer on how to 

perform a task. The algorithm contains parameters, variables on which the 

computer bases its predictions (in this context, prediction = result). In the case 

of images, these can encompass geometric features or sets of pixels with 

similar brightness or color, for example. An example could be detecting a dog 

in a picture of a backyard in three steps: 1) Look for one to seven legs, 2) Look 

for the color brown, 3) Look for two ears.  

Labels are metadata or markings in the training data that help the system 

know what it is looking for. Segmentation is the process of manually 

delineating parts of an image creating graphical labels. In the example: Dogs 

are labeled in a set of data designated to be the training data. This technique 

is used in supervised learning. In unsupervised learning, the algorithm makes 

inferences using unlabeled data. In the spirit of the ongoing example, a system 

based on unsupervised learning could be given images containing dogs and 

squeaky toys, eventually learning to make up the difference on its own. In 

reinforcement learning a similar process just described would be aided by 

“rewarding” the computer every time it makes a desired conclusion. 

Machine learning is the process of the computer adapting the parameters 

of an algorithm to make better predictions (i.e., better match the labels in 

supervised learning). In the example, the parameters of the algorithm might 

first be adjusted to be: 1) Look for three to five legs, 2) Look for the color 

brown, 3) Look for two ears. The process is then repeated until acceptable 

performance is achieved. What results is a model. To estimate the performance 

of the model, limited, labeled, and often purposefully difficult validation data 

can be used before the model is given unlabeled test data. The test data is then 

used to evaluate the endpoint accuracy of the model.  

Validation data made purposefully difficult to classify is one way to combat 

a major pitfall of machine learning, overfitting. In overfitting, the model 

learns to make accurate predictions only with the data it is trained on. In the 

example, an overfitted model could not detect a dog with one missing ear or of 

white color. It is, therefore, important to allow certain leeway for models to be 

able to learn larger trends representative of the whole phenomenon under 

scrutiny. 

The process from image to model for image registration is summarized 

visually in Figure 3. 
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Figure 3 Visualization of creating a model for computer vision. Subfigure A: A sample, 
unlabeled image. Subfigure B: Rough-form, failed attempt at recognition. Subfigure 
C: Labeling or segmenting by hand in supervised machine learning. Subfigure D: 
Correct and precise prediction by the model that has overfitted and is not able to 
identify a dissimilar target object.

Deep learning is an evolution of machine learning enabled by neural 
networks where the algorithmic steps and parameters are organized in 
interconnected layers resembling the synaptic architecture of the central 
nervous system. This gives neural networks their evocative name, but instead 
of neurons, so-called nodes perform its different functions, while 
mathematical weights define how they interact. Through the interplay of these 
nodes and iterative adjustment of their assigned weights, neural networks 
enable a fine-grained learning process with the ability to grasp complex tasks 
such as composing a song. An important type of neural network is the 
convolutional neural network (CNN). CNNs have achieved marked success in 
image processing.

These basic principles are applied in the field of computer vision with the 
intent of enabling human-like image recognition and categorization 
capabilities in software and hardware solutions. They form the backbone of 

Dog

Dog Dog

Dog
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systems aimed at detecting and quantifying small bowel motility in MRE with 

varying degrees of automation. They will not be discussed further in the 

following chapters unless a major variation warrants an exception. One 

additional important aspect of computer vision must be reviewed in more 

detail, however, and that is how to track motion between subsequent image 

frames, a surprisingly challenging problem at the heart of the concept of image 

registration. 

 

2.3.5 IMAGE REGISTRATION FOR MOTILITY QUANTIFICATION 
 

This introduction to image registration is primarily based on the book on AI 

mentioned in the previous section [Ranschaert et al. 2019] and a review article 

on image registration methods from 2003 [Zitová et al. 2003]. The key 

concepts are summarized graphically in Figure 4 after the section text. 

A computer cannot understand how two separate images, such as MRE cine 

image frames of the bowel, are related without instructions. These instructions 

are provided by an image registration method, which entails the process of 

aligning an image on a set reference image. An immense variety of such 

methods exist for different situations. With cine series, where images are 

obtained by the same sensor from the same viewpoint and location but at 

different times, the methods are those of multitemporal analysis.  

The four principal phases of image registration are: 1) Setting distinctive 

image features as reference points by hand or automatically, 2) Detecting these 

features in the sample image, 3) Estimating how the sample image must be 

transformed to match the reference, and 4) Transformation of the sample 

image. The extent and type of transformation needed can then be used to 

calculate the level of difference between the images representing motion in the 

case of cine MRE (and often the presence of artifacts as well).  

A very simple case of image registration and transformation is where an 

object in the reference image appears rotated 90° clockwise in the sample 

image. The transformation applied is then a 90° rotation anti-clockwise. This 

process where the whole sample can be moved or rotated to align with the 

reference is called rigid transformation.  

The transformation process becomes significantly more demanding, 

however, when other changes must be applied as well. Affine and nonrigid 

(also called elastic) transformations comprise changes that distort the 

geometry of the sample image. Often nonrigid methods are chosen in medical 

imaging applications due to the complexity of the image subjects. A rigid 

method could, however, be applied concomitantly to address breathing 

motion, for example. 

Again, under the auspices of nonrigid, elastic registration there lie 

numerous different methodological approaches. The original concept 

comprised treating the images as thin sheets of pliable rubber and determining 
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the minimum of twisting and prodding it takes to make the sample sheet 

resemble the reference sheet through iterative experimentation. So-called 

deformation fields and the Jacobian (determinant) can additionally be 

estimated from the results representing the location-specific changes between 

images. Many subsequent methods have sprung from the idea of nonrigid 

registration, optical flow-based registration being one of interest. 

The optical flow method, simply put, entails the choice of brightness 

patterns as the reference feature and following their flow through image 

frames [Horn et al. 1981]. In the case of MRE cine images, brightness in the 

image is determined by signal intensity, which is typically high along the bowel 

prepared with mannitol-water solution. In practice, the signal intensity varies 

due to residual chyme and gas mixing with the contrast solution, appearing 

very low and even black in some areas. This allows the detection of the 

required brightness patterns for the flow method to work. A variation of the 

optical flow method is the demons algorithm, which gets its name from a 

thought experiment presented by James Clerk Maxwell in 18671. The demons 

algorithm treats the transformation process as a form of diffusion resembling 

molecules moving through a membrane [Thirion 1998], a concept on which 

some further advancements have been made, forming the so-called 

diffeomorphic demons algorithm [Vercauteren et al. 2009] also used in study 

III. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Cargill Gilston Knott. Life and Scientific Work of Peter Guthrie Tait. Cambridge University Press, 

1911: 213–215. 
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Figure 4 Visualization of key image registration concepts. Subfigure A: Rigid 90° anti-
clockwise transformation is applied. Subfigure B: Application of nonrigid elastic 
transformation. Subfigure C: Optical flow method applied to track intensity gradients 
in subsequent images.

2.3.6 EVALUATING THE PERFORMANCE OF ARTIFICIAL 
INTELLIGENCE

Methods of analyzing and presenting statistics familiar from the medical field 
are not always applicable in evaluating artificial intelligence applications. The 
results obtained in such studies are often in a form that cannot be accurately 
represented by plotting them side-by-side in a graph and performing tests of 
statistical significance. At the very least, care must be taken when doing so 
since machine and deep learning models have the tendency to overfit, as 
mentioned in section 2.3.4. This means that they can evolve to perform 
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extremely well with the datasets they are trained and validated on but suffer 
in terms of accuracy with a newly introduced dataset. Such a system could 
appear very robust when viewed in the light of a non-parametric t test, for 
example, and still fail miserably in a real-world situation. The automatic 
adjustment of parameters happening inside an algorithm can also be difficult 
to account for by a single test.

One popular method for evaluating the performance of machine learning 
algorithms, designed to avoid these limitations, is cross-validation
[Lachenbruch et al. 1968]. In cross-validation, sample sets of similar size are 
drawn from the overall data. One of these sets is used as test data for the 
current model and the rest in training the model, i.e., changing the parameters 
of the algorithm. A performance metric is then recorded, and the process is 
repeated a predetermined number of times. The size of the subsets of data used 
in the process can be chosen freely but with a caveat: Very small sets lead to 
high variance in the results and overly large sets to selection bias. A commonly 
accepted compromise is to use sets of ca. five or ten samples.

In so-called k-fold cross-validation, a variant of the method exemplified in 
Figure 5, the data is divided into k number of equal-sized parts called folds. 
The training-and-validation process is then performed k times while varying 
the folds used for training and validation. A popular performance metric to use 
in the evaluation of the models thus formed is area-under-the-curve (AUC) of 
receiver operating characteristics (ROC) analysis. The endpoint performance 
statistic presented can then be an average AUC derived from all the models.

Figure 5 Example of k-fold cross-validation, while k = 4. Subfigure A: Study data of 16 
samples containing 5 positive samples is divided into four folds of four samples. 
One fold at a time is used as test / validation data and the others as training data. 
The process is repeated four times. An area-under-the-curve (AUC) value is derived 
as performance metric. Subfigure B: The dataset is randomized, and the process 
repeated. Subfigure C: A desired number of repeats is performed, and a mean of all 
obtained AUC values is reported as the endpoint performance metric.
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2.3.7 EXISTING SYSTEMS FOR BOWEL MOTILITY ASSESSMENT 
 

The feasibility of using cine MRE sequences in studying small bowel motility 

was demonstrated in 2005 through manual lumen diameter measurements of 

a mid-jejunal bowel segment which enabled determining its contraction 

frequency and amplitude [Froehlich et al. 2005]. This study described 

potential metrics for use in bowel motility quantification: Contraction 

frequency, maximal contraction amplitude, mean diameter, and amplitude to 

diameter ratio. 

In 2013, healthy volunteers and patients with active or inactive CD were 

studied prospectively [Bickelhaupt et al. 2013a] by the following method: 

Three small bowel segments that did not show signs of inflammation, 

stricture, or fibrosis visible to the human eye were randomly selected. The 

segments were analyzed in terms of contraction frequency, amplitude, and 

occlusion rate. A line was placed manually in the selected region of interest 

(ROI) in the direction of the bowel lumen after which a program called 

Motasso estimated the bowel diameter in this location automatically in all 

slices of the cine sequence. Ileocolonoscopy and terminal ileal biopsies were 

performed concurrently to establish the activity of CD at the time. The main 

finding was that motility patterns were affected in active CD in bowel segments 

which did not show conventional MRE findings of disease and were located 

distant to the affected segments. In chronic CD similar, though minimal, 

changes were detected while none were seen in the healthy subjects. The 

Motasso software used in the study was validated against completely hand-

made measurements earlier though the work was published slightly later 

[Bickelhaupt et al. 2014]. 

Hahnemann and their team demonstrated another software tool in 2015 

which, when a ROI was drawn manually, formed color-coded motility maps 

based on the optical flow algorithm presented by Horn and Schunck in 1981 

and mentioned in the previous section [Hahnemann et al. 2015a]. This tool 

was then shown to enhance the detection of local inflammatory lesions 

compared to purely static MRE [Hahnemann et al. 2014]. 

Most of the more recent endeavors have relied on a method presented by 

Odille, Menys, and their team in 2012 [Odille et al. 2012], as does, loosely, the 

system presented in original publication III. The technique encompasses two 

different nonrigid image registration methods used simultaneously, intensity 

mapping in conjunction with displacement field formation, and is based on 

the optical flow method. The Jacobians of the displacement field are used as a 

surrogate for local contraction and expansion in the bowels. The technique 

enables the automatic assessment of a whole cine sequence obtained from a 

single coronal position after manual ROI placement. It also helps with 

eliminating the confounding effect of nonperistaltic motion happening in the 

bowel, a significant challenge in motility quantification. The bowel and its 

contents move in and out of the coronal plane in addition to contractions that 
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happen in the plane which may emulate true contractions but should not be 

included in motility estimation. 

In the preliminary study, Odille and Menys’ system was shown capable of 

propagating the chosen ROI acceptably throughout the whole cine sequence 

compared with manual markings. The ability of the system to quantify bowel 

motility was validated against manual scoring made by two expert radiologists 

chosen as the ground truth. The automatically provided standard deviation of 

the Jacobian determinant showed the best performance as a motility metric, 

better than direct bowel diameter measurements previously more prevalent in 

the literature [Odille et al. 2012]. 

The published system has since been commercialized as the GIQuant® by 

Motilent Ltd., United Kingdom, and has then been applied in several studies. 

Using GIQuant® in CD patients, it has been demonstrated that mean bowel 

motility appears lower proximal to and at the sites of stenosis [Menys et al. 

2013] and  that mean motility index scores appear lower in the terminal ileum 

than in healthy subjects [Åkerman et al. 2016]. In the study by Åkerman and 

their team, no difference in motility in the jejunum or ileum excluding the 

terminal ileum could be detected between IBS, CD, or UC patients or healthy 

subjects. In another study published in 2019, it was reported that using 

GIQuant® temporal and spatial variation in motility correlated with HBI 

scores while no such correlation could be detected with subjective motility 

analysis made by radiologists [Gollifer et al. 2019].  

The link between quantified motility and HBI scores representing CD 

symptoms also suggests that the detected motility changes are clinically 

relevant phenomena. As stated in section 2.3.3, several other studies have 

corroborated the finding, linking motility with CD symptoms, laboratory 

markers, and endoscopic and histopathological findings [Menys et al. 2016, 

2018, Gollifer et al. 2018]. The motility changes in active CD were generally 

reported to be that of hypomotility, a phenomenon previously established in 

studies with conventional methods. According to studies performed with the 

GIQuant® method, motility variability seems to be the superior metric in 

quantifying the phenomenon and can be estimated by the Jacobian standard 

deviation. The possible role of hypermotility is unclear. Other studies have 

reported that hypermotility does not appear to be associated with CD lesions 

[Froehlich et al. 2005] while others have noted an association [Hahnemann et 

al. 2014]. 

All the presented studies were performed with cine series obtained in 

breath-hold. This eliminates the motion in the bowel region caused by 

respiration. The motion happens mainly translationally in the cranial-to-

caudal direction but also, to some degree, in the anterior-to-posterior 

direction and may also cause rotation of the bowel. The latter two components 

of the unwanted respiratory motion are more difficult to handle 

algorithmically. 

To date, few have reported results from free-breathing MRE. Menys and 

his group reported a comparison of 20 breath-hold and free-breathing studies 
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with good results using GIQuant® with an added pre-process step meant to 

remove translational respiratory motion [Menys et al. 2014]. Recently, a group 

from Sweden published their report on results with this system in 134 MRE 

examinations from 22 CD patients [Dreja et al. 2020]. Here, motility indices 

were again reported to be lower in the terminal ileum, while bowel wall 

thickness, F-Calpro, and MRI activity scores were higher in active CD than in 

inactive disease and healthy control cases. The differences were clearest 

between the healthy patients and those with active CD and slightly less marked 

between active and inactive CD cases. 

A limitation of each of the described systems has been the choice of only 

one coronal position for motility analysis. As stated before, several coronal 

positions are scanned in cine MRE. Thus, part of the available motility data 

contained in a whole set of cine series is disregarded. Also, in each system, the 

ROI for analysis was always drawn manually and only on some part of the 

small bowel. Another common limitation may be that oral preparation may 

stimulate gastrointestinal motility [de Jonge et al. 2019], but the significance 

of the effect has not been investigated. 

The primary properties separating the presented methods of motility 

quantification from the system devised in study III are summarized in Table 2 

below. 

 

Table 2. Properties of existing methods for quantification of bowel motility in cine MRE in 
comparison with the system presented in publication III. ROI = region of interest. 

 ROI 

placement Breathing 

Coronal positions 

evaluated 

Bowel diameter 

measurements 
Manual Hold One 

GIQuant® 

Optical flow 

+ Jacobians of nonrigid 

transformation 

Manual Hold One 

   

   

GIQuant® ver. 2.0 Manual Free One 

System in publication III  

Optical flow 

+ Jacobians of nonrigid 

transformation 

Automatic Free All 
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3 AIMS OF THE STUDY 

The top-level goal in the work comprising this dissertation was to improve 

both the therapeutic and diagnostic options available for inflammatory bowel 

diseases, which remain a challenge in both regards in clinical practice and a 

burgeoning health concern. 

The sub-goals according to the order of the original publications were: 

 

I. In the first project the aim was to identify patterns in F-Calpro levels 

during IFX induction therapy as a basis of evaluating its potential in the 

early identification of responders. As background, preliminary results 

with fecal lactoferrin in the same application had recently been 

published elsewhere and both F-Calpro and lactoferrin had been 

established as extremely helpful tools in IBD screening and activity 

assessment. 

 

II. The aim of the second project was to investigate the behavior of  

F-Calpro, S-IFX, and ATI levels early in IFX induction to see if such 

measurements could become the tools for predicting the need for 

dosage changes or discontinuation of treatment. The prospect had been 

hinted at by some initial results demonstrating lower trough  

S-IFX and higher ATI levels in non-responders. Overall, the potential 

utility of these tools was unclear. 

 

III. The aim of the third project was to evaluate the viability of a system that 

could quantify bowel motility in MRE fully automatically, to explore 

optimal parameters for such a system, and to investigate the potential 

of the system in detecting CD automatically. The theoretical basis was 

the link between small bowel hypomotility and signs of disease activity 

in CD that had been established and successfully exploited by previous 

systems able to quantify changes in bowel motility. Even otherwise-

undetectable inflammation in CD may cause widespread changes in 

bowel motility, leading up to the idea that quantification of those 

motility changes could be used in early CD diagnostics. Previous 

systems for small bowel motility quantification had been semi-

automatic at best and able to utilize only one cine series obtained in 

breath-hold from each patient.  
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4 MATERIALS AND METHODS 

4.1 OVERVIEW OF DESIGN AND DATA FOR THE THREE 
STUDIES 

A summary of the data collected for all three projects combined is presented 

below in Table 3. The specifics of study design, data collection, and 

methodology for each original publication are discussed in the following text. 

 

Table 3. Summary of data collected for the original publications. F = female, M = male. 
CD = Crohn’s disease, UC = ulcerative colitis. F-Calpro = fecal calprotectin, Hb = blood 
hemoglobin, ESR = erythrocyte sedimentation rate, CRP = C-reactive protein. S-IFX = serum 
infliximab concentration, ATI = serum antibodies-to-infliximab concentration. PGA = 
physician’s global assessment. 

Publ. 

no. 

Data collection 

period 

Patients,  

age range Sex Diagnoses 

Data samples,  

no. and type 

I Feb 2008 – 

Dec 2010 

36 pediatric, 

5.6–17 years 

16 F, 

20 M  

23 CD, 

13 UC 

108 F-Calpro, 

Hb and ESR (1 

each/patient), 

PGA 

II Apr 2008 – 

Apr 2010 

37 pediatric, 

5.6–18 years 

19 F, 

18 M 

23 CD, 

14 UC 

133 S-IFX,  

F-Calpro, ESR 

and CRP 

(median 

3/patient), 93 

ATI 

III Mar 2007 – 

Mar 2020 

347 adult, 

16.8–84.1 

years 

191 F, 

156 M 

159 CD, 

188 other 

369 MRE 

studies  

 

 

 

Patients for the studies comprising publications I and II were enrolled 

prospectively from children and adolescents with moderate-to-severe IBD 

starting IFX (Remicade®, Janssen Biotech, Inc/Schering-Plough, EU) 

induction therapy at the Children’s Hospital, Helsinki University, Finland. The 

IBD type and disease extent was recorded in accordance with the Paris 

classification [Levine et al. 2011]. The infusion schedule was 5 mg/kg at weeks 

0, 2, and 6. In study II, this was followed by infusions of 5 mg/kg at  

8-week intervals during maintenance, initially. The study enrollment time for 

study I was February 2008 to December 2010 and, for study II, April 2008 to 

April 2010. The resulting patient groups in studies I and II were 36 and 37 



 

49 

pediatric patients, respectively. Patients were naïve to previous TNF-blocking 

therapies. 

In both studies, the patients provided a stool sample for F-Calpro 

measurement and a blood sample for hemoglobin and ESR at each visit while 

clinical disease activity was assessed by PGA score from 1 to 3 (1 = no or minor 

symptoms; 2 = occasional diarrhea, abdominal pain, or rectal bleeding;  

3 = diarrhea several times a day/at night, or daily rectal bleeding). In study II, 

in addition to F-Calpro and ESR, blood levels of CRP and S-IFX were also 

recorded, along with IFX doses and concomitant medication at the time of 

each visit. S-IFX assays were also conducted in between infusions on blood 

samples provided for clinical follow-up when available. 

For publication III, MRE studies conducted in the Meilahti and Women’s 

hospital imaging units of the Helsinki University Hospital Medical Imaging 

Center between March 2013 and 2020 were collected retrospectively. All 

studies where cine sequences were obtained were included initially, totaling 

369 MRE studies from 347 patients. The studies were performed on two 1.5T 

Avantofit and one 3T Verio scanner by Siemens Healthineers (Erlangen, 

Germany). 

 

4.1.1 ETHICAL CONSIDERATIONS 
 

The Ethical Committee of Helsinki University Children’s Hospital approved 

the first two studies (371/E7/2004). The decision was amended on January 

25th, 2012 (351/13/03/03/2012). The patients or their guardians signed an 

informed consent form for both studies. The third study was approved by the 

Helsinki University Hospital Ethics Committee on March 23rd, 2020, 

(HUS/211/2020). No informed consent was obtained for this registry-based 

retrospective study.  



Materials and methods 

50 

4.2 STUDIES I AND II 

The patient demographics for publications I and II are presented in Table 4 

below. An overview of the study designs is shown in Figure 6 on the following 

page. 

 

Table 4. Background data of the patients studied in publications I and II. F = female, M = 
male. 

  Publication  

  I II 

Demographics    

Patients, total  36 37 

Age median (range), 

years 

 14 (5.6–17) 14 (5.6–18) 

Sex  16 F, 20 M 19 F, 18 M 

Weight median (range), 

kg 

 - 43.5  

(19.6–67.1) 

Diagnosis and  

disease extent 

Paris 

classif. 

  

Crohn’s disease  23 23 

Ileal L1 + L4ab 8 5 

Ileocolonic L3 8 14 

Colonic L2 7 3 

Perianal  - 1 

Ulcerative colitis  13 14 

Left-sided colitis E2 4 1 

Pancolitis E4 9 13 

Disease duration median 

(range), years 

 2.1 (0.4–7.6) 2.1 (0.1–8.7) 

Baseline medication    

5-aminosalicylic acid  10 - 

Thiopurines with or 

without  

5-aminosalicylic acid 

 19 14 

Cyclosporine  - 3 

Glucocorticoids  19 14 

None  7 - 
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Figure 6 Overview of study setting for publications I and II. In study II, some S-IFX 
measurements were also available from clinical follow-up blood samples obtained 
between infusions. F-Calpro = fecal calprotectin, ESR = erythrocyte sedimentation 
rate, CRP = C-reactive protein, PGA = physician's global assessment, S-IFX = 
serum infliximab concentration, ATI = antibodies-to-infliximab concentration. 

Fecal calprotectin levels in studies I and II were measured in the HUSLAB 

routine clinical laboratory by a quantitative enzyme immunoassay (PhiCal 

Test, Calpro AS, Oslo, Norway; NovaTec Immunodiagnostica, Dietzenbach, 

GmBH, Germany). Values <100 μg/g and >1000 μg/g of stool were quoted as 

normal and high, respectively [Kolho et al. 2006, Sipponen et al. 2010].  

In study II, serum samples for S-IFX and ATI measurements were sent for 

testing in a commercial laboratory, Sanquin Biologicals, the Netherlands, 

using validated immunoassays for both measurements. The S-IFX and ATI 

levels were not available at the time of decisions on dosage changes or 

appraisals of therapy outcomes.  

The statistical analyses in studies I and II were performed using GraphPad 

Prism® version 5.0c. Significance in all cases was set at p < 0.05. Spearman 

non-parametric rank correlation test and Fisher’s exact test were used only in 

study I and linear regression analysis only in study II. Mann-Whitney U test 

and Kruskal-Wallis H test were used in both studies. The principal outcome 

evaluated in study I was the level of F-Calpro at baseline versus weeks 2 and 6 

of induction therapy. In study II, primary analyses were made on the effect of 

dose elevation and interval changes on S-IFX levels. The methods used in the 
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analysis of F-Calpro, S-IFX, and ATI and the statistical analyses conducted in 

the two studies are summarized in Table 5 below. 

 

Table 5. Summary of methods used in original publications I and II. Industry-standard 
techniques used at HUSLAB for blood hemoglobin, ESR, and CRP are not included. ESR = 
erythrocyte sedimentation rate, CRP = C-reactive protein, ELISA = enzyme-linked 
immunosorbent assay, F-Calpro = fecal calprotectin, S-IFX = serum infliximab concentration, 
PGA = physician’s global assessment. 

 

Method 

 

Data  

Assays  

performed by 

In pub-

lications 

ELISA, PhiCal 

kit by Calpro AS 

F-Calpro HUSLAB clinical 

laboratory 

I, II 

ELISA, 

in-house  

S-IFX and ATI Sanquin 

Biologicals, 

commercial 

laboratory 

I 

Statistical 

analysis method 

 

Phenomenon tested 

 

Software 

In pub-

lications 

Spearman rank 

correlation test 

Correlation: Disease 

extent, diagnosis with 

F-Calpro 

GraphPad 

Prism® 5c 

software 

I 

Fisher’s exact 

test 

Significance of drop in  

F-Calpro 
-“- 

I 

Mann-Whitney  

U test 

F-Calpro, ESR, PGA 

change during therapy -“- 
I 

Effect of dose elevation 

on S-IFX -“- 
II 

S-IFX in good vs. 

inadequate response -“- 
II 

Kruskal-Wallis  

H test 

Correlation: Disease 

extent, diagnosis with 

treatment response 

-“- 

I 

Correlation: S-IFX with 

F-Calpro, ESR, CRP 
-“- 

II 

Linear 

regression 

analysis 

Effect of dose interval 

shortening on S-IFX -“- 

II 
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4.3 STUDY III

A total of 369 MRE studies belonging to 347 adult patients were gathered. The 
MRE studies included conventional static image series and varying numbers 
of dynamic cine sets from different coronal positions. Only the cine series 
available in each study were extracted for the work and named the ‘cine sets’.
Three distinct datasets were formed from the cine sets through a process 
described below and shown in Figure 7. Each dataset was contained CD
patients and non-CD patients with various other illnesses. This arrangement 
allowed evaluating the CD recognition accuracy of the system inside each 
dataset through cross-validation while also investigating effects of varied 
imaging parameters by comparing the datasets with each other.

Two (2) MRE studies from two patients were excluded due to short bowel 
syndrome following extensive intestinal resections and 12 studies from 10 
patients due to CD not being unequivocally confirmed or ruled out according 
to the patient records. The parameters of the cine series differed over time 
during the study period and on different scanners. The primary grouping 
criterion was repetition time in milliseconds which corresponds to temporal 
resolution in frames per second. The largest available three groups with 
similar repetition times were thus formed out of cine sets conducted with 
either 425.5, 193.1, or 143.1 ms repetition time, while non-conforming 36 cine 
sets were excluded. Only one cine set per patient was allowed, excluding 17 
sets. The final datasets 1, 2, and 3 formed from the total remaining 302 cine 
sets and the non-CD group are presented in Tables 6 and 7 on the following 
pages. 

Figure 7 Data flowchart for publication III describing the exclusion process from 369 MRE 
studies to 302 cine sets (1 per patient) and their segregation into datasets. CD = 
Crohn’s disease, RT = repetition time.

2

12

36

17

Dataset 1

Dataset 2

Dataset 3

 hort bowel syndrome

CD not con rmed or ruled out

Deviation in RT

Repeat studies
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Table 6. Specifics of the datasets in publication III. CD = Crohn’s disease. True FISP = 
true fast imaging with steady state free precession. 

Demographics and imaging parameters 

Dataset 1 2 3 

No. of patients  78 83 141 

Non-CD percentage  43%  53%  53%  

Female percentage  53%  53%  63%  

Mean age, years (SD) 45 (16.5) 39 (14.4) 41 (16.4) 

Field strength  1.5T 3T  1.5T 

Sequence type T2 True FISP T2 True FISP T2 True FISP 

Echo time, ms  1.68  1.27  1.15  

Repetition time, ms  425.45  193.12  143.1  

Series length, s 16.6   7.4  5.5  

Slice thickness, mm 10  10  10  

Image pixel size, mm 0.74×0.74  1.56×1.56  1.52×1.52  

Acquisition matrix  256×257  256×204  224×181  

Flip angle range 60° 32°–40° 48°–67° 

Average no. of cine series 

per patient  

3  8  6 
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Table 7. Specifics of the non-CD group in publication III. CD = Crohn’s disease. 

 

Non-CD diagnoses / imaging indications 

No bowel diagnosis, CD initially suspected  44 

No bowel diagnosis, CD suspicion not stated 28 

Irritable bowel syndrome  25 

Tumor, suspected or follow-up  19 

Ulcerative colitis  10 

Unresolved intestinal obstruction  9 

Microscopic anemia  8 

Familial adenomatous polyposis  6 

Diabetic gastroparesis  2 

Dientameba   1 

Cecal tuberculosis  1 

Incidental findings in other studies  7 
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4.3.1 MRE PROTOCOL 
 

Despite standardized protocols, applied MRE imaging practices varied greatly 

during the long study period in the gathered data. Central to the study, the 

number of coronal planes and the temporal length of the cine series varied. 

The coronal planes were selected by MRI technicians to cover maximal bowel 

area in the allotted time and not targeted on specific anatomical areas. All were 

conducted in free breathing. Prior to MRE, an easily digestible diet was 

permitted, and on the previous day, two tablets of laxative bisacodyl were 

applied. A fast was imposed but drinking allowed up until 4 hours before 

imaging. Starting 45 minutes before imaging, 1500 ml of mannitol contrast 

was applied gradually either by ingestion or nasojejunal catheter. The use of 

nasojejunal catheter was phased out between the years 2013 and 2015 after 

which it was used only when oral intake was not feasible. Intravenous 

gadolinium and antimuscarinic scopolamine or glucagon were administered 

after cine imaging. 

 

4.3.2 MOTILITY QUANTIFICATION AND CROHN’S DISEASE 
DETECTION SYSTEM 

 

A multistep system for CD detection was devised. Datasets 1, 2, and 3 

described precedingly were used in training the neural networks for the system 

and in its evaluation. As the datasets differed in terms of imaging parameters, 

primarily repetition time and series length, performance between datasets was 

also compared as one part of the process of finding optimal input parameters. 

The resulting system is capable of estimating the probability of CD in an MRE 

study by analyzing all cine series contained in the study. The following 

paragraphs present an abridged summary of the system architecture, which is 

also shown graphically in Figure 8 on the following page. A more technically 

detailed description of the system is available in the original publication and 

its supplementary material. 
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Figure 8 Graphical summary of the motility quantification system. A more detailed diagram is 
provided in the original publication. ROI = region of interest, STD = standard 
deviation, MI = motility index.

Image registration using a diffeomorphic demons algorithm [Vercauteren et 
al. 2009] was first performed on the cine sets. The standard deviations of 
Jacobian determinants, surrogate for contractions in the bowel, were then 
computed. Alongside the motility quantification process, CNNs called U-Nets
trained for ROI placement automatically assigned ROIs. The standard 
deviations of Jacobians were then combined with the ROIs to form motility 
maps which were converted into numerical motility indices (MI) and fed to a 
logistic binary classifier which estimated the probability of CD in the cine set. 

In addition to devising the architecture of the system and investigating its 
general viability in CD detection, different combinations of four ROI types and 
three motility indices were tested along with the differences in the imaging 
parameters present in the datasets to find the optimal input composition for 
the system.

Motility indices fed into
logistic regression classi er
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The ROI types generated by the U-Nets were small bowel, all bowel, and no 

bowel ROI (SB-, AB-, and NB-ROI, respectively). Additionally, full image area 

was tested (FI-ROI). The NB-ROI was an inverse of AB-ROI and used as a 

sanity check to exclude effects emanating from areas outside the bowel. The 

U-Nets were trained by first manually segmenting parts of the training data 

for AB-ROI and then semi-automatically correcting automatic AB-ROIs to 

obtain SB-ROIs. Small imperfections in the automatically formed ROIs were 

considered acceptable after manual corrections. Segmentation accuracy was 

assessed using Dice score [Fidon et al. 2018]  that measures the overlap 

between manual and automatic segmentation. Examples of the ROI types are 

presented in Figure 9 on the following page. 

Three motility indices were computed from the motility maps: MI1, which 

was an average over all motility maps, MI2, an average over the most motile 

motility map, and MI3, an average over the motility map with the largest ROI. 

Combinations of one to three MIs with one of the ROIs were fed to the binary 

logistic regression classifier, so the total amount of different configurations 

tested was 28. All configurations were evaluated with dataset 1 but tests with 

other ROI types than FI-ROI were omitted with datasets 2 and 3. This decision 

was made because while FI-ROI showed the best performance with dataset 1, 

even these results were poor with datasets 2 and 3. 
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Figure 9 Examples of regions of interest tested in the study. A = SB-ROI, small bowel; B = 
AB-ROI, all bowel; C = FI-ROI, full image; D = NB-ROI, no bowel. A and B were 
formed automatically by the U-Nets convolutional neural networks. D is the inverse 
of B. Modified from study III.

The results for each system configuration were evaluated using cross-
validation and AUC values derived from ROC analysis. Four-fold cross-
validation was performed 1000 times for each configuration resulting in 4000 
CD prediction result sets for each MRE study per test fold. Mean AUC scores 
were then computed over these sets and presented as the final estimate for the 
accuracy of the system in CD recognition.

Methods used in the construction of the system and analysis of the results 
are summarized in Table 8 on the next page. 
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Table 8. Summary of methods used in original publication III. ROC = receiver-operating 
characteristics, AUC = area under the curve. 

Data: MRE cine images analyzed by the authors 

 

Method 

 

Used for 

Software, if 

applicable 

Method based on 

references 

Manual 

segmentation 

Labels for 

teaching 

automatic 

segmentation 

3D  licer™ [Fedorov et al. 2012] 

Diffeomorphic 

demons algorithm 

Image 

registration 

for motility 

quantification 

- 

[Horn et al. 1981, 

Thirion 1998, 

Vercauteren et al. 

2009] 

Convolutional 

neural network 

Generation of 

automatic 

segmentation  

- 

[Ronneberger et al. 

2015, Milletari et al. 

2016, Wu et al. 2020] 

Machine learning Teaching 

environment 

for neural 

networks 

TensorFlow [TensorFlow 

Developers 2021] 

Dice score Accuracy of 

automatic 

segmentation 

- 

[Fidon et al. 2018] 

Statistical analysis 

method Used for Software 

Logistic 

regression-based 

classifier 

Classifying 

samples by 

motility 

indices 

Scikit-learn 

in Python 

 

ROC analysis, AUC 

of cross-validation 

Evaluating 

classifier 

performance 

-“- 
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5 RESULTS AND DISCUSSION 

5.1 STUDY I: FECAL CALPROTECTIN LEVELS DURING 
INFLIXIMAB INDUCTION 

In study I, the main result was that the median value of F-Calpro in the 

pediatric IBD patients undergoing infliximab induction therapy declined from 

baseline 1150 µg/g (range 54–6032 µg/g) to 261 µg/g at week 2 (p < 0.001, 

Mann-Whitney U test). No additional improvement was achieved by week 6 

(median 345 µg/g, range 5–5253 µg/g). At week 2, F-Calpro was below the 

normal threshold of 100 µg/g in 11 of 30 (37%) patients, while at baseline two 

patients treated for steroid-dependent colitis had had normal F-Calpro. The 

result is visualized in Graphic 1 below. 

 

 

Graphic 1 Fecal calprotectin levels at baseline, and 2 and 6 weeks after introduction of 
infliximab therapy. Modified from study I. 

By week 6, F-Calpro level declined in 20 of 22 (91%) of the CD patients and 

seven of 13 (54%) of the UC patients (p < 0.05, Fisher’s exact two-tailed test), 

corresponding to a figure of 22% of non-responsive patients in total. One of 

the CD patients and three of the UC patients showed a response at week 2 but 
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this was lost by week 6. One CD patient treated for steroid-dependent disease 

presented with low F-Calpro throughout treatment, and though steroids could 

be discontinued during the treatment, the effect on F-Calpro could not be 

assessed and the patient was excluded from analyses. 

Blood ESR decreased from a median value of 20 mm/h (range 2–46 mm/h) 

at baseline to 9 mm/h (range 2–34 mm/h, p < 0.05, Mann-Whitney U test) at 

2 wk. At baseline, 19 of 31 patients (61%) had elevated ESR (>15 mm/h). By 

week 2, the respective figure was 28% (9/32). The median PGA score was 2 at 

baseline and 1 by week 2 (p < 0.001), while 33 of the 36 patients presented 

with a score of 1 by week 6. There was no significant change in hemoglobin 

levels. 

Overall, the presented findings showed a significant drop in F-Calpro levels 

in response to IFX introduction early in the regime in approximately one third 

of the patients, paralleling earlier results in adult patients [Sipponen et al. 

2008a]. Interestingly the finding was evidenced as early as week 2 with no 

additional benefit and some even appearing to lose gained therapeutic 

response by week 6. The findings suggest that F-Calpro could be utilized early 

in the treatment course in identifying patients responding favorably to IFX 

and, conversely, those in which changes to the treatment scheme or a switch 

to another drug may be necessary. The non-invasive nature of the test 

promotes patient safety, comfort, and compliance compared to endoscopy for 

which it had previously been shown to be an accurate surrogate [Bunn et al. 

2001b, Berni Canani et al. 2008, Sipponen et al. 2008b]. Had the study been 

conducted more recently, the results might have been even more encouraging 

as it is now known that the 5 mg/kg rigidly in use then in IFX induction is often 

too low to reach therapeutic S-IFX levels in wide-spread or fistulizing disease 

[Strik et al. 2017, Santacana et al. 2020]. 

Unfortunately, as stated in the literature review, current consensus states 

that the sensitivity of F-Calpro measurements in detecting mucosal disease is 

only sufficient in replacing endoscopy in UC. Meanwhile its performance in 

the CD is limited which thought to derive from the transmural and upper 

gastrointestinal extent of the disease [Oliva et al. 2018]. 

The short timeframe in the study did not allow evaluating the long-term 

outcomes of the early responders. However, as was discussed in section 2.2.3.2 

concerning later publications in the field, normal <100 µg/g F-Calpro values 

after induction and a fall of 70% in F-Calpro pre- versus post-induction have 

since appeared predictive of sustained remission [Molander et al. 2012, 2015, 

Pavlidis et al. 2016]. 

5.2 STUDY II: SERUM CONCENTRATION OF 
INFLIXIMAB AND ANTIBODIES-TO-INFLIXIMAB 

In study II, the main results concerned S-IFX trough levels in relation to drug 

dosage and infusion interval in induction and maintenance infliximab therapy 
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in children with IBD. The total number of S-IFX concentration measurements 

obtained from the 37 pediatric IBD patients was 133 (median 3/patient, range 

1–10). In the case of 11 of the patients, samples were available only from the 

duration of induction therapy, while samples from maintenance phase were 

available from 12 patients, and 14 patients provided samples during both 

regimens. Thus, samples were available from 25 patients during induction and 

26 during maintenance therapy. The IFX levels were similar in UC and CD and 

the data were pooled. 

Induction therapy was administered according to standard protocol (i.e., 

by body weight: 5 mg/kg at the start, week 2, and week 6). In the study 

patients, S-IFX was correlated with the total administered drug dose at weeks 

2 and 6 (p < 0.001 and p = 0.0445, respectively) according to linear regression 

analysis, though the R2 values for goodness-of-fit were only 0.2547 and 0.1977, 

respectively. The result, visualized in Graphic 2, was thought to reflect the 

effect of body weight on measured S-IFX through dosage and to also show 

interindividual variation in IFX elimination. As discussed in section 2.2.1, 

individual IFX elimination has been linked to factors such as degree of 

inflammation, serum albumin concentration, and maturation of body 

composition and metabolism in addition to body weight [Winter et al. 2020].  

 

 
 

Graphic 2 S-IFX levels measured immediately before drug infusion by dose during induction 
therapy. Modified from study II. 
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During maintenance therapy, mildly higher S-IFX levels were seen with a 

shorter time elapsed since the previous infusion. Interval changes were 

conducted with 12 patients according to a clinical assessment of drug response 

without knowledge of concurrent S-IFX levels. In the other patients, the 

changes in S-IFX by dose interval were observable through everyday variation 

in scheduling and samples provided between infusions. According to linear 

regression analysis, the effect of dose interval changes was statistically 
significant (p = 0.0002 and p = 0.0013 for 5 and 10 mg/kg, respectively). The 

median S-IFX level was 3.55 µg/ml with a median interval between infusions 

of 6.6 weeks (range 2.7–12.1 weeks). The general trend of S-IFX trough levels 

related to dose, however, was similar between 5 and 10 mg/kg (p = 0.578). 

These findings are presented ahead in Graphic 3. 

 

 

Graphic 3 S-IFX trough levels measured immediately before drug infusion during maintenance 
therapy versus time passed since the previous infusion. Modified from study II. 

In terms of the goal of assessing the utility of S-IFX measurements for therapy 

optimization, these findings suggested that in pediatric IBD shortening the 

administration interval could be a more successful method than raising the 

dose from 5 mg/kg to 10 mg/kg. More recently, though, it has been accepted 

and implemented into guidelines that both strategies can be employed to 
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achieve the target S-IFX levels [Levine et al. 2014, Turner et al. 2018a, 2018b, 

Winter et al. 2020]. 

Of the total 133 samples used in S-IFX measurements, 93 were 

simultaneously assayed for ATI which were detected in 18 cases (19%) but in 

only 5 out of 28 (18%) patients. Of these ATI-positive samples, 9 out of 18 

(50%) showed measurable S-IFX levels. The highest level of S-IFX with ATI 

was 2.2 mg/ml. Among samples with measurable S-IFX levels below the 2.2 

mg/ml threshold, 33% presented with ATI. Three patients were repeatedly 

positive for ATI, showing a variation in their ATI levels (from 32 to 860 

AU/ml). Even though these three patients did seem to present with inadequate 

clinical outcomes, wider conclusions on the impact of ATI could not be drawn 

due to the limited number of data points. Little data were also available on 

treatment regime changes made when ATI were detected, largely due to the 

assays having been conducted after-the-fact. Another factor limiting analyses 

concerning ATI findings was the ATI assay used. As discussed in section 

2.2.4.2, with the ELISA method then in use, high S-IFX titers can interfere 

with ATI measurements according. Therefore, the true proportion of patients 

with ATI was unclear.  

Despite the limitations, the findings on ATI in this study could suggest that 

repeatedly high titers of ATI may be associated with low S-IFX levels and poor 

response to IFX therapy also in pediatric patients as was previously suggested 

in adults. As a notable sidenote, the patients with ATI were on concomitant 

immunosuppression which would seem to undermine the potential strategy of 

preventing the formation of ATI through their use. 

As another means of assessing response to treatment in relation to S-IFX 

levels the biomarkers F-Calpro, ESR, and CRP were used. ESR and CRP did 

not appear significantly associated with S-IFX levels according to available 

samples (data not shown). F-Calpro was of higher interest, however, as it is a 

more accurate marker of inflammation [Langhorst et al. 2008]. F-Calpro 

values were available in 112 occasions of S-IFX measurements, 33 during 

induction and the rest during maintenance therapy. Higher S-IFX levels were 

associated with lower F-Calpro levels in induction (p < 0.005). The cut-off 

defining higher levels chosen was 1000 μg/g [Kolho et al. 2006, Sipponen et 

al. 2010]. When F-Calpro was <1000 µg/g (median 115 µg/g), the 

corresponding median S-IFX was 20 µg/ml (range 0–48). When F-Calpro was 

>1000 µg/g, median S-IFX was 4.0 µg/ml (range 0.47–25). The finding is 

visualized in Graphic 4 below. Whether this might have been associated with 

better long-term outcomes was unclear, as there were too few follow-up 

samples. Furthermore, no such association was seen in maintenance therapy. 

Speculating on the results, the finding that significantly lower S-IFX values 

were seen concomitantly with high F-Calpro levels could reflect the fact that 

higher degrees of systemic inflammation are now known to increase IFX 

elimination in the body [Winter et al. 2020].   
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Graphic 4 Association of serum infliximab (S-IFX) trough levels to fecal calprotectin (F-Calpro) 
during induction therapy in 33 samples. Modified from study II. 

5.3 STUDY III: AUTOMATIC DETECTION OF CROHN’S 
DISEASE IN MRE CINE IMAGING BY QUANTIFIED 
MOTILITY 

The average AUC scores derived from the 4000 per-sample AUC scores 

obtained through the cross-validation evaluation process are shown in Table 

9 below for each of the different CD detection system configurations. ROC 

curves for dataset 1 with all ROI types and four different motility index sets are 

visualized in Graphic 5 ahead. The AUC scores on datasets 2 and 3 were on 

average 30% lower than on dataset 1. The best performing motility index 

combinations consisted either of MI1 or MI2, which describe the motility over 

all the cine series and the one with the most motility, respectively. In addition, 

the use of M1,3 benefitted the configuration with SB-ROI the most. The 

highest mean AUC score, 0.78, was obtained on dataset 1 with FI-ROI. The 

second-best result of 0.76 was obtained with SB-ROIs whereas the 

configurations using AB-ROIs and NB-ROIs reached 0.70. 

The accuracy of automatic segmentation was assessed by Dice score. The 

average score for the SB and AB-ROI segmentations was 0.82 (standard 

deviation 0.12) and 0.82 (standard deviation 0.06), respectively.  
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Table 9. Mean AUC scores and their standard deviations of the Crohn’s disease 
detection system configurations. The highest scores are outlined in green. ROI = region of 
interest. AB = all bowel, FI = full image, SB = small bowel, and NB = non-bowel, inverse of 
AB. MI =  different motility index input combinations. 

 ROI MI1 MI2 MI3 MI1,2 MI1,3 MI2,3 MI1,2,3 

Dataset 1 AB 
0.70 

±0.12 
0.69 

±0.12 

0.64 

±0.13 

0.68 

±0.12 

0.68 

±0.12 

0.68 

±0.12 

0.67 

±0.12 

 SB 
0.72 

±0.12 

0.73 

±0.11 

0.59 

±0.13 

0.72 

±0.11 

0.76 

±0.11 
0.72 

±0.11 

0.75 

±0.11 

 FI 
0.78 

±0.10 
0.76 

±0.11 

0.71 

±0.12 

0.76 

±0.11 

0.76 

±0.11 

0.76 

±0.11 

0.75 

±0.11 

 NB 
0.70 

±0.12 
0.64 

±0.13 

0.65 

±0.12 

0.68 

±0.12 

0.68 

±0.12 

0.64 

±0.13 

0.66 

±0.12 

Dataset 2 FI 
0.49 

±0.12 

0.54 

±0.12 
0.42 

±0.08 

0.52 

±0.12 

0.49 

±0.12 

0.53 

±0.11 

0.49 

±0.11 

Dataset 3 FI 
0.49 

±0.09 
0.48 

±0.08 

0.44 

±0.06 

0.44 

±0.08 

0.48 

±0.08 

0.46 

±0.08 

0.45 

±0.08 
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Graphic 5 Mean ROC curves of Crohn’s disease detection system with four of the seven MI 
and all four ROI configurations obtained with dataset 1. A: with motility index MI1, B: 
MI2, and C: MI1,2, and D: MI1,2,3. MI1 is the mean over all motility maps, MI2, the 
mean over the motility map with the highest mean, and MI3, the mean over the 
motility map with the largest ROI. ROI = region of interest, SB = the small bowel, AB 
= both small and large bowel, NB = the inverse of AB, FI = full image. Reproduced 
from study III (CC BY 4.0 license). 

The main result of this study was that fully automatic detection of CD amongst 

other disease entities based on motility quantification was achievable with 

relatively high accuracy. The system showed the best performance with dataset 

1 while results with datasets 2 and 3 were far inferior. As can be seen in Table 

4 in section 4.3, the cine series in dataset 1 had the highest pixel resolution, 

the lowest temporal resolution, and considerably longer temporal length. It 

was suspected that especially the last two factors contributed to the success of 

CD detection with dataset 1. MRI field strength did not seem a deciding factor 

since there was little difference between dataset 2 (3T) and dataset 3 (1.5T). 

Although the average number of cine MRE series per study was the lowest with 

the best-performing dataset 1, the coronal locations of the series were not 

targeted on visible signs of disease in the used MR protocol. 
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Towards the second goal of investigating optimal input for the system, the 

major gap in performance between dataset 1 and datasets 2 and 3 indicates 

that utilizing long cine series with longer repetition times is beneficial. This 

may also incentivize the use of free-breathing techniques, though the exact 

effect that breathing motion may then have on the results is unclear (see 

below). The results also suggest that utilizing the full image area in the analysis 

could be beneficial. The highest mean AUC score of 0.78 was obtained using 

the FI-ROI while the best scores with SB-ROI, AB-ROI, and NB-ROI were 

slightly poorer at 0.76, 0.70, and 0.70, respectively. Modest improvement in 

detection performance was also seen when motility was quantified from each 

cine MRE series in the cine set, i.e., using MI1 which was computed using all 

motility maps. 

As previous research endeavors have focused on assessing only small bowel 

motility, the finding that the highest AUC scores were achieved with FI-ROI 

seemed surprising. The relatively high score of NB-ROI suggested that motility 

in the non-bowel region also contributed to the CD detection task. The 

prominent movement in this region consisted of respiratory motion. One 

possible theory derived from this is that the FI-ROI scores reflected changes 

in breathing patterns caused by illness. However, unless breathing patterns 

are eventually proven specific to disease entities, this is an unlikely 

explanation in the study setting, since the control group of non-CD patients 

also contained patients with varying illnesses. It was deemed plausible that 

CD-induced motility changes in the bowel could be reflected in the non-bowel 

regions such as the mesentery. Visual inspections on the motility maps also 

indicated that most of the quantified motility manifested in the bowel regions. 

As the motility indices were calculated simply as means over the maps, the 

bowel region contributed heavily to the values of the indices with the FI-ROIs. 

Interestingly, if using the full image area ultimately is the best possible 

strategy, this frees from designing systems for ROI generation. 

Other limitations of the work besides uncertainty concerning breathing 

motion included issues inherent in the patient data due to a retrospective 

setting spanning several years. Intending to avoid quiescent CD masquerading 

as non-CD in the analyses, patient records were surveyed for information on 

CD activity. However, the data was unreliable as laboratory and endoscopic 

studies were not always performed concurrently with MRE and symptoms 

were recorded inconsistently. Also, some of the patients in the non-CD group 

may, in truth, have presented bowel motility features of CD as the diagnosis of 

CD may be delayed or masquerade as other bowel conditions [Vavricka et al. 

2012]. A carefully set diagnosis of CD, however, is erroneous much more 

infrequently. On this basis, the features observed in the CD group in this study 

are more likely to represent true CD bowel motility patterns. The effect of age 

or gender differences between test groups was ruled out by subgroup analysis 

(data not shown). 

Finally concerning the limitations of the study, an ever-present limitation 

with systems based on machine learning principles is the possibility of 
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overfitting. Though the total amount of data available for the motility analyses 

in the presented study was comparatively large in this specific field, it was still 

small compared to the vast amounts of data that are generally needed to 

produce robust image recognition systems. Thus, applied to true clinical 

practice in its present state, the proposed CD detection system could differ 

greatly in performance from what was seen with the study data. 

The finding that detection of CD in a pool of patients with various illnesses 

was viable seemed to support the hypothesis that CD produces relatively 

unique, distinguishable changes in overall bowel motility. The result suggests 

that building a tool offering a probability of CD in a patient imaged for 

unresolved bowel symptoms could be viable and helpful in a real-world clinical 

setting. Utility in pediatrics may, however, be limited by the frequent need for 

general anesthesia or sedation in children and warrants further scrutiny. 

Besides the use of anesthetics and sedatives eliciting safety concerns, their 

effects on bowel motility are incompletely understood and may be highly 

variable by substance. Studies conducted in mice on propofol and 

dexmetomidine, two drugs popular in pediatric anesthesia, suggest that these 

drugs may significantly reduce contractility in the bowels [Chang et al. 2020, 

Li et al. 2021]. Meanwhile, the inhalation anesthetics desflurane and 

sevoflurane seem to have opposite effects on intestinal motility, the former 

increasing and the latter reducing contractility [Desmet et al. 2016].
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6 SUMMARY AND CONCLUSIONS 

This thesis aimed at finding avenues of improving both the therapeutic and 

diagnostic options in the management of inflammatory bowel diseases. This 

top-level aim was approached in three ways corresponding to the three studies 

presented. Combined with findings from reviewed literature, the following 

conclusions can be made respective to the aims set in Section 3 Aims of the 

study. 

 

I. Fecal calprotectin offers a tool for assessing the response to IFX 

treatment early in the regimen. It can serve as a surrogate marker for 

mucosal healing, a key therapeutic target, though its performance may 

be limited in CD in comparison with UC. As was found in study I, the 

levels of F-Calpro decline dramatically as early as week 2 of induction 

in the responding approximate one third of patients, mirroring earlier 

findings on the efficacy of IFX. After the publication of study I, it has 

been reported in pediatric and adult patients that normal F-Calpro after 

induction seems predictive of sustained remission and that comparing 

pre- and post-induction F-Calpro values may also allow accurate 

predictions of clinical outcomes. 

 

II. The serum levels of IFX were connected to body weight during 

induction and could be mildly elevated by shortening the interval 

between maintenance infusions in study II while increasing dosage had 

negligible effect, which was a preliminary finding in the field concerning 

pediatric IBD patients. Optimizing IFX treatment by serum 

concentration monitoring has later emerged as a valuable means of 

attaining levels necessary for therapeutic effect though some have 

disputed that significant benefit can be achieved over optimization 

according to clinical evaluation. The exact target level is undecided, but 

varying cut-off levels for induction and maintenance therapy in the 

different forms of IBD have been suggested. Levels below 3 µg/ml seem 

universally suboptimal, while values above 10 or 20 µg/ml may be 

required to achieve mucosal healing or fistula closure. Concerning 

antibodies to IFX, ATI were detected in the study II population in cases 

where the corresponding IFX concentration was low. This may have 

reflected the limitations of the detection method, but other methods 

without the limitation have since emerged. While the clinical relevance 

of antibodies to IFX remains unclear, the antibodies may be a factor 

predicting poor therapeutic outcomes and of note when optimizing 

treatment by dose. Combining IFX with immunomodulatory drugs is 

suggested to reduce ATI formation, though the results in study II did 
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not confirm this and an elevated risk of adverse effects in combination 
therapy has been reported.

III. Firstly, automatically quantified bowel hypomotility in MRE cine series 
shows potential as a diagnostic clue in the early diagnostics of CD, at 
least in adult patients. Indeed, the results of study III indicate that such 
a system could eventually be integrated into existing clinical workflows. 
Secondly, the results also suggest optimal input parameters for the 
system. It appears that utilizing motility data from longer cine series 
obtained from multiple coronal positions can be beneficial.

In summary, this thesis concerning the management of inflammatory bowel 
diseases presented two studies on tools for improving IFX therapy and a third 
study on a novel approach to diagnostics. Figure 10 below illustrates the role 
that monitoring F-Calpro and S-IFX can play during IFX therapy. Figure 11 on 
the following page visualizes how an automatic system capable of identifying 
CD or hypomotility in general in MRE cine imaging could fit in the established 
diagnostic chain for bowel symptomology.

Figure 10 The roles that I) F-Calpro and II) S-IFX monitoring can fill in infliximab induction and 
maintenance therapy according to the conclusions presented in this thesis. Dashed 
boxes represent ongoing speculation. F-Calpro = fecal calprotectin, S-IFX = serum 
infliximab concentration, ATI = antibodies to infliximab.
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Figure 11 An example illustrating the envisioned role a system like the one presented in 
publication III could have alongside other instruments in primary diagnostics. A 
patient undergoing MRE containing cine series for any indication would be 
presented with an estimated probability of underlying CD or, possibly, hypomotility 
in general, with no additional cost.

Despite the presented steps taken towards ever better care for patients 
suffering from IBD, conquering these unyielding conditions remains 
unachieved. Further action taken by the research community could include
addressing the following considerations.

Though the potential and limitations of F-Calpro are starting to be well 
explored, the same cannot be said for serum and plasma calprotectin which 
warrant further studies. Blood-based calprotectin assays would eliminate the 
need for fecal sampling and simplify the utilization of the biomarker 
improving compliance and reducing error-prone steps. Blood calprotectin 
may well eventually fall short, however, as it is known that other bloodborne 
inflammatory markers may remain low in active intestinal inflammation.

More clarity on the benefit of serum IFX trough concentration-based dose 
optimization over symptom-based optimization is needed. Fortunately, this 
may soon be provided by a two-part, randomized, and controlled, multi-center 
trial ongoing in Norway aiming to further investigate therapeutic drug 
monitoring versus standard clinical treatment with IFX during both induction 
and maintenance (Syversen et al. 2020).

Theoretically, the strength of quantified motility as a biomarker in 
inflammatory bowel diseases might allow its use in the same functions as 
presented for F-Calpro and monitoring IFX levels. Today, of course, this would 
not be of practical value as access to MRE is limited by availability and cost. 
The necessity of general anesthesia or sedation for successful MRE acquisition 
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in many pediatric patients also limits its utility in this patient group. The 

prospects of MRE-based motility quantification could, however, be explored 

in the future if these limitations can one day be alleviated. 

Though the preliminary results attained with the CD detection system 

presented in this thesis were promising, further validation is paramount 

before application in the clinics could be considered. A prospective study 

setting utilizing uniform and optimized cine series settings combined with 

concurrent assessments of disease activity might be able to glean more 

accurate predictions from the system and address some of the major 

limitations.  

Furthermore, the CD detection system presented here is unlikely to 

represent the height of its technical capabilities and improved accuracy might 

be unlockable through certain considerations. The technique could benefit 

from volumetric 4D imaging. Currently, the cine series technique in the HUS 

Medical Imaging Center entails gaps between the scanned coronal positions, 

but gapless imaging is now possible with the newest scanners. A greater 

deviation from the current application would be utilizing a neural network to 

analyze the cine series directly without the steps where the motility is 

converted to numerical indices. Given a sizable-enough pool of training data, 

such a system might be able to achieve performance unrivaled by current 

applications or, at least, point to patterns yet unrealized opening new avenues 

for research. Comparing fasted and fed states and terminal ileal motility with 

the rest of the intestine in terms of bowel motility in CD would also be of great 

interest.  
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